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FOREWCORD

This volume, Solid-State Amplifier Investigation is submitted by
Rockwell International through the Space Operations and Satellite Systems
Division and constitutes the final report for Task 6.0 of NASA/MSFC con-
tract NAS8-32475, Exhibit D. Tasks 1.0 through 5.0 are reported in
Volumes I through VII of Rockwell document, SSD 80-0108.

This volume presents work accemplished by Space and Secure Commun-—
ications Systems, Collins Communications Systems Division of Rockwell
International, in support of the Space Operations and Satellite Systems
Division of Rockwell International, and with subcontractual support from
RCA Laboratories, Princeton, New Jersey.

The SPS Program Manager, G. M. Hanley, may be contacted on any

technical or management aspects of the report. He can be reached at
(213) 594-3911, Seal Beach, California.
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1.0 INTRODUCTION

The Department of Energy (DOE) is currently conducting an evaluation of
approaches to provide energy that will meet demands in the post-2000 time
period, The Satellite Power System (SPS) is a candidate for producing signif-
icant quantities of base-load power using solar energy as the source.

The SPS concept 1s [llustrated in Figure 1.0-1 for a solar photovoltaic

concept. A satellite, located at geosynchronous orbit, converts solar energy
te dec electrical encergy using large solar arrays. The dc electrical energy
is conducted from the solar arrays to a microwave antenna. At the microwave

antenna, the de energy is transformed to microwave RF energy utilizing high
power klystron vacuum tubes. A large, 1 km diamcter, antenna beams the energy
to a receiving antenna (rectenna) on the ground. The rectenna converts the RF
energy, at very high efficiency, to dc electrical energy which is then con-
nected to the utility network for distribution.

= POMER RECEPTION ON EARTH USING RECTEMNA NETWORK
S MOMINAL SEZE: 10 KM » 13 KM ELLIPTICAL

Figure 1.0-1. Satellite Power System Concept

Typically, a single SPS provides 5 GW of power to the utility interface
on the ground. Two satellite power systems could provide more power then is
needed by large metropolitan areas such as Los Angeles, New York, or Chicago.
Because of the large dimensions of the satellite (the solar array area is
approximately 30 km‘) and the large mass (approximately 32 million kg), it
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is necessary to construct the satellite on orbit where zero-gravity allows

very low structural mass. The ground-located rectenna is nominally an ellip-
tical array 10 km by 13 km. At the earth's surface, the microwave beam has a
maximum intensity in the center of 23 mW/cm® (less than 1/4 the solar constant)
and an intensity of less than 1 mW/cm? outside of the rectenna fence line

(10 mW/cm? is the current United States microwave exposure standard).

This study is part of a continuing effort to provide system definition
data to aid in the evaluation of the 8PS concept by DOE. The total DOE program
includes system definition {of which this study is a part); socioeconomic
studies; envirommental, health, and safety studies; and a2 comparative assess-
ment of SPS with other candidate energy concepts. This is the third year of
contract effort which is being conducted for NASA Marshall Space Flight Center.
One of the major results of the first year of effort was data used by NASA to
define two reference concepts which are being used by DOE for their evaluation.
The second year's effort concentrated on a more detailed definition of the
reference concept, trades relative to the reference concept, conceptual approaches
to a solid-state microwave transmission alternative to the reference concept, and
further definition of the program. This year's study resulted in an updating of
the reference concept, definition of new system options, studies of special
emphasis topics, further definition of the transportation system, and further
program definition.

A major portion of this year's effort was devoted to the expansion of
available data on selected satellites utilizing solid-state amplifiers as the
power drivers on the microwave antenna. Solid-state versions of SPS have been
investigated by NASA/MSFC, Rockwell, and several other contractors, as an
alternative to the present klystron based reference system. Systems using
solid-state devices as dec~to-RF converters are attractive in several respects.
Solid-state devices generally have a longer MTBF (lifetime). Also, the safety
problems caused by the high voltages required for the klystrons and the attend-
ant x-ray radiation are eliminated., A solid-state system also can greatly
reduce maintenance requirements.

Analytical studies conducted by Rockwell in prior [NAS8-32475 (Exhibit C,
and current Exhibit D)] studies have shown that from a theoretical point of
view, a solid state amplifier based antenna could be made competitive with the
klystron amplifier based antenna in terms of efficiency, which is one of the
key issues in solid state amplifier design. These same studies have shown
that gallium arsenide devices would perform better at the high temperatures
anticipated in the SPS environment than would equivalent silicon devices.

Although a number of possible solid-state devices can be considered for
the SPS solid state power module, only one of them, the gallium arsenide power
field effect transistor (GaAs power FET), lends itself to establishing an
experimental data point at the present time with respect to solid-state
technology for SPS.

Electron beam semiconductor (EBS) devices, and TRAPATT diodes have, at
present, an upper efficliency limit of approximately 40-50 percent. This
efficiency limitation makes them questionable candidates for the SPS microwave
power transmission system. Bipolar transistors which have been shown to have
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theoretical efficiency potentials in excess of 80 percent, are presently avail-
able only in silicon. GaAs bipolar technology has not yet reached a stage
where it would be possible to obtain the necessary devices of this type for

the purposes of this program. Several types of FETs, notably the static induc-
tion transistor {SIT) and "vertical" FETs, are either still being developed, or
have only been developed in silicon.

By contrast, development of the GaAs power FET has been advancing extremely
rapidly in the past few years. This device, because of its superior behavior
at high frequencies, and because of its desirable low noise characteristics, is
being developed as a prime candidate for replacing traveling wave amplifiers in
RF transmitters. Commercially available devices have a power output level on
the order of 5 watts at the $PS frequency and reported laboratory results have
exceeded this performance in some cases. It must be noted, however, that the
SPS efficiency requirements are extremely severe and presently available devices
have not been designed to meet such requirements.

The factors which affect the power output and the efficiency of GaAs power
FETs are well recognized with respect to certain general trends and features,
and broad guidelines with respect to several device parameters can be briefly
summarized.

* Device Breakdown Voltage. The output power capability of the
amplifiers is directly related to the magnitude of the voltage
which the device is capable of withstanding. Hence, increas-
ing the breakdown voltage is an important factor in increasing
the power output capability of the transistor. Improving the
quality of the active layer-substrate interface and ohmic con-
tacts will contribute to an improvement in the breakdown veolt-
age. Reducing the doping concentration of the channel also
increases the breakdown voltage, but reduces the overall current-
carrying capability and, hence, the total output power.

« Gate width. The current—carrying capability is directly related
to the total gate width. Increasing the output power capability
of the device translates directly into using a larger device,
either by increasing the number of cells per device or increas-
ing the size of each individual cell. Increasing the device
size can adversely affect the efficiency by increasing parasitic
reactances.

* Device Parasitics. Minimizing device parasitics has always been
a major objective in device design. Such parasitics as the gate
metal resistance, the gate capacitance, and the source resistance
contribute to lower the efficiency by introducing losses and by
limiting the ability of the FET to operate in a "switching" mode
which is seen to be a prime requirement when high efficiency
modes of operation are analyzed.

* Thermal Design. A good heat dissipation capability is alsc an
important factor in attaining the high-efficiency goal. Excessive

1-3
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device temperatures will contribute to increased losses due to
increased resistivity and a reduction in switching speed.

System studies have shown that the efficiency of the SPS dc-to-RF converter
has to be on the order of 90%, if that converter is to appear competitive with
the current klystron-based system. Because of the different satellite design
required by the solid-state concept, as opposed to the klystron approach, the
power requirement on each individual converter is not as clearly defined as
the efficiency requirement., Estimates of the power required range from 1.5 W
per device to 20 W per device.

1-4
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2.0 OBJECTIVE

The major goal of this study was to investigate the basic feasibility of
achieving a very high dc to RF conversion efficiency utilizing solid state
amplifiers for power amplification. Identifying specific efficiency limiting
factors in order of their importance, specifically with respect to SPS power
converter design requirements, represents a task for which no previously
accumulated data exist.

The objective was to accumulate such data systematically by making full
use of sophisticated measurement techniques which permit the detailed study of
current and voltage waveshapes at the terminals of high power transistors as
well as other critical points in the circuit. The data derived can be used to
achieve a better understanding of operating conditions of high power FET
amplifiers, and based thereupon, to arrive at improved circuits and recommenda-
tions for changes in the device characteristics to further increase the
amplifier efficiency.

The specific goals of this program werc addressed in three hardware
development phases:

Phase 1 - This task called for the development of two amplifiers, using
GaAs power FETs which are most suited for achieving simultaneously high effici-
ency and high power ocutput operation. The goals for this development are
summarized in Table 2.0-1,

Table 2.0-1. Amplifier Design Goals

Frequency 2.45 GHz
Power Added Efficiency 50%
Power Output 5 watts
Gain 8 dB

Phase I1 - In this task, a second set of amplifiers were designed using
data obtained in Phase I of this effort, as it became available, emphasizing
an improvement in efficiency as the prime requirement. The power output and
gain are subordinated to the efficiency requirement in this case. These goals
are summarized in Table 2.0-2.

Table 2.0-2. Improved Efficiency Amplifier Goals

Frequency 2.45 GHz

Power Added Efficiency 657

Power Qutput Subordinated te
efficiency requirement

Gain Subordinated to
Efficiency requirement

2-1
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Phase 111 - Concurrent with the above two phases an antenna/rectenna was
developed based on antenna concepts described in the major study portion of
Exhibit D. This antenna has been and will continue to be used as a demonstra-
tion vehicle to demonstrate the operation of the amplifiers developed in Phase 1
and Phase 1I of the program.

2-2
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3.0 PLANNING

3.1 SCHEDULE

The study logic diagram for this program is shown in Figure 3.1-1. The
study includes three development phases plus a subcontractor selection phase.
The originally proposed schedule is presented in Figure 3.1-2. The milestones
for hardware delivery from the subcontractor were postpoined by one month at
the request of the subcontractor to provide more time for the completion of
the amplifier fabrication.

T iourE v
SYSTFMS
— ————— ENGINGERING
PHASE 1 INTEGRATION
3] AMPLIFIER = ANALYSIS |
___ DEVELOPMENT '
A "GO STATE ]
o &_'_‘—‘——""""'— MICROWAVE POWER
| 1NTEcRATED DEVICE/SUBSYSTEM
I e TEST i ANALYSIS
SUBCONTRACTOR PHASE II IMPROVED et o i FINAL REPORT
SELECTION AMPLIFIER
DEVELOPMENT
Y ——p=—  DEMONSTRATION SYSTEM
l PHASE I11 - AMPLIFIERS
Uyl ANTENNA o « ANTENNA
DEVELOPMENT - DETECTOR/RECTIPIER

ANTENNA CONCEPT |

DATA (TASK 1.2.3)

Figure 3.1-1. Study Logic Diagram

3.2 SUBCONTRACTCR SELECTION

The main considerations in the selection of a subcontractor for this
program were: expertise in high efficiency power amplifier design, immediately
available equipment and instrumentation for device characterization and circuit
optimization, a device fabrication capability, and a specific plan to identify
efficiency limiting factors.

A critical aspect of the amplifier development program is the capability
to analyze each device experimentally while it is operating in a high effici~
ency circuit. 1In that respect, RCA has developed a measurement system which
permits the detailed study of current and voltage waveforms at any point in
the circuit. This has not been generally fegiible so far, in the frequency
range applicable to this study.
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Such a capability offers the advantage of achieving a more detailed
understanding of the circuit operation in order to identify the critical
parameters of the active device which affect amplifier performance.

RCA Laboratories was selected as the subcontractor for this program,
on the basis of the above considerations.
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4.0 AMPLIFIER DEVELOPMENT

4.1 APPROACH

The approach followed to accomplish the objectives of this program was
based on the study of different FETs, featuring different designs and fabricated
using different technologies. The objective was to identify those device para-—
meters that are critical for obtaining high performance; namely, high efficiency
and output power. The knowledge so obtained could then be applied toward the
design of power FETs optimized to the SPS specifications,

The devices were characterized by means of a unique system which measures
the current and voltage waveforms of devices, operating at microwave frequencies,
This system is particularly well suited for studying the behavior of active
devices operating under large signal conditions. It was found, for instance,
that the gate resistance has often the effect of limiting the operating effici-
ency of the FET for two reasons: One, the resistance causes the channel to
partially pinch off during the on-state. This is caused by a build-up of
negative gate voltage during forward conduction of the Schottky barrier.
Second, the gate resistance slows down the turn-on and the turn-off time which
results in added dissipation in the FET and lower operating efficiency. In
addition, output power and therefore efficiency is limited by the breakdown
voltage of the Schottky barrier, as previously reportedlsz.

A number of FETs were selected from state-of-the-art devices available
commercially, which had the potential of operating either at the power or at
the efficiency level required by this program. Since little has been experi-
mentally verified about the operation of a GaAs FET under large signal condi-~
tions, it was felt that much could be learned from the waveform study on these
state—of-the-art FETs.

The driving force behind this effort is the realization that GaAs FETs
have the potential of operating at very high efficiency. 1In effect, recent
results were most encouraging: a power-added efficiency of 72% was obtained
from a device delivering 1 W of output power at 2.45 GHz. To our knowledge,
this is the highest efficiency reported for a solid state device operating at
that frequency. 1In addition to being efficient, these FETs can also be made
reliable, therefore they seem well suited for a phased-array SPS transmitter.

iF, N. Sechi, H. C. Huang, and B. §. Perlman, Waveforms and Saturation in
GaAs Power MESFETs, Digest of the 8th Furopean Microwave Conference, Paris,
France, September 1978, pp. 473-477.

’p. M. Snider, A Theoretical Analysis and Experimental Confirmation of the
Optimally loaded and Overdriven RF Power Amplifiers, IEEE Transactions on
Electron Devices, Vol. EDl4, No. 12, December 1967, pp. 851-859.
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4.2 DEVICE EVALUATION

The characterization of the FETs consisted of first measuring the power
and efficiency performance at optimized bias and tuning conditions. After
this initial characterization, several selected devices were then analyzed
with the aid of a system which measures the instantaneous values of voltage
and current as a function of time (voltage and current waveforms) at the
device's inner contacts (FET contact pads). Computer control was used in
both the power-efficiency and the waveform measurement set-ups. This resulted
in not only high accuracy and speed, but also made certain measurements possible
such as waveform measurements that would otherwise have been impractical.
Also, the RF tuning of the device for maximum power-added efficiency—a lengthy
and tedious procedure—was greatly facilitated by the availability of a display
showing, in real time, the exact value of efficiency and gain.

4.2.1 POWER AND EFFICIENCY CHARACTERIZATION

Measurement System

The measurement system, designed for automatic reading of the operating
characteristics of the device, is shown schematically in Figure 4.2-1. The
FET is mounted in a test fixture which includes input and output tunable
circuits for matching the device to an impedance close to 50 &, The circuit
losses are minimized by keeping the tuning elements (metal stubs movable along
a uniform 50 {1 line} close to the FET. The RF input signal is supplied by a
power oscillator tuned to 2.45 GHZ. The RF input power is controlledby a variable
attenuator and is measured by a digital power meter (Pj,), connected to the
interface data bus (IB). An automatic tuner, connected to the output of the
FET, provides an adjustment of the load impedance. The output power 1s also
measured by a digital power meter {(Pgyy¢).

The dc bias parameters—drain voltage and current (Vp and Ip) and gate
voltage and current (Vg and Ig)-—are measured by a multichannel scanning DVM.
The output of the DVM is read by a BCD input card, located in the multiprogrammer.

The operating data collected by the computer are then used to compute the
exact power—added efficiency na = (Pgut — Pin)/(Vp x Ip) of the device after
correcting the data through a calibration of the system. A similar procedure
is used for computing the exact gain. The efficiency and gain values set D/A
converters whose outputs are read by regular DVMs which provide a convenient
efficiency and gain display. In addition, at the command of the operator, the
computer prints on a terminal a listing of the device operating conditicns
such as the dc¢ parameters (Vp, Ip, Vg, Ig), RF parameters (Pjp and Pout),
efficiency and gain. A listing of the computer program, including the utility
subroutines, is reproduced in Appendix A.

Performance
The tuning of the device is optimized for either maximum power-added
efficiency, maximum output power, or at times, a combination of the two. A

given device whose physical characteristics define the ultimate efficiency
performance, operates in a circuit at an efficiency which is an intricate

4-2
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Multiprogrammer
EFFICIENCY [%] -
il =] RATE
) > In DATA =
(POWER-ADDED) S5 kR —»!  COUPLER COMPUTER
o SYSTEM
1= 5]
D
I ¥ L——IB
GAIN [dB] —3
18 POWER - SCANNING
T - SUPPLIES - CIRCUIT - DVM
P.
m _VG 1 ‘ +VD

Fo = 2.45 GHz 2048

Lp >< - AUTOMATIC p
8— 20dB , & TUNER i

TEXT FIXTURE FET

ViDEO TERMINAL
AND PRINTER

Figure 4.2-1. Power and Efficiency Measurement Set-Up

function of many circuit-dependent and bias-dependent parameters. Therefore a
direct procedure for defining the value of each parameter is not practical
because of the strong interaction between circuit dependent and bias dependent
parameters. The procedure adopted, which 1s easily implemented with the set-
up of Figure 4.2-1, is based on successive approximation, by adjusting the RF
tuning and bias until optimum efficiency is reached. Here the automatic tuner
is used as a second order adjustment—at low VSWR and in a manual mode-—in
order to minimize the power loss and achieve highest efficiency.

An example of the performance of an FET, as measured by the automated
system, is shown in Table 4.2-1. The RF tuning and the bias of the FET are
adjusted for highest power-added efficiency. The input power Pj, 1s varied,
while the drain and gate bias voltages are kept essentially constant (small
variations are caused by voltage drops across the current sampling resistors).
For this particular device the efficiency peaks at a value of 59.9% with an
output power of 5.1 W and a gain of 9.5 dB. The highest efficiency is always
obtained at a substantial degree of gain saturation, 1.9 dB in this case, and
for other FETs ranges from 2 to 4 dB.

Table 4.2-2 is a listing of the devices tested in this program and of
their performance measured at optimized conditions. The FLS50 and the FLC30
are manufactured by Fujitsu. The MGF2148 and 2150 are manufactured by
Mitsubishi. The NEC868400 are devices made by Nippon Electric. The latter
were brought in chip form and mounted by us on special low-parasitic carriers.
The original plan was to attempt direct paralleling of chips, if the perform-
ance was considered satisfactory. However, since their performance was lower
than what was obtained from other devices, this approach was not pursued
further. The RPC3315 are manufactured by Raytheon. The MSC88010 are manu-
factured by Microwave Semiconductor Company.



Table 4.2-1. FLS-50 Test Results

FUJITSU FLS. 50 #2424 SODHH CKT.

2139 FM  MON.y 21  JAN.r 1980

DRAIN DRAIN GATE GATE F-IN F-0UT
voLT AMF VOLT M-ANF WATT WATT
voLr

10,66 713 -1.88 -, 164 V587 5,121
10,69 <641 -1.94 -.045 .282 3.518
10,49 <635 -1,96 -.005 .138 2,034
10.70 L60%  ~1.96 -,002 .059 .863
10,70 <603 -1.94 -.001 .048 £96
10,70 603 -1.96 -.001 .038 .543
10,70 .598 -1.96 -.001 L031 .440
10,71 .598 ~1.96\ ~.001 .024 .335
10.71 +598 -1.94 -.001 .017 .244
10,71 <601 -1.96  -.001 012 (162
10,70 .598 -1.96 -.001 007 101
10,71 .601 -1.96 -.001 002 .031
20>BR,ETEST

10,67 <690 -2.21 492 439 5.100
OFTION NUMBER =74

Space Operations and
Satellite Systems Division

Space Systems Group

‘l Rockwell
International
EFF. GATN
A
59.%4 9,54
47.24 10,94
27.94 11.65
12.44 11.41
10.02 11.58
7.83 11.5¢
6,40 11.54
4.94 11.51
3.54 11.47
2.34 11.47
1.46 11,44
.44 11,41
60,643
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Table 4.2-2. Summary of Performance of Tested Devices

DRAIN  DRAIN GATE  GATE P-IN P-OUT EFF. GAIN
yOLT AMP VOLT  M-AMP  WATT WATT g d8
FLS50 #2 9.7 385 2.3 +.00%  .380 2.740  63.09 8.57
9.97 583 2,13 -.0l6  .574 3.959 58,18 8.39
FLC30 #4230 6.12 405 3.39 4,001 .285 1.730  58.2 7.83
0.4 805 2.3 -.085 535 4.084  42.3 8.82
MGF 2148 5.50 .744 0.7 .03 .269 1.307 25,3 6.68
MGE 2150
a5477 4.95 .25 1,29 1.88 071 L9701 71,03 11.34
NECE6840C 6.69 .64l 3.48  -3.14 . 240 1,735  37.39 8.59
LOT 8717-9 #1 8.5  .727 2,92 -3.14 .526 2.435 30,68 6.66
NECE64800
LOT 8717-0 47 68 770 3,31 -3.14 214 1,684  27.48 B.9I
NECEB4AQ0 6.55 .64l 3.51  -3.14 .222 1.556  31.82 8.46
LOT 8717-9 #4  8.42  .788 3.08 -3, 14 445 2.151  27.65 6.85
FLS-50 #2426  10.66 713 .88 164 567 5.121  59.94 g.58
FLS-50 #1333 7.57  .868 2.03  -.472  .694 3,407 41,30 6.9
: 11.36 1.256 |.35 -, 899 . 975 5.574 32.724 7.57
FLS-50 #]336 8.27  .612 1.95  1.611  .575 2.923  46.38 7.08
11.75 . 874 1.51 779 .B47 4,375 34.37 7.13
FLC-30 #6136  10.45  .132 3.97 -.017  .189 .18 72,45 8.00
FLC-30 #6327  10.71  .698 3.62  -1.90 .476 4.092  48.85 9.34
RPC3315 #) 5.54 296 2.5 [.35 .10 864 46.54 9.33
MSC B810( #1 4,03 .572 2.86 -3,14 . 194 .959 33,17 6.93
10.41  1.187 1.55  2.9555 1.102 3.37 18.41 4,86
MSC 88101 #2 5.40  1.261 1.83  -3.14 .245 1,552 19,20 8.02
9.70  1.52 1.33  2.542  ].504 3.105_ 10.86 315
TFLS-50 #4039 10.43  .67% -2.32  6.788  .583 4.022  48.83 8.39
FLS-50 #4037  Il.16  .736 -2.47  12.67 .785 4.838 43,38 7.90
FLS-50 #3734 [1.43  .721 -2.08  7.466  .52| 5.121 55.79 9.92
FLS-50 #3732  10.55  .825 -2.62  6.8l6  .760 5.282  52.07 8.42
FLS-50 #3731 10.56  .750 -1.9}  8.278  .629 5.080  56.21 9.08
FLS-50 #3726 10.19 ,839 -1.65 12.78 10 5.373 54.53 8.79
FLC-30 #S-009  9.0] . .399 -3.19  -.026  .350 2.548  61.09 8.63
FLC-30 #5-008  9.96  .345 -2.60 301 .258 1.942  54.50 8.76
FLC-30 #5-007 10,27  .483 -2.57  -.089  .404 2.740  47.12 8.3
FLC-30 #S-006  9.60  .336 -2.55  -.0l6 .32 2.115  55.44 8.12

The best efficiency performance was obtained from an FLC30, which pro-
vided a power-added efficiency of 72% with an output power of 1.19 W and an
associated gain of 8 dB. To our knowledge this efficiency performance is the
highest reported for any sclid-state device operating at 2.45 GHz, Similar
performance was also cobtained from a Mitsubishi-type MGF2150 device. Inter-
estingly, both devices are designed for high frequency operation, C- and X-band,
respectively, Their high cut-off frequency (approximately 12 and 19 GHz) allows
rapid switching and a mode of operaticn that is conducive to high efficiency.
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The best power performances were obtained from TLS50-type devices that
often provided output power in excess of 5 W with power-added efficiency of
50-60%.

The NEC-type 868400 devices delivered the rated output power, but had
rather low efficiency. The MS8C-type 8B010 devices delivered the rated power,

but also operated at low efficiency. The Ravtheon-type RPC3315 devices deliv-

ered low power. More detailed data on the performance of these devices are
listed in Appendix B.

4.2.2 WAVEFORM MEASUREMENTS

Measurement System

This system was specifically developed for studying nonlinear effects in
GaAs power FETs'., It was improved during the course of this program in order
to increase its flexibility and convenience. The system, with its main com-
ponents, 1is shown in Figure 4.2-2. A source of microwave power at 2.45 GHz
feeds the input of a test fixture in which the FET is mounted. The fixture

SAMPLING
0SCILLOSCOE INTER FACE
BUS (18)
&
- MULTIPROGRAMMER COMPUTER
© 9 oo SYSTEM
70 OYM
18 EEEi x-x 1
¢ PLOTTER
TEST
Pin] FeET FIXTURE
N

TWT f RF OUT | AUTOMATIC s e
> ST
g \WEQ o TUNER I W]

! 4+ Vg "‘]+vb

TC SAMPLING POWER
OSCILLGSCOPE | SUPPLIES

SCANNING
DVvM

Figure 4.2-2., Waveform Measurement System
1gechi, F.N., Huang, H.C., and B.S. Perlman, Waveforms and Saturation in

GaAs Power MSFETs, Digest of the 8th Furopean Microwave Conference; Paris,
France; September 1978, pp. %73-477.
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includes input and output tuning circuits that match the FET to the input
generators and to the output load and shape the waveforms for optimum effici-
ency and power performance. TFour very small resistive probes, integrated
with microstrip tuning circuits, sample the waveforms at different points in
the circuit. The four signals are then routed through switches into a dual-
channel sampling oscilloscope. The time axis of the oscilloscope is stepped
by the output of a computer-controlled D/A converter. The vertical outputs
from the oscilloscope are digitized and the data are stored in the computer.
The basic operation is as follows. The measured data are processed with a
fast Fourier transform algorithm. The resultant spectral components are then
corrected for the amplitude and phase frequency response of the probes,
previously characterized over a frequency range covering typically five
harmonics. This defines the corrected spectra of the voltage waveforms
present in the circuit at the probing points. These spectra are then used,

in conjunction with the ABCD parameters of various sections of the circuit,

to compute the current spectra and finally, the current waveforms. This
procedure, based on Fourier transform and reverse transform of signals, allows
the derivation of current waveforms more accurately than could be done by direct
current measurements.

With the present hardware, the system has substantially reached its limit
speed. The four scans—each one consisting of 256 data points——are executed
in approximately 50 seconds. Special computer-controlled RF switches are
included in the system for multiplexing the four signals derived from the
probes into the two channels of the sampling oscilloscope. This drastically
reduces the time required for each experiment (as compared to manually connect-
ing and disconnecting the four RF cables) and improves repeatibility and
measurement accuracy.

The time required for setting up the experiment is also kept to a mini-
mum by storing of all of the calibration data in disc files that are recalled
after turning on the main program. Thus, it is possible to avoid the lengthy
process of repeatably entering the data related to the calibration of probes,
the input and output tuning circuits, and the package of the FET. In addi-
tion, all of the measured data can be stored in data files, which is a conven-
ient feature for reanalyzing results without having to rerun the experiment.
The present formatting of the output data and available operating options
make the system very flexible and easy to use.

Waveforms in GaAs FETs

Four different types of devices were analyzed. The first three were
higher frequency {(C- and X-bands), lower power (2-3 W) types; the fourth was
a lower frequency (S-band), higher power (8 W) type.

The waveforms of Figures 4.2-3 through 4.2-8 were measured on an MGF 2150
type device, made by Mitsubishi and specified for an output power of 2 W at
12 GHz. At this frequency, it is the most powerful device commercially avail-
able. Both theory and experimental evidence indicated that a high cut-off
requency 1s a necessary, although not the only, requirement for achieving
high operating efficiency. Indeed, this device provided some of the hest
results, specifically a power added efficiency of 717 with an output power
of 0.97 W.

4-7
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The waveforms of Figures 4.2-3 and 4.2-4 were measured under conditions
which correspond closely to the condition that provided maximum efficiency.
The drain voltage waveform, V3, approaches a square wave. This is a mode of
operation which is conducive to high efficiency. The current is mostly sinus-
oidal, in agreement with the theory for maximum efficiency'. Only a small
amount of distortion can be seen near the waveform peak.

The corresponding gate waveforms, at a bias of -1.29 V, are shown in
Figure 4.2-4. Because of the high transconductance {630 ms) and low pinch-
off voltage (-2 V) of this device, the peak-to-peak voltage swing is low
(3 V). Under this condition, the distortion of the waveform is rather small.
The gate current is mostly capacitive (70° advanced with respect to Vg) and
reaches a high peak value because of the rather high input capacitance,
approximately 5.5 pF.

Figure 4.2-3 shows the FET fully turned on (Vg ~ 0) only for a small
fraction of the cycle, approximtely 60%. During the following 120° of the
cycle, Vq rises to a value of approximately 2.7 V. This rather high voltage
across the FET during the on-time is detrimental to the efficiency. If, for
instance, the voltage were to be maintained at a constant value of 0.7 V—
corresponding to a low-field resistance of 1.0 and a peak current of 688 mA—
the efficiency could reach a value of approximately 80%.

A seemingly certain way for achieving a full turn-on and turn-off of the
device and better approximating a switch mode of operation is to increase the
level of RF input drive. The expected result is an increase of the power-
added efficiency, provided that the device gain is still sufficiently high to
have a net increase of output power. However, our experiments have shown this
not to be the case. When the RF input power was increased 1 and 2 dB above
the optimum efficiency condition, the drain voltage waveforms {(as shown in
Figures 4.2-5 through 4.2-8) revealed a significant increase of the "on"
voltage. This effect clearly reduces the operating efficiency. The cause of
the unexpected result was traced to the presence of forward conduction cur-
rents flowing through the resistance of the gate circuit. Specifically, a
sufficiently large RF signal overcomes the negative bias of the gate and
causes the gate to draw current in the forward conduction direction during
part of the RF cycle. This current, flowing in a direction such as to develop
a negative resistance in the gate circuit, adds a negative voltage to the gate
across the resistance of the gate stripes. This negative voltage constricts
the channel, increasing its resistance, at a time when the drain current is at
its peak. This causes an increase of the voltage drop across the FET during
the "on" time, as it is evident in Figures 4.2-5 and 4.2-7. At the higher
overdrive (2.3 dB), the gate voltage waveform of Figure 4.2-8 clearly shows
clipping about 0.7 V, due to forward conduction of the Schottky barrier.

In quantitative terms, the additional voltage drop across the FET (AVy)
is related to the forward conduction gate current (Igo) by:

AVg = Ry, Ry gn Igg
ID.M. Snider, A theoretical Analysis and Experimental Confirmation of the
Optimally Loaded and Overdriven RF Power Amplifiers, 1EEE Transactions on

Electron Devices, Vol. ED14, No. 12, December 1967, pp. 851-859.
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where R} is the output load resistance, Ry 1is the gate resistance, and gp is
the device transconductance. Output power and gain dictate the values of Ry
and gp, while Ig, is determined by the level of the input RF drive and the
degree of saturation. The only free parameter that can be used to control

AVq is the gate resistance, Ry, which therefore becomes an important parameter
in determining the maximum operating efficiency. To our knowledge, this effect
of the gate resistance—Ilimiting the minimum dynamic saturation voltage of the
device because of RF rectified by the Schottky barrier-—has not been reported
befeore and is considered an important finding in this program.

Other effects, however, might also influence the device and limit the
efficiency and output power. One of these, incomplete control of the gate over
the drain current, is shown in Figure 4.2-9. These wavelorms pertain to an
MGF2148-type device (Mitsubishi), similar in construction to the MGF2150-type
device of Figures 4.2-3 through 4.2-8. Figure 4.2-9 clearly shows incomplete
pinch-off of the channel, leaving a residual current of 200 mA. This effect
might be caused either by a defective metallization that left four or five
gate stripes disconnected, or by a large nonuniformity in the doping or thick-
ness of the active GaAs layer.

Figure 4.2-9. MCF 2148—Nominal Drive—
Drain Waveforms
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Also analyzed was the FLC30-type Fujitsu device, designed for C-band oper-
ation, which provided the highest efficiency performance at 2.45 GHZ (72% at
1.1 W of output power). Waveforms were measured over a range of drain voltages
from 6 to 10.5 V and a range of gate voltages from -4.0 to -0.5 V, correspond-
ing to a drain bias current range from zero (pinch-off) to B0Z of the saturated
drain current at zero gate bias (Ipgg). The waveforms measured at the operating
condition corresponding to the maximum efficiency are shown in Figures 4.2-10
and 4.2-11. The bias level was 10.5 V and 130 mA for the drain and -4.0 V for
the gate. The drain voltage waveform shows a pronounced distortion, although

it does not clearly indicate the switching mode of operation which would lead
to an even higher efficiency.

PORT #6 ¥s(v) = 72.50 OF (V) = 4.00
6-12-01 Y5(1) = .63 oF (1} = 0.00
s >0 ev niwb o - _
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Figure 4.2-10. FLC30—Drain Waveforms,
Maximum Efficiency Drive



Rockwell
International

Space Operations and ‘
Satellite Systems Division

Space Systems Group

PORT #5
6-12-01

o

HifHil

b

1
It T +  Faos Gy gt . g
Las T + A Er SO0 PSS Ann st mmp b b T

Figure 4.2-11. TFLC30—Gate Waveforms,
Maximum Efficiency Drive

The drain current is virtually sinusoidal, as it is expected in FETs
operating with tuned output circuits. TIn addition, during approximately 307
of the cycle, the drain current is negative. This is caused by an apparent
increase of the amplitude of the current in the active device due to the
device output capacitance. The amplitude ratio, K, between the current in the
active device and the total current (inciuding output capacitance), is given
by:

K= 1/(1 -« LC + JuRC)
where C is the output capacitance, and L is the output tuning inductance in

series with the output load resistance R. At resonance, K assumes the value
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of 0.4 for R = 25 2 and C = 1 pF, which is consistent with the values of the
negative current swing that have been observed during these experiments.

The instantaneous gate voltage V, varies between —0.5 V and -8.3 V around
a de bias of -4.0 V. The flattening of Vg around -0.5 V 1is caused by a large
change of the gate-to-source capacitance due to the varactor-like behavior of
the Schottky barrier. The gate current is mostly capacitive and sinusoidal
hecause of the Filtering effect of the high impedance ratic input tuning
circuit.

Interestingly, when the device was heavily overdriven(a 7-dB increase in
RF input power), the drain waveform remained practically unchanged, as shown
in Figure 4.2-12. This indicates that the current saturation is caused by the

ys(v) = 7.50 OF (V) = 4.00
};01:’;—;3 Ys{I) = .63 O©OF (1) = 0.00
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Figure 4.2-12. FLC30—Drain Waveforms, 7-dB Overdrive
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gate, which has lost control of the current in the channel. Figure 4,2-13
shows that the large overdrive has the effect of greatly increasing the gate
current and voltage peak values, and of heavily distorting the gate voltage

waveform. The flattening of ¥V, above zero volts indicates forward conduction
of the Schottky barrier,

PORT #5 Y5 (v) = 3.00
6-12-03 ¥s (1) = 1.25

332528 388¢

T
T =
E T 1

T T

Figure 4.2-13. FLC30—late Wavelorms, 7-dB Overdrive

When the drain bias voltage was changed from 6.0 to 10.5 V, the drain peak
voltage varied from 11.5 to 18.5, as shown in Figure 4.2-14. Also shown in the
gource figure is the peak voltage computed from a "Tow frequency model,' which
includes the dc¢ characteristics of the FET, a lossless resonator, and a 25 €
resistive load. The actual peak voltages are approximately 1 V higher than
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Figure 4.2-14. FLC30 Peak Drain Voltage Vs. Drain Bias
those computed with the model, because the nonlinearity of the gate-to-source
capacitance sharpens the peak of the drain voltage waveforms. The upper curve
in Figure 4.2-14 pertains to the limit case of an ideal Class B tune
which predicts a peak voltage equal to twice the bias voltage.

The minimum voltage during the on-state (saturation voltage) was also
derived from the waveform measurements, and the results—as a function of the
drain bias voltage—are shown -in Figure 4.2-15. The difference with the low
frequency model is probably caused by unaccounted reactive parasitic elements
in the FET carrier, such as the source inductance.

ration voltage were also measured as

hown in Figures 4.2-16 and 4.2-17.

ue at a gate bias of -1.7 V,

A more negative gate bias brings
thereby reducing the available

The drain peak voltage and the satu
functions of the gate bias voltage, as s
The drain peak voltage reaches a maximum val
which corresponds to approximately Ipgs/2-
the device closer to the Schottky breakdown,

voltage swing.

Finally, waveform measurements were carried out on an FLS50-type Fujitsu
device, capable of delivering 5 W of output power at S-band. The device was
tuned for highest efficiency (50%) at a drain voltage of 10 V and a drain
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Figure 4.2-15.
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FLC30 Saturation
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Figure 4.2-17.

Bias Voltage

i

i

}

il

t

1

Ho

T MIt

cy

U

equen

[
i

Low Fr

|

l

i

<

== +
e = E———

E: = =T
= Ma I!H - — ‘-“. H )WM
= e == e — S N mWI.H

=E = 7 === = e E o 8=
== ) AT == e e
= 2 ﬂ MLD = o : = =

: > o = S e —F—= o=

=] o U Tt b~ > 7

L s PR —— T Vr & —

e — e e =d'; A=
= A & c S SNt =i

4 9 o~ > e e = e S inM. o ==

- © 2 ey

= o S 3 op = © =

a 7 —1 =
e DI O o =% £ TS =] =

——— o - m ol —_—i — e v o e S — S ———— ===
T3 - ¢ o m [y = =] ¢
E ==y s e S —
T . [SI) —=F 2 ==t —F -
~ o s o s M. e = I&%ﬂ Sy
=% . wm == === ey
= ) = = STy e
p— : =y ——
ﬁm B E=iE= g =g = _ ==
== = © 3 = = 5 '
== — N : T ==
= I
— ~Now E= A e
= i ==—— =
S = T L =
w = Yoo e = ©
e ~ g o e e =) =)
j= ] Ee=sE=s = T =
T o0 — = km T e o~ =
= -~ u|t~l4‘\ﬂl|'*||il = —
s w o Ee e S S S e
= SEES X7 (A) 9%eirop o s ==
== 3

4-18



Space Operations and ‘ Rockwell
Satellite Systems Division International

Space Systems Group

current of 25% of Ipgg. Measurements were then taken at drain voltages rang-
ing from 6 to 11 V and drain currents ranging from 16 to 40% of Ipgg and at RF
drive levels corresponding to 1, 2, and 3 dB of gain compression. The results
show that the drain voltage and current are fully modulated. However, even at
the higher RF drive as shown in Figure 4.2-18, for the 3-dB compression case,
the device did not approach the switching mode of operation which would be
conducive to higher efficiency. This behavior may be explained by the slow
response of the gate circuit due to the charging of the gate capacitance
through the resistance of the gate stripes. The low-pass characteristic of
this circuit prevents rapid switching of the device. A supporting piece of
evidence is that the measured gate waveforms are also practically sinusoidal,
even at this high drive level. Therefore, the rather slow response of the
device limits the maximum efficiency to approximately 50% which is the limit
value for an unsaturated amplifier.

EEE X430 wA =
, 0

!
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i

|

Figure 4.2-18. F1.850—Drain Waveforms,
3-dB Saturation

4-19



Rockwell
International

Space Operations and ‘
Satellite Systems Division

Space Systems Group

4.3 POWER AMPLITIERS
4.3.1 CIRCUIT DESIGN

In view of the requirements of Phase I of this program, FLS50-type FETs
were selected for the two amplifiers. The design started by measuring the
load impedance for optimum efficiency and power performance, using the auto-
matic tuner that is part of the measurement set-up. At the fundamental
frequency, this optimum impedance computed at the FET pallet is 10.5+ j 6.8 .
The parallel equivalent resistance of this load impedance is 15 §, which is
a value falling between the optimum impedance of an ideal Class B amplifier,
equal to Vpe/Tg = 10 & for a bias voltage, Vcc, of 10 Vv and a saturated cur-
rent, lg, of 1 A, and the optimum impedance for a saturated Class B ampli-
fier,? equal to (8/m)(Vee/TIg) =258.  In accordance with the theory for the
maximum efficiency case, the admittance for the cven harmonics should be zero,
while admittance for the odd harmonics should be infinite. These target val-
ues for the First three harmonics are listed in Table 4.3-1. The corresponding
impedances were approximated by a computer-optimized microwstrip circuit, whose
basic elements are two open-ended resonators for tuning the second and third
harmonics, and a step transformer for adjusting the impedance ratio at the
fundamental frequency. The computed values and the measured values (1) are
shown in Table 4.3-1. Clearly, there is good agreement between measured (1),
computed, and target values.

Table 4.3-1. FLS50—Output Circuit Impedance
LOAD IMPUDANCE AT FALLLD
FREQUENCY TARGET COMPUTED MEASURED U1 MEAGURED (20
(GHz) ({4 {) ({2 (§2)
)L 4 10,54 6.8 10.24]7.6 (0.4 6. 7,446, 7
4,90 o 27047448 O] 60 e
/.55 0 Lab=] LD 15.9-127 LBG=34,7

The complete amplifier was then simulared with the FET characterized by
its S-parameters (Table 4.3-2), loaded by the output circuit optimized for

efficiency and power.
computer-optimized for highest gain at 2.45 GHz.
circuit with dimensions of the metallization pattern,
and dielectric constant is shown in Figure 4.3-1.

The actual circuits

The input circuit, essentially a A4 transformer, was

A diagram of the microstrip
substrate thickness,
include

high-Q, metal-oxide-metal capacitors as dc¢ blocks, and small wire coils as RF
chokes for the dc bias.

Testing of the amplifier revealed that an increase of approximately 1 dB
in output power and efficiency could be obtained by readjusting the tuning of

the output circuit.
was remeasured and corrected for the effect of the package.

The

The circuit was then taken apart and the load impedance
results are

shown as measured values (2) in Table 4.3-1.

2ipid, page 4-1
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Table 4.3-2. FLS S-Parameters

UJITSVY FU3-% #2731
VD=3 ¥vG=-1,47

9:%6 AM THU., 28 MAR,, 134

PR

MAG

s12

ANG

MAG ANG ;
N O s L0920 ~174.6 L3613, 4 L8 aa, 7 534 16.4
N LTED 028 =174.6 I FER O BCTONN R 95,4 LU 1.2
o S92k =70 Lot N 4 95 15.0¢
LUK =170, 0 =1 ¥ 7.3 Lo 14.7
L9922 ~17h.1 by .2 33 14.7
e =L70.0 T UL 14.6
LO21 ~1%4.2 N L9083 14.4
L9271 ~1¥hLh 3.2 Y 14.7
L0240 =YD LL T3 LORG 10,2
RS AR Tl LO0 15.0
LAY -1TL LG 3 W17 15.G
LOL3 =iTL0 .U .913 17.2
RMIREES WA | o .911 17.%
L9130 -170.2 1 B 15.1
WL LOLD ~1706. . L O 6.1
. LOF =176 RR PR 53.4 R 17.9
2018 -170.0 Ly ag.3 . O 17.2
L9210 =176, Bl 19.5 055 10.8
213 =176.Y LL73 TaLT N | 16.1
U177 -V Lg Lhr2 £a.2 L9701 15.4
021 -tiv. Lol R LGU3 10.¢
LO1G -177.2 LLio 52,6 LouUn 14.9
91T -177.43 R P Q02 14.9
CJOLT -197.4 LOlT EL7 .692 14.6
917 ~171¢.5 R 9h.2 L2006 15.1
LULT -177.7 ETACI | =80 Cog 15.5
L9L7 =177.9 Lhud o1 93.7 L0901 15.6
LUL9 -17e.1 LLD3 1 Si.2 900 15.9
9.l ~170.2 Longol La.3 052 1¢.3
Lo -1%0.3 Lomd 1 1 L2.3 LU 16.5
UG -1TG. Lo lur 111 i6.0 92 16.9
LO16 ~173.7 IRV A SR s LILL P 043 17.1
Vi7 -17e.7 LoUn o 1Eh.6 o2 29.5% 042 i7.2
2919 -170.9 LHU00 1263 ) s 90.3 409 17.2
LOLS -1¥5L0 Souk2 1248 LD 9.5 L83 17.3
LO15 ~179.4 LR 184.3 Ll 93.6 . o7 1¢6.8
LAl0 =179, REVIRE B Do ) BPRD %4 D35 697 16.4
L3 -1V NP R e fa.h 090 16.2
SO -RTDLG Lo 1200 R 2.1 o 153.9

LOLE ~170.6 L33 1e%,.C i 27.2 LE00 15.
LOLT ~L790T MR SIS A L0112 L7.6 oot 16.6
915 ~175.9 BN ) 1 S i1 2.0 b 16.3
G517 175,90 L5 1ul.h PR R Gub 16.9
D I S O PRI S A | 4152 2e.5 879 17.3
SIG 17907 Ll 171.% Wi d 2001 875 17.9
LOLT O 17YLL LB 123D L2 a¥.n 372 1%.4
L817 173.40 R FEER T - W4 L2 80,5 873 1.2
Y ¥ VI G L IR CTREN B WS e thox £0.3 s 131.8
2311 175.1 LB b ThELY s BEE 141 N S e 1.8
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FLS S-Parameters (Cont.)
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The load resistance at the fundamental frequency is lower than the opti-
mum value, as previously measured—an expected result because the initial
device characterization (done with tuners located far away from the device)
is relatively lossy and favors lower values of transformation ratios and, in
this case, higher impedances.

The impedance at the second harmonic was drastically changed. A closer
analysis showed that the value of reactance is correct for resonating an
output capacitance of 0.5 pF. This would result in the desired very high
load impedance for the second harmonic. Although the device output capaci-
tance is probably closer to 1.5 pF, considering the uncertain nature of the
package parasitics, this result was quite encouraging. In addition, the third
harmonic impedance is now close to zero, as expected from the theory. These
results suggested that an optimized circuit can be designed in accordance to
theory when the device capacitance and the package parasitics are properly
included.

A revised method was, therefore, used for the design of the Phase IT ampli-
fiers. The FLC30-type FETs were chosen for this task because of their high
operating efficiency. The design started by estimating the output capacitance
of a selected device from the measurement of the device output impedance versus
frequency, corrected for the effect of the output section of the package. This
allowed the determination of the ideal impedance values (target) at the package
terminal. The output circuit was then designed and measured; the agreement
between the computed and the measured values, as shown in Table 4,3-3, is con-
sidered adequate. The design of the circuit was completed by simulating the
entire circuit, with the FET characterized by the S-parameters of Table 4.3-4.
A diagram of the overall microstrip circuit is depicted in Figure 4.3-2.

Table 4.3-3. FLC30—Output Circuit Impedance

LOAD IMPEDANCE AND PACKAGE TERMINAL
FREQUENCY TARGET COMPUTED MEASURED
(GHz) (Q) () Q)
2.45 14+j0. 10 14-30.19 I5-]1.64
4,90 0+ 80 28+j71 19+j49
7.35 0+ 74 40+ 66 33452

Measurement of the amplifier showed that the output power and efficiency
could still be increased somewhat by further readjusting the output circuit.
However, because of time limitations and the difficulties in exactly determin-
ing the parasitic parameters of the package, no attempt was made at this time
to remeasure the circuit,, correlate the results with the expected values, and
redesign the microstrip circuit.
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Table 4.3-4. FLC30—S-Parameters
FLC-30 S5S-009 I1:26 AM THU. 26 JUNE, 1980
VG = 3.93 VD = +9.40 @ 150 MA
FREQ (MHz) 511 521 : 517 522
2350.000 . 907 -176.5 L4 43,1 . 068 -l6.7 L5065 -168.2
Z550.000 . 897 -178.5 . 699 39.5 067 -18.0 .60 -170.1
4900. 000 . 860 153.2 L4911 —11.6 L0772 -4R, 7 .06 7705
7350.000 . 668 74.8 .608 -81.7 L0872 -80.6 .6H29 150.4
9800. 000 . 191 -82.2 LA43 1677 103 =15%9.4 H2 74,3
12250.000 . 900 -151.3 . 180 98.7 .085H 196.0 L6HH3 8.5
REF PLANE(S) ARE NOW: 2,083 2,083 TRANS LIN:  4.166

316 38

;§ss§~ "s§ssssssssssss§§?n§?aaaasn\\

f—231 3B =
—aib 328

€= 10
h = 25

{ALL DIMENSIONS IN MILS)

Figure 4.3-2. FLC30—Amplifier Microstrip Circuit

4.3.2 AMPLIFIER PERFORMANCE

Amplifier No. 1, shown in Figure 4.3-3, delivered an output power of
4.7 Wwith 53% power-added efficiency and 8.7 dB gain. Table 4.3-5 is a list
of the operating parameters—drain voltage, drain current, gate voltage, gate
current, input power, output power, power-added efficiency and gain—measured
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Table 4.3-5. Operating Parameters Vs, Input RF Power,
Amplifier No. 1

6PS AMP.#1 RETUNED #3734,COVER ON

7:18 AW WED.» 30 APR.,» 1980

DRAIN DRAIN GATE GATE P-IN P-0UT EFF. GAIN
VoLT ANP voLT H-AMNP WATT WATT X DB
10.97 +713 -2.47 - =-.710 4634 4,278 32,98 B.76
10.97 +704 -2.48 ~1.82 <5487 4,644 52,79 ¥.13
10.98 .484 ~2.45 -1.87 476 4,358 S51.69 ?.61
10.99 +864 -2.+45 ~1.85 377 3.9546 47.06 10.21
10.9% 1647 ~2.44 -i.84 +287 3.458 44,60 1¢.81
11.00 +812 ~2.44 -1.82 .076 1.527 21.25 12.00
11.0? +«575 -2.44 -1.81 056 +877 12.93 11.91
11.02 «343 -2;46 -1.81 038 <588 8.87 11.92
11.03 +560 -2.48 -1.61 029 444 &.75 11.93
11,02 +555 -2, 46 ~1.81 019 «302 4.62 11.94
11,03 » 5952 -2.46 ~1.82 011 +168 . 2.55 11.93
11.02 -1 ~-2.446 -1.B3 +002 032 +A9 11.84
§=70 COMMAND T

as a function of the input RF power. As the drive level is increased from a
low value to the full drive, the d¢ drain current increases from 552 mA to

713 mA, a change of 30%. This indicates that the device operates in a Class AB
mode, The maximum efficiency is obtained at a gain of 8.7 dB, a compression

of 3.3 dB with respect to the maximum gain. The gate current of -1.85 mA is
the leakage current 0f a zener diode, connected in the gate circuit for protec-
tion against accidental over-voltages. The phase characteristic, measured as

a function of the input RF drive, is shown in Figure 4.3-4. The total phase
shift from zerv to full drive is 137,

The small signal performance is described by the S-parameters of
Tables 4.3-6 and 4.3-7. The bandwidth is quite large—320 MHz at the 0.5 dB
points. However, because of the sensitivity of the output power to mismatch,
the 0.5 dB bandwidth at large drive (490 mW) is reduced to 160 MHz. Whereas
the input mismatch is rather low (VSWR = 1.5), the output mismatch is quite
high (VSWR = 4.0). The latter illustrates the large discrepancy that exists
between the load impedance properly designed for maximum power and efficiency,
and the load impedance designed, dinstead, for maximum gain,
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Table 4.3-6. S-Parameters, Amplifier No. 1,
Output Port

SPS AMP #]

FREQ(MMZ) REFL ANGLE - RTN LS VSWR RGAIN(DB) PHASE DELAY
2200 . 863 543 ~170.B6 -5.% 3,381 -28.5 ~34.2 .2
2024900 .651 =176.4 -5,2 3.458 -28.2 ~»39,2 .7
2049.000 .Bh1 179.2 -5.9 3.655 -28.1 -43.7 .6
2060 . 000 568 174:1 -4.9 3.633 -27.9 -48.5 .7
29893 .00% 677 169.3 -4.8 3.728 -21.7 -53.5 .7
2199.800 .586 164.3 -4.6 3.836 -27.6 ~58.8 .9
2120.8008 595 169.2 -4.5 3.938 ~-27.6 -65.6 .0
2144.000 .602 ih4.8 -4.4 4.027 -27. 4 -71.6 .8
2162.900 .608 160.7 -4.3 4.187 =27.1 -TT.8 .9
2180.009 .613 146.7 -4.2 4,172 -25.9 -34.7 1.2
220y . 000 .621 142.6 ~4.1 4.281 ~26.7 ~8..2 .9
2220.000 .624 1338.¢ -4.1 4,322 =26.5 -26.2 7
2240.903 .622 132.6 -4.9 4,379 ~26.2 -101.9 .7
2209.080G8 .622 126.8 4.8 4,433 -256.49 -197.3 .8
2280.000 .632 122.9 -4.9 4.434 -25.9 -113.¢& .8
2328.2400 .63} 116.3 -4.8 4.451 -25.7 -118.,2 .7
232¢.963 .633 114.7 -4.9 4.443 -25.8 -124.2% .8
2349.0R2% 634 110.8 -4.8 4.463 -25.8 -1383.4 .9
236P.800 .633 186.6 -4.9 4.448 ~25.8% -13v.4 .8
2760.28¢ .627 182.2 =-4.0 4.367 -25.1 ~14%.8 .9
24€0.9¢Y .626 97.4 ~4.1 4,345 -26.9 -15¢. ¢ 1.0
24288.¢23 .628 92.8 -4.2 4.264 -24.9 -166.8 .9
2420 .008 . 603 88.8 -4.3 4.114 ~24.7 -162.2 .9
2468.000 538 6.8 ~&.b 3.972 ~24.6 -169.8 .9
247,200 .686 8.9 -4.6 3.333 -24.6 -176.6 .9
2504 . 800 .D73 79.9 -4.8 3.782 -24.7 177.3 .8
2629 .0899 .b51 15.9 ~6.¢ 3.568 ~24.6 174.8 .9
2542.C69 546 1.3 ~5.3 3.403 -24.7 163.3 1.9
2560969 .b32 66.9 =-5.56 .an ~24.9 165.3 1.0
2%80.308 .514 63.2 -5.8 3.117 -24.,9 149.3 .9
2609 .208 .A98 64.6 ~6.1 2.984 ~-24.8 142.2 1.2
2620.224 . 483 57.9 -6.3 2.371 «24.8 134.5 1.1
2640.000 466 b5.8 -6.6 2.748 -26.8 128.1 .9
2660.0829 449 53.8 -7.9 2.628 -25.1 122.3 T
2688 .069 433 51.6 -7.3 2.625 -25.1 118.7 .9
2702.003 .41B 48.7 -7.6 2.419 ~25.2 193.8 1.8
2720.994 13 46.9 ~-7.9 2.33¢ ~25.b 193 4 .9
2743.929 .386 44,2 -8.3 2.257 -25.7 87.% .2
2760.804 .371 42.8 -8.6 2.182 ~-26.8 91.8 .8
2783.009 .357 42.3 -8.43 2.19% -26.9 84.6 1.2
2809.9069 . 3423 41.9 -9.3 2.043 -26,2 17.% 1.2
2823.200 .339 41.3 -9.6 1.98% -26.4 71.3 .8
2840.0¢Q L3328 39.9 -9.9 1.941 ~26.5 66.3 .8
2360.009 L3 as.8 -18.2 1.0897 ~-26.6 €3.6 .3
2889.008 .30 37.9 -10.5 1.0860 -26.7 65.2 7
2900.4¢@ .29 37.%6 -19.7 1.822 -26.9 49.% .8
2920.£40 .283 37.4 -11.0 1.791 -27.3 46.2 .6
294R.520 .276 ar.s -11.2 1.7€2 ~27.6 .8 .6
2960. 90 279 3.9 ~11.4 1.742 -27.6 .9 .7
2984.00608 .266 38.7 -11.6 1.724 -27.% 29,8 .2

4-28



Space Operations and ‘ Rockwel!
Satellite Systems Division International

Space Systems Group

Table &4.3-7. S-Parameters, Amplifier No. 1,

Input Port
SPS AMP #1
FREQ{™M4Z) REFL  ANGLE °~ RTN LS YSwWR FGAINIIR} PHASE DELAY
2000 .200 LT15 -1%:.8 -2.9 6,009 . 9.1 -2.5 -]
2820.009 L1010 ~1B7.2 ~3.1 5.682 9.2 -8.9 .8
2940.008 659 -162.7 -3.2 B.444 9.3 -14.8 .8
2960 . g4g 674 ~168.1. =3.4 §.13¢@ e.5 =27 .3
2920009 .658 ~173.7 ~3.6 4.854 9.5 -26.2 3
213,800 .644 ~179.4 -3.8 4.622 ®.6 =3t.5 .7
2129.200 .623 174.9 -4.1 4.3.2 9.3 -34.2 .9
214P.008 604 168.3 ~-4.4 &.0245 1.3 -4%.1 1.9
2164.099 .582 162.9 -4.7 $.801 9.9 ~52.9 1.9
2180.752 .562 156.7 ~5.8 3.571 1.8 ~Es.8 .9
2209049 .541 152.4 =-5.3 3.357 19.38 -66.& i.8
22243.0089 .516 143.7 ~5.8 3.127 1.4 -73.& ..A
2248 .58 .489 136.7 ~6.2 2.910 12.4 -79.8 .
2260.Cud 462  129.7 -€.7 2.719 19.5 -85.3 .
2290.920 .436 122.49 -7.2 2.539 18.7 -91.6 . ]
25048.408 AS 113.8 ~7.8 2.366 15.7 ~-97.% .3
232¢.000 377 1@5.2 -8,6 2.212 10.8  ~104.3 .9
2349.002 .348 95.8 -9.2 2.069 12.9 -11i.8 .9
2368.003 .19 6.2 -9.% 1.927 11.4 -117.9% 1.2
2383.003 .294 73.6 -i.8 1.817 11.9 ~124.8 1.9
2403.000 .264 63.3 ~-11.6 1.718 11.8 ~-131.5 .9
2423 .70 .242 456.1 -12.3 1.639 11.1 ~138.2 1.1
24472.008 .226 28.9 -12.9 1.585 11.1 =146.89 1.1
24643. 202 .219 2.4 -13.2 1.562 11.¢2 ~154.¢ 1.0
2487 099 222 -9.8 -13.,1 1.579 11.8  -168.¢ 1.¢
25034300 224 -28.2 -12.6 1.612 1.0 ~-167.9 E -
2620 .09G 206 ~£4.6 -i1.8 1.689 19.9 -175.1 + 1.2
2543.000 .183 ~49.1 -11.8 1.791 143.% 1/8.9 1.0
2560, 9OQ L3158 -71.8  -19.0 1.919 16.7 176. 4 1.1
tbeg. o 348 -g3.8 -9.2 2.959 1.7 168.7 1.2
262¢ . 300 .386 -94.9 -8.3 2.256 C1g.4 153.%8 1.1
2620.0p3% .42% -103.7 -7.5 2.4506 19.2 148.7 1.m
2646 .00Y .458 =~112.8 ~6.8 2.691 19.¢2 1297 1.
2663.003 .492 -12%.2 -6.1 2.948 12.98 132.2 1@
2680.502 .52 -125.2 -5.6 3.219 9.7 125.6 .9
2709 .006¢ .559 ~1237.1 ~b.1 3.63 9.6 lres .9
2729.06098 .590 -144.8 -4.6 3.872 9.4 112.7 .9
2749.000 628 -152.0 ~4.1 4.262 9.2 105 .4 1.9
2769.902 .649 -159.9 -1.8 4.6%6 .9 ag.2 1.0
2789.0929 .673 ~165.7 -3.4 B.124 .6 21.83 .9
2800.999 .698 ~172.3 -3.1 5.631 8.4 85.1 .8
2820.028 717 ~+178.6 -2.9 §.97? e.2 78.1 1.9
28403.3¢0 741 175.1 ~2.86 £.728 7.2 79.5 b |
2860 .52 .T6¢8 159.3 -2.4 7.261 7.% 64.2 .9
28230 .000 L1765 183.6 ~2.2 7.891 7.3 59.7 .8
2900. 00 .192 158.49 ~2.8 8.611 7.1 63.4 .7
2920.990 87 182.7 ~1.9 $.357 6.9 47.8 .8
2940 . 000 215 147.3 ~1.8 9.814 6.6 41.8 .8
2965.90¢ 828 142.2 -1.% 19.645 6.3 36.1 8
2980.900€¢ .83% 127.2 -1.0 11.5406 5.4 .2 .3
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The harmonic content of the output signal was also measured by a broad-
band spectrum analyzer, and the results are depicted in Figure 4.3-5. The
maximum level is reached by the second harmonic, 24 dB below the 5-W funda-
mental signal. The amplifier small signal noise figure, measured at 2.45 GHz,
is 3.28 dB, a value which is considered quite low for a high-power device.
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Figure 4.3-5. Harmonic Output—Amplifier No. 1

Similar measurements were performed on Amplifier No. 2, and the results
are listed in Tables 4,3-8 and Figure 4.3-6. The amplifier delivered 5.1 W
output power with 517 efficiency and 7.8 dB gain. This amplifier also operates
in a Class AB mode, with the drain current changing by a factor of 2.2 from
zero to full RF drive. The phase characteristic versus RF drive (Figure 4.3-6)

is similar to that of Amplifier No. 1. The total phase shift is 18°, not very
different from the 13° of Amplifier No. 1. No attempt was made toward matching
the phases of the two ampiifiers. The small signal noise figure of Amplifier

No. 2 is 3.96 dB.

Amplifiers No. 3 and No. 4 were designed around higher efficiency but
lower power FLC30-type devices. The performance of Amplifier No. 3 is described
in Tables 4.3-9 through 4.3-11. The maximum efficiency is 61.8%, achieved at an
vutput power of 2.37 W and a gain of 9.27 dB. The mode of operation is Class AB.
The maximum phase shift at large RI" drive is 15° (Table 4.3-9). The AM/PM con-
version has a first peak at 1.24°/dB, reaching a value of 5.13°/dB at the maxi-
mum RF drive. The small signal noise [igure is 4.35 dB.

The performance of Amplifier No. 4 is described in Tables &4.3-12 through
4.3-14. This amplifier features the highest cfficiency—71.9% at an output
power of 1.27 W and a gain of 8 dB. This value of power-added efficiency is,
to our knowledge, unsurpassed by any solid-state device operating in the same
frequency range. The mode of operation of this amplifier is Class AB, with a
2.6:1 change in drain current. The total phase shift is 22° and the peak of
the AM/PM conversion is -3.0°/dB. The small signal noise figure is 6.5 dB.
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Table 4.3-8.

6FS ANP#2 83732 3I~-HARM.TNG.

Bi20 AM THU.»

DRAIN

VOLT

10.v8
10.%0
10.%78
‘ 10.98
10.99
11.00
11.01
11.03
11.04
11.07
13.10
11.12
11.12
11.13

11.13

DRAIN
ANP

«761

759

« 7546

« 750

«730

«704

475

1641

<595

317

- 434

«382

+ 336

« 339

» 339

MAY » 1980
GATE GATE
VOLT

~3.14

-3.14

—3114

~3.14

-3.14

~3.14

~3.14

~3.14

-3.54

~3.14

-3.14

~3.14

-3.14

-~3.14

-3.14

Space Operations and
Salellite Systems Division

Space Systems Group

Operating Parameters Vs.
(Amplifier No. 2)

P-IN

M-AMP NATT

0.000
0.000
0.000
0.000
0,000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
£0.000
0.000

0.000

+B49
«801
.783
+755
+&457
+ 562
V473
384
« 293
194
" .103
«048
.023
.002

BpC TEST

4-31

P-DUT
WATT

5,162

S.081

5.037

4,956

4.572

4.135

3.488

3.170

2,509

1.715

« 729

+ 439

2215

0023

ONLY

EFF.
x

S51.58

51.39

S51.26

51.01

48.81

45.13

43,24

IP. 42

33.75

26.35

17.15

?.22

4.84

+33

o\

Input RF Power

GAIN
DB

Rockwell
International
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Table 4.3-9. Amplifier No. 3 P-Out and Efficiency Vs. P-In

DRAIN DRAIN GATE GATE P-IN P-0UT EFF. GAIN
VOLT, AMP VOLT M-AMP WATT WATT % DB

8.4 LA14 -3.36 1.520 . 304 2.436 61.26 9.04
8.41 L 402 -3.38 .370 . 280 2.372 51.83 9.27
8,41 . 399 -3.39 . 240 . 260 2.308 60.99 9.49
8.42 . 394 -3.59 L 130 L2328 2.235 60.27 5.73
8.42 . 585 -3.39 .080 .208 2.126 59.15 10.09
8.42 379 -3.59 . 050 . 186 2.026 57.59 10.536
8.42 . 374 -3.359 . 030 . 164 [.916 55.69 10.66
8.42 . 368 -3.39 .00 . 144 {.788 53,11 10.95
8.45 . 356 -3.39 0.000 . 120 1.615 49,78 [1.30
8.43 .342 -3.39 0.000 .096 | . 387 44,78 11,50
8.44 .316 -3.39 0.000 .07 l.068 37.35 P76
8.45 . 287 -3.39 0.000 .050 . 749 28.8] i1.80
B.46 . 250 -3.59 0.600 .025 . 385 17.01 11.83
8.47 227 -3.39 0.000 .0l10 146 7.05 I1.83
8.47 .22 -3.39 0.000 L0035 . 047 2.32 11.83

Table 4.3-10. Amplifier No. 3 P-Out, Gain, Phase and
AM/PM Conversion Vs. P-In

LU MIPAR PHASE GATIICDED POLHA nM/i'M PO(DEM)
Wi 4, 264¢ 93,4 1257 PN ¢.0U 7.1
.2 4,241 R 12.55 7.00 -, 04 B.45
A8 4,247 93,6 12.55 g.71 .25 9. 40
.61 4,235 93.8 12.54 10. 6% Y] 10.3%
.75 L.291 93.9 12.5% 15.5¢2 15 1.3
.96 4,233 44,0 12,53 17.15 .13 12.234
1.20 £.236 94,2 12.%4 21.47 | .16 13.232
1.5%0 1,243 44.5 12,55 27.01 La2 14,31
1.86 4,241 94.7 12.5% 3. 4% 22 15.7
2,45 4. 240 5.0 12.55 42,26 27 1.6
.93 4,235 G5.2 12.54 Z.56 .24 V7.1
3.893 4,241 94,6 12.57 70,21 .31 16.47
4.86 £.24: 95.1 12.56 §7.64 .48 13,47
6.06 4,249 96.7 12.57 109,29 .62 20.38
7.%6 5,245 97.2 12.57 136.50 5 21.30
9.61 4,246 95.0 12.56 172.29 73 22.39
12.00 4,24t 98.3 12.5¢ 216.59 76 23. 36
i%.00 4,253 93.6 12.59 272.57 BS 24.35%
15.70 4.26E 100.,7 12.60 340.64 1.13 5.3z
23.70 4,203 101. 8 12.59 430.74 1,05 26,34
25.50 4,262 V0Z.9 12.%49 535.92 1.24 z21.2%
33.70 4,246 104,5 12.56 715.79 1.22 26,55
49,70 4,23z 105.5 12.5% 890. 16 1.07 £3.4%
61.50 4.209 106.4 12.48 10892.26 .89 30.37
76.90 L Vs 10701 12,30 1306.82 17 31.1¢
97.80 3,958 107.7 11.95% 1532.16 59 31.85%
122.00 , 3.75% 108.2 11,489 1720.26 53 52.3F
152.00 3.540 108,323 10,38 1904.33 13 32.80
191,00 . 5.299 107.7 10.37 2078 .49 -.53 33.1¢E
242.00 3.0a89 104.9 9.68 224%.22 -2.79 33.%2
30Z.00 Z.81% 99.9 9.0C 2405.45 -5.13 33.81

I~
I
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Table 4.3-11. Amplifier No, 3 Small Signal S- Parameters

11:02 AN WED, . 23 _JuLY. 172n

SPE ANFI3 UG=-3.49 UD=+B8.48 B 27AMA.

FRHJ(HH?) 514 521 512 S22
e MR ANE Al ANEG MAG_ ANMG HAG AN
2000,000 V719 s 2,92 -h9. 1 .144 -132.5 L2120 1se.3
_20%0,000 L736 44.A___2.PRh__ -B6,7 .i44 _~-14%.9 229 _ 145.6
2100.000 719 30,4 z.884 104,41 144 1660 TR S .
__21%0,0040 Jb9A 46,7 . 2.889 -420.2 L 8S3__ §T77.% 297 _4i1.7_
22040.000 . 659 7.8  2.938 -138.8 .i60 15%.9 .343 94.5
_.225%0.,000 __ _ .99 __ -12.7 _ 3.44%_ -i157.9 _ 172 1A0.8_ _ .3¥S _ 75,6 _
2300,000 .S03 ~30.6  3.354 -179.R 190 120.9 A=Y 52.5
_23-0.,0060 WSe0 -54.3 3.63% 155+ .a50. 9.4 WSO 22,7
2400.004 L4156 -ft0v7.4 0 3,924 1274 .apy 6% .4 .557 -17,3
_24%0.000 _ . .278 .. 187,83 .BEt6 3.4___ 235 _34.9_ __ .SEH __-67.9 . _
2500, 000 . 58S 72.2  3.30% S7.4 201 -.2 .890 -1P3.q
_2%%3.,0080 . L7E7 _ﬁALS-__ZJS‘_Si_ a5, 'L‘,__JSO 34,3 L899 vy
2600.000 LA77? 21, 1.78 .9 N N D ¢ .62%  14B.7
-26-0,000 L P17, S_LL_.‘-..LJEB? =21.6 L0021 bl IO SN DL U RS - S
2700,000 .942 ~8.0 ,952 -38.% .05y ~90.0 .69 LUR. &
_27%0,000 . _.934 __-5%.0__ ,709 -S4.4 _ ,046_-104.2_ _ .772 ___ 03,6_.
2F00,000 .941  -2B.8B LG4 ~67.7 L0235 —-114.5% 758 69.2
.28L0,000 . Y36 __=37.7 JA425 =794 BPB__ -$30,4 V77 ___56.4
2y00.000 937 -45.7 333 -91.9 D22 -140.4 .ao00 5.0
_295%0.000._ 937._=52.5 272 -102.5 D18 -352.4 BL9 34,4 ..
%JHDD.DDO .938  -60.,6 L2148 —112.4 L0LS —163.2 .540 24,7
0.002__ _0.000 TRANS L IM: ___0.000 —_—

REF _PLANE(S)..are_now:

: - 1§:02 AM WED.. 23 JuULY, 19T
SPS_AMPE3 _UG==3.39 VUD=+E.48_P_224HA - .

FREG{MHZ)_ __ ____541% _821 siz 522, -
DE ANG DR ANG DR ANG DR ANE:
_20600..000 -2.51_ S@.4  9.L4 -h®.8_ -16.8B6 -132.5__-14.42 _ 157 .% .
2050,000 —2.66 44,4 9.24 -86.7 -16.83 -148.8 -12.81  §4¢(.8
_2100.nno.ﬁ__:z.ee.___Jn,4,_*_2_2n,_;10zai*_;iﬁ‘ge__;4ab-n__;11¢74___122h3 .
2150.000 -3.17 16.7 .22 -120.2 -16.32 177.1 -i0.S56  §1§.7
~2200.000 __-3. 6°__‘_~2 a____3451“__138,n__u1549n_‘_159 9 -9.30___94.5.
27%0.000 <445 .94 -157 -15.27 140.8 -B.07 75.6
_2300.000 -5,%7 -30.6 10 51 —1'__5 14,41 120.9  -6.B6 52.5
2340.000 -B.BB  -%4.3 {1.22 155.3 -13.5% 98.1  -S.86 227
_2400.000__ -14.13 _ -407.4 _ 11.87 127.1 —1a;sq 69.4  ~%.04  _-17.3
24a%0.600 -11.35 117.1 11,75 93.4 .SB 34,9 -4.64 -67.9
_2500, 006 __ -4.65 72.2 10,37 S7.1 _ - -13 93 -2 _-4.58 -~123.4
255%0.006 -2,08 42,5 B.06 Z5.4 -14,48 -31.% -4.45 ~173.9
—_2606,000 1.1 2.1 9.902 2 —111 =%6,3 -4.03 148.7
26%6.000 -.76 5.4 2.49 -24.6 -21.Bf -73,9 -3,62 121.&
_2709,000 _____-.62 -8, 0 ~.34 -38,% -24,57 _ -90.0__ -3,24__ 400 .6,
756,000 -.59 19,0 -2.96 -54,1 -26.73 -104.2 —2.83 83.6
_2800.000 __ -,53 -28.8 -$.21 _-67.7 ~29.09 _-116.5  -2.46 __ b69.2
28%.0.000 -.%7 -37,7 -7.44 -79.4 -31.07 -130.1 -2.19 S6.4
_2900,000 ___ -.S6 _ -45.7._ ~9.54_ -91.? -82.%6__-140.4_ -1.94_ ___45.0.
29%0.,000 -.56 -53,5 -11.32 ~102.5 -34.90 -1S2.4 -1.74 34.4
_ 400y, 000 __.~,S5 _ -60.4 -13,36 -113.4  -54.40__-§63.2 _ -1.52____24.%7
PLF PLANE(S) ore now! 0.000 0.060 TRANS LLIN; ° 0.000
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Table 4.3-12.
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Amplifier No, 4 P-Out and Efficiency Vs. P-In

DRAIN ORAIN GATE
VOLT AMP VOLT
10.598 135 -4.20
10,98 . 135 -4,20
10.98 . 135 -4.20
10.98 Y -4.20
10.98 129 -4,20
10.98 . 124 -4.20
10.98 SIS -4.20
10.99 . 103 -4.20
10.99 L0853 -4.20
11.00 .063 -4.20
11.01 .055 -4.20
11,00 L0357 -4.20
[1.01 L0592 -4.20

Table 4.3-13.

TesT CAL ¢AldcDl - 12
REL GHIN= '
AT A 151 fReOUL0Y BF @

2:45 PH

PN

[
oot Wi

TUE

A(

3.1

.

[

.51/

MR RO WW W W RSP RN MO IO T PO T O N 26
R I R A N R

625

P
L

e

[
— =M

SULY. 1280

126,
126.
126,
126.
126.
Y2a.
125,
126,
124,
124,

122.

[a¢]
-

Freancit

17t .

~

6
[

LI - I

GATE P-1iN P-0UT EFF. GAIN
M-AMP WATT WATT % 0B
0.000 .202 |.268 71.93 7.99
0.000 . 196 1.259 71.70 8.08
0.000 Lieb |.204 70.06 8.62
- 0.000 143 1. 150 69. 38 9.06
0.000 119 |.058 66. 17 39,50
0.000 . 095 .93 61.59 9.9}
0. 000 .076 . 784 56.07 10.13
0.000 .058 .579 45,89 10.02
0.000 .038 L3472 33,21 9.54
0.000 .020 . 146 18.18 8.72
0.000 L0110 .068 9.60 8.28
0.000 . 005 .029 4.37 8.01
0.000 DC TEST ONLY
Amplifier No. 4 P-Qut, Gain, Phase, and
AM/PM Conversion Vs. P-In
2.4 Gi7
cATHLDR) POCD aM/eu POODEA
L;,Lvl.;' 12f-’45‘l l,fuu 10,5 ’
8.02 16.46 .05 12.17
L0002 20.59 -.03 120
g.6a 25.74 -.02 1411
.07 32.%6 -.13 15.10
g.10 41.49 -,03 16.1¢8
£.14 52.3 -. el 17.19
£.21 b6. 40 -.32 fe.22
£.23 84,08 -.57 19.2%
£.41 109. %6 -.64 20,40
£.57 141 .64 -.5 21.51
8.81 201.67 -1.14 23.0%
Y.07 266.91 -1.%1 26,26
4.3 349.27 -2.10 25. 4%
9.68 862.93 -2.49 26.b5
.81 525.70 -2.83 27.96
9.88. 792.12 -3.05 2£.99
9.60 844,29 -2.68 2%.7%
.29 10G&.91 -2.07 3(.29
].67 1184.99 -1.20 30,74
7.98 12€3.63 -.7b 21.02

— et et a ke
OO0 6 =t ae = e

BTN b NW
DRI
VoI —=oO & e
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Table 4.3-14. Amplifier No. 4 Small Signal S-Parameters
- $1TOB AN WEDT 723 " JULY: 1980
EPS AMPEA UG=-4.20 UD=+11.01 € 52HA.
FRFR(MHZ) 51§ 521 512 s22
T T TTHAR T T T TTANGT T T MAET T TANG T T TTTMAGS T T TANG T T HAL T T T ARE T
2000.000 .8467 RY. 1 1.5i8 -%8.5 .tig -117.3 LAS3  —14¢ .8
T2050.000 T U874 7T 72 BT U490 TTE76.4 AFe TSI3XTITTT 1444 T ~163.2
2400, 000 .B73 S8.0 1.485 -92.¢ 115 -451.% . 440 179.7
=T 4T TN 21 el - T-X S’ ¥ I eama et (s €/ D e N K- €5 =0 1| TARETTT AR AT T T
A20n0.,000 .850 0.9 £.517 ~127.4 L1029 175.1 L4338 $44.9
T 22%0.000 TLB3? T 4706 HI564 T -144L 6 T 43y T T iR?.S T AR, T 4267 T
2300.000 .ent 1.5  §1.687 -164.2 .152 140.4 L4214 1n7.1
23%0,000 V737 T T=12.47 TATHEEA T A7S 0 T 4727 T 4R0LY T L AYS T g¥l9 T T T
2400.000 ¥ -42.8 2.1%% £50.0 <gik:t 7.1 .Z38 so.8
T R4L0,00C0 7T L3P0 T EEB2TET AL BRI 244 X308 SEEEEEE-A=Y Ry §c i Sty
2Sun.000 103 119.5 2,618 76.9 .25%6 24.0 L3788 -115.6
2550.000 L93% TT sy 7T 2071027 73379 Red T -8V T TsseT T 15,9 T
C2600,000 791 RM.7 4.47¢ .9 441 -54.6 L8645 $137.8
R2450,000 .Rq2 .8 .973 -25.9 ToyR T =7%.87  TLe93 T 143,86 7
2700.000 .RB1 -4.4 LBFR —46.D D6y  -%31.8 724 95. €
T27%0.000 0 T .R94 -i5.¢ 1193 ~63.4 051 -{106.1 L7AY T Ei.ST
_2Be.060 909 -25.7 369 -80.8 L037 -175.% L 77S 69.3
28564,000 L9213 T -34.8  .27% -95.3  .028 -142.,2  u0d T SB.1
2900.000 917 -42.9 208 -111.,4  .022 -156.2 JB2B A7.€6
29%0.000 .920 -50.7 L1856 -125.7 .01 —-171.B I ¥ 0 S
_306n.000 923 -58, 1 .194 -140.3 .013 174.3 LB72 27.7
SEF PLANE(S) are now: 0.6C0 B.000 TRANG LIN: 6,000
__ _ L4
e o 11:08 AM WED.. 23 JULY. 1980
SPS AMP#4 VG=-4.20 VD=+1{.01 & SZHA, T
FRED(MHZY §%1 S21 5{2 -
o ’ DB ANG 1)1 ANG DR ANG DE ANG
20000007 =(.24 8BS { .43 -5BTS —IE.S? T Ui 3T =587  =lasis T
206%0,600 -1.29 72.8 3.47 -76.4 -1B.73 -133.9 -7.,05 -15%.3
TEi0uLa0d T —1.(87 S8, Ay =Y Y T =IBT77 SIS ST SV I T 179 7T
_21%0,000 __ -1,25 44,1 3.29 -1i0.0 -iB.46 -16B.0 -7.20 162.4
200,000 -1.31 30.9 3.59 -127.4 <—i7.78 1751 =721 1449
_22%0.000 -1.%2 17.6 3.89 -144.6 -17.1% 157.5 -7.32 126.7
23007000 ={.94 B 4 3754 T =184727 =Y6.,32 14U.4~ <=7.5% 1071
23%0.000 -2.64 -12.4 5.50 175.0 -1%.29 §20.7 -B.07 83,9
T2400.000  -4.1i4 =37 B T B.57 IS0 =175 e | =943 vg.8
_24%0.000 -8.63 -52.8B 8.03 148.3 -12,24 66.1 -~12.03 -12.3
25900,000 19,72 T 149, 8738 789 -i17B2 240 S Yot § G- S
_2550.000 -5.50 57.7 6.4% 33.9 -i13.B4 -4iB.7 ~S.42 175.9
2600,000° ~ -2,49° 7 2477 I.0H Y =17.00 SEIT 6 =3.517 1376
265%0.000 -1.50 9.8 ~.24 -25.9 -20.16 -73.8 -3.18 113.6
T2706,000 T T —f,40 SATA =302T . SA6. U 23 2T CYIL.ET -&.BU . valE
27%0.000 -.97 =-45.9 -6.12 -63.4 -25.92 -110.1% -2.51 81.5
280N0,000 ° T =,B4 =25.7° -8.86  -BO YW =R2g.&2 1255 —=2.21 69.377C
2es0.000 -.79 -34.8 -11.23 -95.3 +30,97 -142.2 -1.94 58,1
T2Y00.000 =L 7E =429 13777 1YY ATT=33.34 T15672 1,84 47 8T T
__29%0,000 -.72 -%50.7 =~§b.12 ~12%.7 -35,84 -171.8 ~1.39 37.4
3090.000 =70 =S8, { I 84T -IAT. 3T =380 173 STy 2777

REF PLANE(s) are now: 0.000 §.000 TRANS LIN: 0.000
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A summary of the most significant results, together with the pertinent
specifications, are listed in Tables 4.3-15 and 4.3-16.

Table 4.3-15. Summary of Amplifiers' Performance—Phase I

UNITS SPECS AMPLIFIER AMPLIFIER
NO. I NO. 2

POWER OUTPUT W 5.0 4.7 5.1
EFFICIENCY (POWER ADDED) = % 50 53 51
GAIN dB 8 6.7 7.8
MAXIMUM PHASE SHIFT DEG - 3 18
AM/PM CONVERS | ON °/dB - [.5 2.1
HARMONTC OUTPUT dB.. - 24 -
SMALL SIGNAL NOISE

FIiGURE dB - 3,28 3.96

Table 4.3-16. Summary of Amplifiers' Performance—Phase I1

UNITS SPECS AMPLIFIER AMPLIFIER
NO. 3 NO. 4

FOWER OUTPUT W (10 2.3%7 f.27
EFFICIENCY (POWER ADDED) % 65 61.8 71.9
GAIN dB 10 9.3 8.0
MAXTMUM PHASE SHIFT DEG - |5 27
AM/PM CONVERS 1 ON °/dB - 5.1 3.0
SMALL SIGNAL NOISE

FIGURE dB - 4.3 6.5
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5.0 ANTENNA DEVELOPMENT

5.1 APPROACH

The antenna configuration was selected to be compatible with the designs
proposed in the solid-state antenna subtask of the Microwave Power Trans-
mission Subsystem study (Task 1.2.3 of Exhibit D, NAS 8-32475). Two varia-
tions of an antenna concept proposed for the solid-state '"sandwich" are shown
in Figures 5.1-1 and 5.1-2. Accordingly, the antenna selected is a two
dimensional array of dipoles. 1In this case, the dipoles are etched on circuit
board. The receiving antenna is identical to the transmitting antenna with
respect to construction and array elements. The assoclated circuitry includes
RF rectification and provides a dc powered LED display. '

USE ,05x ,05: N
BAR {SILICA FIBERS)
FOR ALL MEMBERS

METALLIZED
KAPTON PC

NOTE :
ULTRASONIC BY MACHINE THAT
AUTOMATICALLY FABRICATES
TRUSSES

BAR JOINING YO BE

MICROSTRIP RF & ~
ETCHED DC LINES 7.3 CM

Figure 5,1-1. Sandwich Antenna with Dipoles Over Ground Plane,
Ground-Plane Amplifier Mounting

5.2 ANTENNA DESIGN

The antenna is a two-dimensional square array which uses printed circuit
dipoles as radiating elements. The dipoles are printed on eight separate
39-inch by 2.5-inch Diclad 527 boards. The properties of this material are
summarized in Table 5.2-1. Each board consists of a linear array of eight

dipoles, as shownin Figure 5.2-1. Fach linear array 1s inserted vertically
into the support structure. The eight linear arrays are fed from a common
feed line. {(Figure 5.2-2). The assembled array is a standing wave array.

5-1



Satellite Systems Division ‘ Rockwell
Space Systems Group international

/ n D USE ,05x ,05: IN
/A A LR

l 4 'ﬂk Iz
L

S
\\ / ,/
: N :
) T
SOLAR N\
CELL \§k\ f
N NOTE: BAR JOINING TO BE
P ULTRASORIC BY MACHINE THAT
~ 3 4 AUTOMAT ICALLY FABRICATES
MICROSTRIP RF & S TRUSSES
ETCHED DC LINES 7.3 ¢
Figure 5.1-2. Sandwich Antenna with Dipoles Over Ground Flane,

Dipole Amplifier Mounting

Table 5.2-1. Properties of Diclad 527

®r 2.3 + .05
Thickness 32 mil
Metallization 2 oz, copper (1}.4 mil)
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The standing wave is generated in each dipole line by terminating the feed
lines in an open circuit at the appropriate distance beyond the last dipole
of each line. The array is assembled as shown in Figure 5.2-3,

< GND PLANE

SUPPORT STRUCTURE

CONNECTORS \>/

Figure 5.2-3. Antenna Array

5.2.1 THE FEED LINE

The feed line (Figure 5.2-2) is designed such that all inputs and outputs
have an impedance of 50 2, The main section of the feed line has an impedance
of 6.25 §i. The transition between the 50 § input and the 6.25  main section
consists of a double A/4 transformer. The two sections of the transformer
have impedances of 25 §} and 12.5 @, the line widths corresponding to these
iwpedances on Diclad 527 are summarized in Table 5.2-2.

Table 5.2-2. Line Width Vs. Impedance
for the Main Feed Line

Line Width
Z (ohms) (mils)
50 84
25 221
12.5 508
6.25 1093
The wavelength in free space at 2.45 GHz is A = 12.24 cm (4.82 in.) and

in the dielectric it is A = 8 cm (3.8 in.). The 47654 in. spacing of the inputs
to the linear dipole arrays corresponds nominally to a distance of 3)/2 along
the feed line and 0.96) in free space. To ensure that all the dipole lines
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are fed in phase, every other input line has an additional A/2 length of line
added to 1it.

In order to set up a standing wave in the line, the line is terminated
in an open circuit at nominally A/2 beyond the last dipole. The actual distance
for optimum performance was determined experimentally.

5.2.2 THE LINEAR DIPOLE ARRAY

The input to each of the eight dipole lines (Figure 5.2-1) has an impedance
of 50 §, the main section of the line is 9 {, the feed lines to the actual
dipoles are nominally 72 ©. The dipole feed is configured as a Roberts balun.
The line widths used and their corresponding impedances are summarized in
Table 5.2-3.

Table 5.2-3. Line Width Vs. Impedance
for the Linear Dipole Arrays

Line Width
2 (ohms) {mils)
50 85
25 221
12.5 508
6.25 1093

The dipoles themselves are half-wave dipoles (A /2 = 2.4 in.). The width
is arbitrary to a large extent, and was chosen to provide some bandyidth
(% 20 MHz). A width of 0.5 inch gives a cross reaction of 0.001 in” on 2 mil

copper. The dipoles are spaced 4.654 1n. apart, which again, corresponds
to 3X/2 in the dielectric and 0.96) in the free space. All dipoles are fed
in phase by reversing the balun feed to every other dipole. The result is

a square two dimensional array with radiating elements spaced .96) apart.

5.2.3 The Two-Dimensional Array

The resulting two-dimensional broad side array (Figure 5.2-3) has a
theoretical performance which is summarized in Table 5.2-4 and plotted in
Figure 5.2-4

Table 5.2-4. Antenna Summary

Directivity 29.75 dBi
Beam Width (3 dB) 6.62°
Sidelobe Level 13 dB
Illumination Uniform
Element Spacing .96
Radiating Elements Dipoles
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Figure 5.2-4. Calculated E-Plane Array Pattern

The radiation pattern ls that of an array of dipoles over ground. The
E-plane pattern is:

sin {4(27)(.96) cos0} (5-1)
8 gin 1U.5(2n)(.96) cosf}

T
cos (¥ cosf)
sing

P(9) sin (¥ sind)

And the H-plane pattern is:

sin {4(27)(.96) cosf}

. m .
p - T ing)
(6) sin (7 sinb) == =16 5 (27)7.96) cos5]

(5-2)

where § 1s the elevation angle measured from the plane of the array. The 3 dB
beamwidth and sidelobe level are obtained directly from the pattern equations.
The directivity estimate 1s based on the approximate formula

41,253

= 6%gB 348

where 6° and ¢° are the 3 dB beam widths in the E-plane and in the H-plane
respectively.
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$.2.4 RECTIFIER DESIGN

Eight full wave rectifiers were fabricated for the purpose of providing
a visual display of RF power transmission between the two antennas. For
the purposes of this demonstration, no elaborate optimization was performed
on the rectifier circuits.

The rectifiers were designed such that the display could be operated
with a single amplifier connected to the transmitting antenna. There is
one rectifier per linear array. The rectifier is connected to the dipole
line with an SMA connector, In this way, the rectifiers are removeable and
the antenna can be used for RF measurements without modifications.

On the basis of a maximum output of 5 watts from an amplifier, the power
density at the receiving antenna at 55 ft. is 960 mW/m® (= .1 mW/cm?). This
number 1is based on a measured far field gain of 25.3 dBi. The distance of
55 ft. ensures that the receiver Is in the far field where the theoretical
analysis is valid. The 1 n? receiver array subtends a beam width of 4° which
is narrower than the 6.6° 3 dB bandwidth of the main beam, The receiving
antenna, therefore, receives maximum power density over most of its area.

The maximum amount of power per dipole line is then approximately 120 mW.

The demonstration is likely to be done over a shorter distance than
55 ft. The receiver was tested at 12 ft. from the transmitting antenna. At
this distance, the receiving antenna is in the near field, where the beam
is not formed and the phase front does not correspond to the uniform in-phase
illumination of the theoretical analysis. The phase addition along each
dipole line 1is not easily predicted and the final input to the rectifier unit
may differ considerably from theoretical predictions. The results of the
short-range transmission tests are discussed in Section 5-4.

The rectifiers selected were Hewlett Packard diodes HP 5082-2835. This
diode is a Schottky barrier general purpose diode, optimized for low turn-on
voltage. In the absence of a full computer simulation, the device was selected
on the basis of favorable dc characteristics which were a low forward resist-
ance and a low junction capacitance {C = .5 pf R = 30 Q at 1 mA).

Previous SPS rectenna studies have shown that conversion efficiency is
generally poor at low power levels and improves when the incident microwave
power exceeds 1 watt. A 50% conversion efficiency was obtained at input
levels of 100 mW per rectifier.

The input was matched to 50 {} experimentally, and was found to require
a relatively small amount of matching. The best match (least reflected power)
was obtained by adding a capacitive stub to the 50 {} input transmission line.
Both balanced and unbalanced inputs were tried on the RF side of the rectifier.

'William C. Brown, "Optimization of the Efficiency and Other Properties of
the Rectenna Element.' MTT Symposium Digest, 1976, p. 142.
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No noticeable difference in performance was found between the two configurations.
In the final version of the rectifiers, the dc side of the full-wave bridge

does not have a fixed ground. It was found that the conversion efficiency was
improved by smoothing out the output dec voltage by means of two ferrite chokes,
one on each side of the rectifier.

The rectified output is fed directly into a load consisting of three LED's
in parallel. A fourth LED was added to the rectifiers which were used in the
center of the receiving array. The "turn-on' point (visible glow) of the LED's
used for the display occurred at 1.48 volts and 0.7 mA, that is, at a dc power
of 1.036 mW. The LED's tested operated over a wide range of power from 1.036 mW
to 340 mW before burning out. Higher powers can be used if protective circuitry
is added around the LED. The operating conditions are summarized in Table 5.2-5.

Table 5.2-5. LED Operating Range

Voltage Current Power
(Volts) (ma) (mW)
1.48 0.7 1.036
1.5 1.2 1.8
1.55 4.6 7.13
1.6 17.9 28. 64
1.65 49.4 81.51
1.7 92 156.4
1.75 138.9 243.1
1.8 189 340.2

A schematic of the rectifier circuit is shown in Figure 5.2-5.

LYY YN
; - '
, r — .. FERRITE LEDs
] soQ B 52] TN CHOKES AR
N L S Y
- e .,
MATCHING - .__“< | RS -
STUBS 4\ o
- — e

Figure 5.2-5. Rectifier Circuit

5.3 TEST PROCEDURES AND RESULTS

The eight linear dipole arrays were first tested individually. Each linear
array was terminated in an open circuilt approximately 1.75 inches from the last
dipole in the lire. The correct distance was determined by testing the line
in the automatic Network Analyzer system for minimum VSWR at 2.45 GHz. Typical
test data are shown in Figure 5.3-1.
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Figure 5.3-1. VSWR Vs. Frequency for Open
Circuited Dipole Line

The radiation pattern of a linear array was measured before the antenna
was assembled and is shown in Figure 5.3-2. This pattern corresponds to equation
(5-1). The measured beam width and sidelobe level correspond very closely to
the theoretical design values,

The fabricated parts of the array before assembly are shown in Figure 5.3-3
and the assembled array in Figure 5.3-4. The feed line to the assembled antenna
was adjusted for minimum input VSWR by an open-circuit termination. The position
of the termination was determined by testing the array in the automatic Network
Analyzer system, as shown in Figure 5.3-5.
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Figure 5.3-5. 1Input VSWR Vs. Frequency for
Assembled Array With Open Circuited
Feed Line

The radiation pattern of the assembled array was then measured. The
experimental pattern in the E-plane corresponding to equation (5-1) is shown
in Figure 5.3-6, The experimental pattern in the H-plane corresponds to
equation (5-2) as shown in Figure 5.3-7. The results of the measurements
are summarized in Table 5.3-1.

The gain was measured by comparing the power measured at the antenna with
that of a calibrated standard gain horn. A phase error loss of .6 dB was esti-
mated because the dimensions of the anechoic chamber where the test was per-
formed limited the range to 22 feet. Therefore, the true far-field gain would
be 25.3 dBi. The line losses in the feed line and in each individual dipole
line, and the VSWR loss are estimated to amount to a total loss of 2.73 dB,
and corresponds te an efficiency of 537%Z. Without the losses, the gain would
be 28.03 dB.
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Figure 5.3-7.
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Table 5.3-1. Measured Antenna Parameters

Range 22 ft
Beamwidth (3 dB) 7.3°
Gain 24.7 dBi

The rectifiers were fabricated on 1,5-inch by 3-inch pieces of Diclad 527
printed circuit board and tested in the laboratory as described in Section5.2.4

before mounting on the antenna.

5.4 INTEGRATED TESTS

The antenna/rectenna combination was used as a demonstration vehicle to
demonstrate the operation of the amplifiers developed during this program.
The demonstration was carried out in a "conference room" enviromment where the
receiver was tested at 12 ft from the transmitting antenna. At this distance,
the receiving antenna is in the near field of the transmitter and the phase
front of the beam does not correspond to the uniform phase illumination of
the theoretical analysis.

Before mounting the rectifiers on each of the eight linear arrays of the
receiving antenna, the RF power collected at the output of each linear array
was measured for two levels of input into the transmitting antenna. The results
of the measurements are shown in Table 5.4-1

Table 5.4-1. RF Power at Receiving Antenna Vs.
Power into the Transmitter

ptransmitter Line * J Preceiver
E dBnm i
1 watt I 6.0 4
{30 dBm) 2 7.0 5
3 7.0 5
4 7.0 5
5 10.2 10.5
6 9.6 9,12
7 9.5 8.9
8 8.0 1.2
Total 17.4 54.76
1 10.2 10.5
?3233;;) 2 2.2 l6.6
3 12,2 l6.6
4 12.0 15.8
5 15.2 33.)
6 15.6 31.6
7 14.0 25
8 13.5 22.4
Total 22.35 171.6
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There are two major sources of RF losses in the present transmitter-
receiver configuration. Tests on the transmitting antenna alone have shown
that line losses are significant (Section 5.3). When the receiver is added
to the system, these losses are doubled. The second major source of losses
has to do with phase cancellations at the dipoles when the receiver is oper-
ating in the near field., The line losses are eliminated if the transmitter
is designed as an active array; that is, if the amplifiers are located at
each radiating element, so that the power is radiated directly out without
having to propagate through a lossy circuit medium. Similarly, at the receiver,
RF losses are eliminated by rectifying at the receiving element.

For the purposes of activating the LED display in the case of the demon-
stration, the power transmitted was sufficient to activate the display with
each of the four amplifiers. However, the display was clearly visible only
with the two higher power amplifiers (No. 1l and No. 2).
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6.0 SUMMARY AND CONCLUSIONS

A total of four high-efficiency amplifiers were fabricated during this
program. The two amplifiers required for Phase I substantially met all of
the specifications (5 W, 50% efficiency, and 8 dB gain). A third amplifier,
for Phase II, operated at the very high efficiency of 72%, with an output
power of 1.2 W. The fourth amplifier had lower efficiency (62%), but twice
the output power (2.4 W). :

The optimization of the various operating parameters - bias voltages,
circuit impedances, and RF drive level — was greatly facilitated by the avail-
ability of a computer-controlled set-up. Instantaneous voltages and currents
(waveforms) at the device terminals were measured by a computer-controlled
system specifically developed for studying nonlinear effects in GaAs FETs.

It was found, for instance, that the gate resistance has the effect of limitc-
ing the operating efficiency because of negative voltage buildup due to for-
ward conduction of the Schottky barrier. Excessive gate resistance also reduces
the device cut—off frequency. In addition, the large instantaneous voltages
between drain and gate cause breakdown of the Schottky barrier and limit the
operating efficiency.

The amplifiers that provided best performance operated in a Class AB
saturated mode.

Some of the parameters that limit the efficiency of GaAs FETs are well
known such as, for instance, carrier mobility in GaAs, contact resistance,
and resistance of the thin-film metallization. Some phenomena, however, have
a more subtle effect in limiting the efficiency. One of these phenomena is
the voltage breakdown of the Schottky barrier under large RF drive conditions.
The onset of the breakdown prevents the device from being fully turned-off
for a sufficiently long fraction of the RF cycle. An attempt to overcome
this drawback by reducing the drain-bias voltage is not very effective because
the saturation voltage assumes a larger fraction of the overall RF voltage.

Waveform measurements of an FET, which was otherwise very efficient,
showed another unexpected effect; an increase of saturation voltage when the
RF drive was raised above the level required for optimum efficiency. This
additional saturation voltage was attributed to the presence of forward con-
duction current flowing through the resistance of the gate. This made appar-
ent the importance of a low gate resistance for achieving full saturation
of the FET.

It should be noted also that forward conduction of the gate is often
unavoidable. High-efficiency operation requires full saturation and rapid
switching which is obtained by applying large sinusoidal RF signals at the
input. It is conceivable that, in the future, high efficiency devices might
include low resistance diodes clamping the gate voltage and limiting both the
positive and the negative swing of the RF signal. These diodes, however, in
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order to be effective, will have to be fabricated on the same substrate as the
active device. This would avoid the filtering effect of an intermediate cir-
cuit.

Another factor which affects the operating efficiency is the device cut-
off frequency. For instance, higher power devices, which have typically lower
cut—-off frequencies, are sometimes less efficient simply because of their
longer switching time. This was exemplified by the waveform measurement
results of the FLS50.

Many of the device limitations became apparent that neither the Class C
nor the Cilass E mode of operation was suited for high-efficiency GaAs FET amp-
lifiers. The basic limitation is the Schottky barrier of the gate that, when
biased at pinch-off (or beyond for Class C), breaks down at low RF drive
before the device is fully saturated. The result is a rather low power and
efficiency. Also, since the transconductance is usually low near pinch-off,
the gain is also low, which further reduces the power-added efficiency.

Saturated Class B and Class AB modeg of operation were found to be hetter
suited for high-efficiency FET amplifiers. Here, a better compromise could
be maintained between the conflicting requirements of device bias, RF drive
level, and circuit impedances., Indeed, experiments have consistently shown
that best efficiency (or a best ¢fficiency/power compromise) could be obtained
by operating the devices in Class AB or near Class B (bias current approxi-
mately 10% of Ippg)-

During the course of this program, it became apparent that maximum effi-
ciency can be obtained only at approximately one half of the maximum power
available from the device. Therefore, a device designed for optimum effici-
ency should be oversized by appreximately a factor of two. The inevitable
higher input and output capacitance of the device can he overcome by internal
matching techniques.
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7.0 RECOMMENDATIONS FOR FUTURE TECHNOLOGY
ACTIVITIES

An experimental study of FETs operating under high-efficiency conditions
has been initiated in this program. The understanding of the waveform results
is at present incomplete, and additional analysis must be done in that respect.

As 1llustrated by the results obtained in Table 4.3-1 and as evidenced
in the discussion of Sectiocn 4.3.1, on the c¢ircuit design of power amplifiers,
the package parasitics of the device have a large influence on the correct
design of the amplifier circult and must be accounted for correctly. The
iterative process described in Section 4.3.1, where the effect of the para-
sitics is estimated at first, and the correct output circuit is obtained by
iterating the design several times, 1s very helpful for arriving at a true
and correct model of the FET.

If internal matching is to be used, as it must be if high efficiency
devices are to yield a relatively high level of power as well, a similar
iterative approach of experimental results combined with analysis will have
to be used to achieve the optimum matching scheme.

It became evident during the course of the program that a high device
cut-off frequency contributes to high-efficiency operation by improving the
switching time of the device. The frequency capability of a GaAs FET may
be expressed by the figures of merit, £y and f,4 at which the current gain
and power gain become unity, respectively. A reduction in gate length may be
used to increase fp. In this case, f;,, increases as a direct consequence
of the increase in fp. Alternatively, the output resistance may be increased
at constant fr to obtain increased gain and higher f,,. Each of these para-
meters will affect the gain, the nolse properties, and the parasitics of the
device. A study of the tradeoffs of these factors will be necessary before
a high-efficiency, high-power device can be properly designed.

The antenna development done in this program for the purpose of the
microwave transmission demonstration has served to point out several interest-
ing areas for future study of the optimum antenna configuration for a solid-
state SPS system. The possibility of using the active array concept, that is,
where relatively low power amplifiers are mounted directly at each of the
radiating elements of the array, offers the possibility of aveoiding losses
which arise when RF power has to be routed over relatively large distances
in a transmission line medium. The implementation of such an array must
begin with a study of the interactions between the amplifier and the antenna
to determine the requirements imposed on the amplifier circuit.
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FORMATC/"PWIL, TNPUT MULT. CORK. FACTOR =2 _%)
RIAD (LU %) CIPL
WILUTE, (LU, 1)
FOIMAT (2 "PWR. OUTPUT MULT. CORLR. 10 TFACTOR =7 _")
READ (LU, H FPO
Wit 'R LLU, 15
FORMAT (/"W\I GE,IN OlIMsS, OF ID SAMPLING RESISTOR =7_
RECADY LU, ) P DR
WIVTE (LU, 16)
l~'n|:NA’I'(/“\'/\I,UI-:. IN,OIMS,0F IG SAMPLING RESISTOR=7?_.
NEADCLU, #) VR
—l-lil T A —AMP-"GAIN" CALIBRATION
= GO
GAIN=20.
CALL VUUI(III- CAIND
WilITE (LU, 92)
Hinrl;i'(/“l\hJUs"l‘ CAIN D-TO-A AMP FOR 20 DB READING"/)
BN ]|

LR MEADING-TITLE ,0R SPACE RETURN */
U, TI1G, LEN)

LENZR=LEN N

WIETE (LY, 2

FORMATC " O II('N NUMBER =2?_")

BEANDCRY, G oy
GO PO G0 25,7 ,24,27 21 YOPrT

po
FORMATC~ "EN
CALL BItEADC

K.

)
U
")
L
I
2o

WRITE(LU, 20}

FORMATC*ENTER LIFE CHECK COUNT= _")

NEADCLU, ) LEFCK

GO T 19
=——QENERATE TITLE BLOCK

CALL RETOC2 LU, THDEG, LENZ2XD

CAMLL FUIMNeD 1BBE)

LER: 1o

CALL RETOC2, LU, IBBF,LEN)

WILTTE (LU, 6)

FORIATC 2 "DIAIN ", 4X, "DRAINY ,3X, "GATE", 53X, “GATE", 53X, "P-IN",
@SN, “P-oUT",GX, "EFF. " 5X, "CAINT, /7, "VOLT", 83X, "AMD*"
TR, VOLTY  BX, PH-AMP Y 4K, WA, OX, "WATT ", TX, R 7){ “DB"/)

COINT=0

CONTINUE



[V
(Y14 1Pt
ooT
GOT4
0o7H
QUTO
[l nird
[ a1
vuvY
[HTHIY
oune
(HoH2
[FITTIR}
Oui4
(LTI i)
o6
g
LITR )
00iY
[HITUTY
iyl
LIITR ]
(MY
[P R
Oud
(TN
o7
[S11 D13}
NI
[LRRITY)
(LTI
OOl
LRI
il
NI
0o

0107
0108

0127
o112
w12y
[tIH T
03
0142
o133
014
3135
[TAHTH
a7
G1sg
0139
0140
0141
0142
JNE X
0144
AL45
Ol46
0147

Space Operations and ‘
Satellite Systems Division

Space Systems Group

CALL DANM (1,6,VR,5)
Vb= it
Comrmm == READ DEVICE BIAS CURRENT
CALL DBANM (2,5,VR,5)
Vb= Vi
VIibR=ViLPIDIR
C———===- READ U PWIL INPUT
CALL PRUNC2S LU, PYIR)
PhitI = CFP LEARSCPRED
G- _EAD R’E POWER OUTPUT
CALL PHUEN €24 L, PWR)
Phieri= ClPge Al CPhir
Cvomem - COMPITE K TENGY AND GAIN

FEFF=¢PWIOT-- PWRIEN) #CVIDR:V)
CATN= 103 ALOGT O, -3+ PWHOT/PWRIND
EFE=EFERTOU,
Y CARSCEPF) L LE. 100.) GO TO 58
WIATECLU, 36)
30 FAUMNTY "ew ")
TROLERYKy TDUNMYY) 19,57
Cr—e—- - DISPLAY DATA ON DVH
07 NIX=3
S8 CALL VOUT (KFF,CAIN)
C---==-- Ustl BHTTON TES'E
(%4 /\l l IMNN (3,5,VR,5)

LI, ). II KYCIHWCK=2
PP, FEQ, LI CO =0
LIHI K (:r.: yGo Ty 33
C __________ e
Iltllvnk(EHUﬁY)l!,.zs
95 CONT LU,

C-====-—-=-{EAD DEVICE CATE VOLTAGE(4) AND CURNENT(S3)

CALL DANMCA, 3, VI S)

VG=VR

CALL DANM (5,4,VR,5)

vGIn=vit

VIC=(VCIR/VGRY X 10N,
IFENIN.EQ.3)Y GO TG 46
IFCPWHIN LT . 002) GO TO 46

WHITTE LY, 45D VD, VIBR, VG, VIG, PWRIN, PYNOT, EFF, CAIN

45  POUMNIC /2 )8 .J.4M,FG.U,4X,F5.3.4X.F5.3.3X ¥F3.3
EFG LG AR FDL 24X, 170, 2)
(M ETIRVIV)
46 Wil laolu, 47 )Vl) VIR, VG, VLG
47 IUHNAI(/,lu XL 1D .J.4X.F5.3.4R.F5.S,5X.
"B TEST oNlY")
90  CALL  DANMCS, S, VIL, 5)
STPAT= VR
IF (57AT . CT 1) €O T %99
COUNT=COUNT+ 1
TRCGoUNT 1. 17.) 60 ‘1o 71
WL, 70)
TE  FOUMAT "ecvoevrsrrrrz)
IFCCOUNT. Q. 17) GO TV 24
71 FFCCIHGK L ¢r, 1,) GO TO 25
cO o 19
50 WHRPTL(LU, 31
51 FUHMAT(/'FND OF TESTY/)
CALL WALTBCLU)
END

SUBRRGUTINE  VOUT (EFF,CAIN)
V= C200EEFF+S TGN, 5, EFF) )%, 1
WO, t D 1Y

1 FPORNNT ("e21170141Ne2]101"K4"\@")
TCATN= (Z200:2CATN+STONC. 5, 0AIN) )%, 5
WRUTECIO, 12) TGATN

12 FORMATO "2 103 "K4 " Ne2 1170 140NG")
RETURN
N

Rockwell
International

44X,
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SUBROUTINE BRFADCLY, 1BUF, LLEN)
INVEGER [RUFC 1), TR(2)

iiu[ll VALENCE (DMY, 1L, (LENX, 1JU(2))
AU=1U

117 LULUNE, 8) LEU= 1 TU+ 4001

DMY: [T10C 1, L'PU, T8, LIN)

1A= 1 ENX

RITTURN

FND

MHDhE
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APPENDIX B
DEVICE PERFORMANCE DATA






Space Operations and ‘ ' Rockwell
Satellite Systems Division International
Space Systems Group
FIL.E--30 4230 SAMFLE CRKT
4198 FM TUE.» & NOV.y 1979
IRATN = DRAIN GATE GATE F-IN F-0UT EFF, GAIN
VOLT AMF VOLT M-AMF WATT WATT % LE
&:12 « 405 ~3.3¢9 1.41 285 1.730 58.26 7.83
6012 V379 -3.54 .13 .223 1.566 57.88 8,47
613 .359 -3.56 02 . 135 1,230 49,75 .61
A.14 330 -3.34 .01 2071 «813 346,55 10,546
b5.16 « 234 =3.56 « 00 « 036 +431 22.546 10,78
$el7 £ 239 -3.56 00 .018 +211 12,13 10.72
6:17 241 -3.54 .00
20"
FLO-X0 4230 SAaFL CRKT
10:09 aM WELD.» 7 NOV.,s» 1979
hRﬂIN. TORAIN GATE GATE F—IN F-0UT FF. GAIN
VOLT AMF VoL T M-AMF WATT WATT % DE
10.41 LAR2 -1.468 .00 +000 » Q00 00 A8dr3
10,41 822 ~-1.48 00 022 + 342 3.74 11.90
10,41 .828 -1.48 .00 044 «701 7462 11.98
10,41 848 -1,68 .00 .092 1.490 i5.84 12,10
16.40 .032 -1.468 .00 +181 2.7277 28.30 11,86
10,42 807 -2.14 -4,17 » 346 3.988 42,05 10.37
10.42 L8113 —-2,22 -4,%91 « 156 4,065 42,359 ?.50
10,42 805 -2.30 ~5.44 +535 4,084 42,33 8.82

B-1



Space Operations and ‘ Rockwell
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NEECZ&2400 LOTHE717-9  #1
4340 FM MON.» 17 LEC,r 1979

URAIN - ORAIN GATE GATE F-1IN F=-0uT EFF. GAIN
VOLT AMF VYOLT H~AMP WATT WATT % LE
b6.78 529 -3.14 -3.14 430 1,978 36,29 6,63
b 77 641 -3.03 ~3.14 338 1,950 37.16 7461
[ P89 -3,48 -3.,14 240 1.735 37.39 8,59
60,82 509 -4,10 -3,14 175 1.445 36466 ?.18
6488 » 371 -4.98 ~3.14 .110 894 30.u1 ?.09
&0 284 -5.47 -3,14 080 548 24.87 8,51
4,92 $201 -0.94 ~3.14 054 272 17.11 74.35
£ P .133 -46.28 -3.14 035 + 136 10,03 .89
b.%0 +103 -46.47 -3.,14 L0248 076 46.98 4,72
L.97 . 083 -86.40 -3.14 .019 .044 4.33 3.67
4. 98 L0885 ~6.70 -3.14 014 . 025 2,40 D64
6.98 .N49 -4.,80 -3.14 . 008 012 97 1,43
5,59 L0334 -&.87 -3.14 .004 004 .08 .20
&.99 +032 -4.%0 ~3.14 DC TEST ONLY
20

B-2



Space Operations and ‘l Rockwell
Sateliite Systems Division International
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NECE42400 LOTEB717-9  #1
414 M MON.» 17 DEC,s 1979
URAIN ‘ LDRAIN GﬂTE> GATE F—IN F-0UT EFF. GAIN
VOLT AMF VoL T H-AMF WATT WATT % IE
B.56 V727 -2.92 -3.14 526 2,435 30.68 &.66
8,54 + 733 -2.70 -3.14 220 2.118 29.91 ?.82
8,59 s 632 ~3.48 ~-3.14 v144 1.442 27.59 10.58
R.65 + 448 -4,42 -3.,14 « 075 878 20.790 10.48
8.69 . 328 ~-4,97 -3.14 L0042 +453 14.41 10,31
8,72 261 -5.,30 -3.14 026 + 259 10.24 10.02
B.73 .218 ~-5.49 -3.11 017 +165 7470 ?.76
H.74 y193 -5.64 -2,81 .012 . 104 5.51 ?.90
8.73 172 —3.73 —2.69 +008 +047 3,93 F.248
Q.73 » 155 -5.83 -2.45 . 005 045 2.99 27
g8.74 147 -5.88 -2.34 +004 .031 2.10 8.97
.76 +130 -5.%6 -2,20 IC TEST OMLY

B-3



Space Operalions and ‘l Rockwell
Sateliite Systems Division International
Space Systems Group
NECE46400 LOT #$8717-9 ¥2
3319 FM HMONGr 7 JAN.y 19RO
BRAIN HRATN GATE GATE F—1IN F-0UT EFF. GAIN
VaL T AME VaLT M-AMF WATT WATT % 3]
6.85 773 -3.23 ~-3.14 V399 1.779 26,06 6.49
&84 . 782 ~3.1% -3.14 <319 1.770 27.15 7+4%
b Ei4 784 3,13 -3.14 295 1.7581 27372 72.76
4. B4 790 -3.12 -3.14 «253 1.724 27.25 8.34
&.85 770 -3.31 -3.14 214 1.6864 27,48 8.51
& EA v 744 -3,54 ~3,14 121 1.593 27,46 P21
4.87 713 -3.79 -3.14 168 1.513 27 .47 ?.04
4.R8 sAE4 ~-4.13 -3.14 «143 1,372 24,90 ¢.81
692 555 -4.80 -3.14 102 1.027 24.08 10.01
6P +430 -5.21 -3.14 » 0890 . 788 21.21 9.92
L0 56 397 -S.464 -I.14 059 v 925 16.85% 2,44
7.00 342 ~5.92 -3.14 048 . X82 13.98 2,03
7,073 206 -6.41 -3.14 29 180 3.36 7.86&
7,05 « 201 -46.72 -3.14 . 019 089 4,96 6,71
7406 . 170 -4.89 ~-3.14 +014 052 3.17 5.80
7.06 149 -7.02 -3.14 Q10 .031 2.03 5.06
7.08 » 115 -7.24 -3.14 OC TCEST ONLY



Rockwell
International

Space Operations and ‘
Satellite Systems Divisfan

Space Systems Group

HOC244G0  LOT BO717-°  #3
4333 FH WEL,» 14 JAN.» 1980

ORAIN DRAIN GATE CGATE F-IN F-0uT eFF . GATH
VoLT AMF vaLT M- AHF unTT WATT 4 Itb
E.44 701 -3.52 -3.14 «540 2,044 23.39 4.921
8,43 713 ~3,33 -3.14 L5577 2106 25.464 5,62
8.42 I3 -3.08 -3.14 «445 2,191 27045 4.85
B.A2 750 -2.,82 -3.14 . 223 2.071 28,71 8,464
.47 7T -2.74 -3.14 + 206 1.938 27.22 ¢.72
£, 48 .4618 -3.67 -2.89 113 1,343 23,92 10.83
8,47 ] -4,31 -1.640 065 V792 14.43 16.3%
§.54 414 -4,58 -1.08 244 522 13.54 10.77
8.95 368 -4.,77 - =720 030 3564 10.31 10.73
3.5a V333 4,79 =472 020 238 7.84 10.72
8,34 + 319 ~4,97 -.338 015 L1773 S.79 10,74
8,38 257 -3.,02 -.235 .010 +119 4,24 10.78
S.EE . 234 -3.05% ~-+172 007 . 081 3,05 10.78
2.2 279 -5,07 -+ 135 005 . 058 2.22 10.78
8.28 + 279 -5.08 -.121 004 + 050 1,93 10.80
8,509 «270 -5.09 -.100 L0023 036 1.41 10.82
8.59 270 ~5,10 -.083 DC TEST ODNLY
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Space Operations and ‘ Rockweli
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NECO&40D L OT 48717-9  #4
4320 FM WELL,y 16  JAN.» 1980

nRATN  DRAIN GATE GATE P-IN F-QUT EFF. GAIN
WOLT AMF voLT H-AMF WATT WATT % LE
6.5 .649  =3.59  -3,14 LAS7  1.628 26,83 S.24
) TAE7 -%,308 -3.14 + 362 1.673 30,06 &. 65
PR 641 =3,5 -3.14 ,222 1,558 31.82 8,45
6.7 601 -3.88 -3,14 196 1.416  30.92 g.59
AL énd 05 -4 .07 -X.14 L1585 1.196 22,656 8,353
&.E0 .I?49 IR ~-3.14 2117 L7212 22.77 7.24
& 4B 276 -4.09 -3.14 » 086 » 382 14,99 .25
4.7 170 ~é.67  -3.14 059 139 7,05 2,75
&, 74 L1032 -7.03% -3.14 039 049 1.4¢8 1.00
476 0 -7.25  -3.1a 005 016 -2.13  -1.88
L.77 03 =792 -3.14 +014 000 -3.31 -3.99
&v77 LOI2 -7.50 -3.14 L0110 +003 ~X.44 ~-Z.81
4.7 026 -7.54  -3,14  .008 L002  -T.33 -4,33
6,77 L0020 —7.61 -3.14 LC TEST ONLY
é.7?7 020 -7.61 -3.14 OC TEST ONMLY
.77 .020  -7.41  -3.14 OC TEST ONLY
&+77 S Q20 ~7.+61 -3.14 OC TEST QONLY



Space Operalions and ‘l Rockwe_ll
Satellite Systems Division International
Space Systems Group

FIJITSU FLS-50 #1333 50 OHM CKT,

31348 'F‘?‘i TUE.,» 22 JAM.» 19E0
DRALN DRAIN GATE GATE F-IN F-QUT EFF. GAIN
LT AMF voLT M- AMF WATT WATT 4 DR
7.57 848 -2.0Z ~.472 694 3.407 41.30 6.91
7+57 859 -2.01 -.514 563 3,195 40,47 7.9
7459 +822 -2,14 —-. 265 +471 2.9238 39.32 7.93
740 779 -2,23 . -.094% + 373 2,591 36,40 8.39
7460 P74 -2.24 -.025 287 2,197 32,40 8.84
761 764 ~-2.28 -.004 v 195 1.653 25.05 ?.282
7,61 + 753 -2.28 ~,001 +138 1.220 18.88 EAE T
7.61 750 2.2 -,001 104 9335 14.54 ?.48
7.61 » 739 -2,28 -.001 + 048 +420 ¢.81 757
T2 734 -2.28 -.001 . 056 +504 8.00 754
7.61 2736 -2.28 ~, 001 +044 +397 6.31 ?.57
7+42 736 -2.28 -.000 +0327 +333 5.28 ?.55
7.62 7364 ~2.28 -.000 +020 179 2.85 ?.55
7462 736 -2,28 -.000 +013 112 1.77 ?.51
742 «736 -2.28 -.000 . 008 +070 1.11 ?.93
7442 +734 -2.28 -.000 « 0035 , 048 76 9.5;)
7.462 +741 -2.78 -.Q00 002 020 .32 P.52
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FIAITSU
3145 P

DEAN TN
s F

11,38

11,37

11441

11.44

11,48

11,49

11.49

11.49

11.4%

11.49

11.49

11.49

11.49

11,49

FL5~50
TUE.»

DRAIN
ARF

1.112

1,054

+908

097

» 374

22

#1333
JAN .y

GATE
VOL.T

-1.80

-1.80

-1.81 .

-1.81

-1.81

*1.81

—1 081

-1.81

-1.8%

-1.81

-1.,81

S50 OHM CKT.

1980

GATE

M- AMF

!
i)
~g
~

5]
[«
&1}

-.010

. 008

Q04

-, 0035

-.005

-.005

-+ 005

-.005

Space Operations and ‘
Satellite Systems Division

Space Systems Group

F-IN F-0UT EFF.
WATT WATT %
975 5.574 32.24
V614 5,100 32,29
474 4,203 29.39
382 3,498 24,33
294 2,732 21,71
234 2,187 17.90
185 1.724 14.35
147 1.351 11,44
V113 1,033 8.87
D73 559 S.79
1047 ,427 3.70
030 +273 2.39
.021 .183 1.0
015 137 1.20
011 096 .84
007 043 .55
. 005 045 .40

Rockwell
International

GAIN
Ik



FIJITSU FL&-5

16:29 aM

IRAIN
VoLT

11,73

11.75

11.76

11.7%

11,75

11,74

11.78

WETt, »

DORAIN
AMF

874

» 853

.B0O7

795

+BO2

802

+ 805

23

£1336
JAN.»

GATE
VOLT

-1.51

-1.41

-1.,1¢

-1,10

-1.10

-1.10

-1.10

-1.10

-1.10

-1.10

-1.10

Space Operations and ‘
Sateilite Systems Division

S0 OHM CKT.

19

80

GATE
M-AMF

779

584

+471

«107

008

+ 0005

+ 004

Q04

004

004

004

QU4

004

F-IN
WATT

847

674

1064

+05E

054

0329

019

Space Systems Group

F-0UT
WATT

4.173

3.810

278

EFF.
%

34,37

36.12

35.94

32.30

27.86

4,88

o
~]
o

ry

r
&}

1,12

Rockwell
International

GAIN
DH

3.2



Space Qperations and ‘ Rockwell
Satellite Systems Division International

Space Systems Group

FI!ITSHU  FLS-50 $1334% S0 0OHM CKT.
1022 M WED.» 23 JAN.y 1980

neEATN IRAIN GATE GATE F-IN F-0UT EFF. CATN

VoLT AMF voLT M-aMF WATT WATT % Lk
2,27 .61§ -1.95 1,611 «573 2,923 44.38 7.06
8.25% L6854 -1.54 + 856 <474 2,903 44,36 7.87
8.22 741 -1.15 +091 ¢ 367 2.4691 37.13 8.45
8.20 £ 793 -1.10 -. 004 276 2.298 31.09 ¢
B.EQ .813 ~1,10 -+ 002 » 204 1.205 25,82 ?.71
E.19 V822 ~1.10 -.001 .143 1.302 20.12 10.05
8.1% »B25 -1.10 Q01 097 1.038 14,923 10,79
.19 $B22 -1.,10 -, Q01 056 <402 2.10 10,29
.49 .81% -1.10 -.001 . 038 400 5.40 10.24
g.1¢% S22 -1.10 -.001 019 191 2,595 10.02
g.20 .825 -1,10 -.001 .010 101 1.34 PPN
8,19 +825 -1.10 -, 001 004 L0559 79 10.00
2,19 822 -1.10 -.001 .002 +023 31 .22

2000



FUJITSU
5120 FH

IEAIN -
voLT

10,71

-
[
-

10,73

10.7&

10.79

10.82

10.83

10.8%

FLC-30
THU . »

DIRAIN
AMF

0701

+ 698

24

$6227
JAN .y

GATE
VoL T

~3.748

-4.62

Space Qperations and
Satellite Systems Division

Space Systems Group

50 OkM CKT.CKT.

1520

GATE
M-AMF

-1,43

-1.%90

-1.40

By -1-34

-,013

-.001

-+ 00!

B-11

F-IN
WATT

«A76

044

029

O

010

nc TEST

F=-0UT
WATT

4,213

4,092

J.H49

2.863

1.7205

‘P14

680

<149

090

ONLY

A\

EFF.
%

42,22

48,35

446456

41.45

Rockwell
International

GAIN
DE



Space Operations and ‘ ROCkWQ"
Satellite Systems Division International

Space Systems Group

FAYTHEGN  RFC3I31Y #1 50 OHM CKT.
4328 M FRIGe 23 JAN.» 1980

[T ' DRAIN GATE GATE F-IN F-0UT EFF. GAIN
VULT AMFP VOILT M-AMF WATT WATT 4 ]3]
.94 +296 -2.51 -1.35 101 +864 45.54 ?.33
2. 54 244 -2.87 642 Q77 . 689 45.12 ?.54
5.57 207 -3.10 - 215 1063 539 41.37 ?.35
930 178 ~3.18 -.002 049 407 34.02 ?.1¢
5,59 L1502 -2.20 -.012 037 . 298 30.71 ?.08
G0 &0 W115 -3.21 -.003 Q20 «157 =1.37 F.02
5.61 095 -%.21 -,002 012 094 15.43 ?.02
R3] G778 -3.21 -.001 005 043 B.58 F.06

Seh2 J043 -3.21 -,001 OC TEST ONLY

B-12



Msc 88430 1

3:102 FH

IIRAIN
VoL T

10.41
;0.42
10.41
10.41
10,41
106.41
10442
16.29
10.38
10.37
10.37
10,37
10.37
10.37
10.37
10.28

10.38

MON . »

DRAIN
AMF

1.193

1.184

1,141

50 OHM CKT.

28

JAN .y

GATE

VoL

-1.4

-1.3

T

4

7

-1.12

-1.0

-85

-+13

‘07

07

006

é

0

7

g

4

4

1980

GATE
M~AMF

=. 012

-+134

.173

164

-.144

=117

B-13

Space Operations and
Satellite Systems Division

Space Systems Group

F-IN
WATT

734
.4??
375
185

0?5

047

«037

019
.010
. 005

+002

F-ouT
WATT

21261
+136
071

031

EFF.

4

9?3

+49

‘ ' Rockwell
International

GAIN
DE

11.35

11.49

11.41

11,43

11.45

11.38

11.454

11.49



Space Qperations and ‘ Rockwell
Sateilite Systemns Oivision International

Space Systems Group

MSC S8uPff #1 S0 DHM CKT.
3:39 FM  MON.» 28 JAN.s 1980

-

IRAIN IRATN GATE GATE P-IN F-OUT EFF, GHIN

VAL T AMF voLT M~AMP WATY WATT % DE
4,03 572 -2.86 -3.14 <194 , 959 33,17 6.93
4,06 500 ~3.54 ~-3.14 .146 792 31.85 7.35
4,09 414 -4,14 -2.23 076 L850 24.84 757
4,10 208 -4,37 -1.79 074 JA1h 27,69 7.4%
4,11 333 -4,52 -1.48 057 .308 18,35 7.33
4,12 310 -4.61 -1,32 L047 (244 15,40 7.15
4.13 .290 -4.,49 -1.18 L 037 .188 12,42 7.04
4,13 .273 -4,74 -1.07 .029 .142 10.01 6.87
4,14 .253 -4,8G -.952 ,020 091 6.85 4,48
4,15 230 -4,85 -.853 ,010 (043 3.49 6,49
4,15 .227 -4.84 -.831 .007 .032 2,83 6435
4,15 .2 -4.88 -~ 812 006 023 1.96 6.39
4,14 $210 -4,%0 -.748 nC TEST ONLY

an

B-14



Space Operations and ‘ Rockwe_ll
Satellite Systems Division International

Space Systems Group

MoC 82040 ¥2 S0 OHM CKT.
9103 AM  VUE., 29  JAN.» 1920

DFALN LEAIN GATE GATE F~IN F-0uUT EFF. GAIN
aLT AMF YoLT H-aMF WaTT WATT % LE
?.70 1,520 -1,33 2.542 1,504 3.105 10.86 3.15
9,70 1.526 -1.26 2,392 1.308 3,074 11.94 3.71
9,69 1.529 -1.18 2.256 1.121 3.034 12.92 4,32
969 1.3 -1.11 2,123 + 230 2,204 13.91 S.06
9,49 1,540 -.908 1.882 <657 2,843 14,65 6.3b
F.49 1,543 -.893 1.687 $442 2.481 14,84 7,63
7,49 1.543 -.734 1,402 242 2.308 13.82 9.80
©,458 1.578 -.356 4699 117 1.542 9.33 11,21
9.45 1,635 0.000 -,039 1062 .910 S.37 11,65
7,65 1,452 (150 -, 379 .032 <484 2.83 11.75
§. b4 1,404 093 -,202 ,014 .214 1,27 11.75
9.b4 14412 ,075 -.164 V007 .109 65 11.83
9,47 1,696 L0865 -.146 [002 033 .20 11,79
9,47 1,406 062 ~.141 nC TEST DNLY

B-15



MSC Boeto az

10150 AM

DRATH -
VOLT

.09

.70

S3.71

'7:.'

wn

TUE .

IRATN
AMF

1.261

1.213

1,004

~
Lrs)
~d

« 707

+ 505

417

378

50 OHM CKT.

29 JAN.»

GATE
VOLT

-1.83

~2.,13

-3.13

-4,14

-4.50

-%.87

~-4.11

-6.19

~6.44

1980

GATE
H-AMF

~3.14

—30 14

"3'14

-3.14

-3.14

~-3.,14

-3.14

-3.08

-1.7?9

B-16

Space Operations and
Satellite Systems Division

Space Systems Group

F-IN F-0UT
WATT WATT
.245 1.552
. 188 1.462
139 1.179
.094 771
W77 598
053 350
.037 .209
.019 .081
.010 038
,008 .026
. 008 .020
.004 .011
002 007

DC TEST ONLY S

o\

EFF.

12.20
19,38
18.84
15.46

13.18

bl
‘<

Rockwell
International

GAIN
Lk



FUJLTEU

1G:07 A TUE.»
BRAIN DRATN
voLT AMF

10.43 +&75
10,41 727
10441 . 739
1v.42 701
10.44 L RS2
10.45 424
10.43 . 518
10,45 615
10.45 <507
10.43 JEDP
10.43Z L5609
L sy +EDF
10.45 L L0G

26 FLE.s

GATE
VOLT

-1.450

-1,50

-1.50

"1060

"1-60

-1.40

-1.40

~1.,60

~1.60

-1.40

1780

GATE
M—-AM

6.788
1,491
-,009%
~.002
=001
0.000
0,000
0,000
‘0.000

4

0.000

F

0.000

¢.000

0.000

Space Operations and ‘
Satellite Systems Division

Space Systems Group

FLE-50 #4039 SAMF. CRKT. NO FROEES

F-IN
WaTT

194

104

LO0G

« 004

UC TYEEST

F-OUT
WATT

2.278

—
)
o

<

-
o~
o~
12

047

0dLY

EFF.
pA

40.65

28.50

1.68

+74

Rockwell
International

GAIN
LE

10.65

10.81

10.7%

10.77



Space Operalions and ‘ ROCkWB‘"
Satellite Systems Division International

Space Systems Group

SUJITSU FLE-G0 44037 WP, CKT. MO FROBES
1040 FPM TUE.» 24 FEE.r 1930

NEATN . DRATN GATE GATE F-IN F-0UT EFF. GAIN
LOLT AMF voLT M—ANF WATT WATT % IE
11,14 L7336 -2.47 12.67 . 785 4,839 49,13 7.90
11,15 773 -2,18 10.15 660 4,828 48.34 B.44
11.13 239 -1.,87 7,435 V553 4,738 44.81 .33
11,07 1.000 -1.3% 2,578 .383 4.794 35.33 10.50
it.02 1,144 -1.08 22 277 3.709 27.23 11.26
11,01 10141 -1.05 ~.003 078 1.441 10,51 11,067
11,00 1,127 -1.06 -.003 , 054 757 5,73 11.55
11.0% 1,10t ~1,08 ~,00% 028 351 2,94 11.44
11.03 1.115 -1,06 -.003 L0L? V239 1.80 11,43
11,03 1,115 -1.06 -.00% Lo11 .147 1.11 11.41
R 1,11 -1.06 -.003 LOUb . 088 L 67 11.43
11.03 1.160% -1.04 -.003 L0549 055 42 11.48
171,03 1,105 -.132 6,27 nC TEST ONLY

B-18



FUJITSU FLS-50

120 FiH

BRATN
Yo T

11.43

11,39

11,34

10.02

WED., s

URAIN
ANF

721

833

P74

1.017

1.017

i.014

1.014

1.017

1.014

1017

3

#3724 SHMF. CKT #2

MAR,» 198

GATE
VOLT

-1.28

-1.26

-1.26

-1.2

“1026

GATE
M-AMF

-.002
0.000
0.000
Q.000
0.000

0,000

Space Cperations and
Satellite Systems Division

Space Systems Group

NO FROEES

F-IN F-0uT
WATT WATT
«521 5.121
379 4,859
277 4,213
+188 3.084
159 2,500
073 1.210
s 055 A48
0350 +NB1
LQl0 + Q07
bC TEST OMLY

‘ Rockwell
International

EFF. GAIN

% b
55.79 .92
47,19 11.08
I5.463 11.82
28,02 12.13
25.92 12,04
17.49 11.17
7.73 7.99
2,064 4,25
-, 19 -1.¢48



SUJITEd FLS-50

1434 FHM

DFATN
GOILT

10,83

10.51

i¢.a?

19.50

1030

10.574

10.54

1v.54%

ThU.y

DIRATIN
AME

.B13

F3732 SAME, LRKT.
& MaR.r 1980

GATE GATE
VOLT M~-AMF

~2.62 6,816
-2.34 4.470

-2.09 2.000

-1.68¢ L1355
-1.84 ~.012
-1.84 -.007
~1.86 -.002
~1,86 -.001
-1.8& -.001
-1.86 0.006
-1.86 0,000
-1.84 6.000

-1.84 0.000

-1.34 0.000

B-20

Space Operations and ‘
Satellite Systems Division

Space Systems Group

F- IR

WAT

» 760

P &EQ

i
o
o

4563

284

L1197

058

2027

L0190

' NGS

+003

T

12 NO FROEES

F-0UT
WATT

4}
rJ
w
13

&)}
td
i
[

2,611

1.18¢%

+034

oMLY -

ONLY

EFF.
%

50.97

48,72

44,01

32,86

He

294016

(74

36

Rockwell
International

GAIN
[rR

10,14

10.8354

1i.:2

1C. %4

10,92

10.90

i0.85

10.37



FUJITSU FL5-50

3144 PH

DEaTH
JALT

10.54
10,54
10,350
10.4?
10.44
10,47
13.47
10.48
10.48
10.48
10.4}

10.49

THU. »

DEATN
AMF

810

P97

<983

971

¥3731

GATE
vaLT

-1.%1

-1.43

-1.17

-1.01

-1.01

-1.01

-1.01

-1.01

=Tata i

MRy

CRKT.

1430

GATE
M- AMF

8.278

3.867

1.438

.038

0.000

0,000

0.000

0.000

0.000

0.000

0.000

0,000

2

Fe1
waT

010

nc

Space Operations and
Satellite Systems Division

Space Systems Group

N
T

TEST

NGO FROEEES S

F-DUT
WATT

5,080

4,919

‘136

aNLY

ONLY

EFF.

4

‘ ' Rockwell
International

GAIN
iR

11.71

11.1%9

11.14

11.14



FUILTRU
11113 AM

DEATH

VAL

10.19

10.17

FLS-50
FRL.»

DREAIN
AMF

839

02

1,434

1.434

1.437

7

F3726
MAR .y

GaTE
UaLT .

-1.65

-1.34

Space Operations and
Satellite Systems Division

o\

Space Systems Group

SAMFL.CRRT.#2 NO FROEES

1980

CAaTE
M-AMP

0.000
-.001
0.006
0.000
¢.000

Q0,000

F-IN
NATT

<004
¢ TEST

oc TEST

F-0uT
WATT

1.371

045

ONLY

ONLY

EFF.
A

50.78

3.0¢

2.23

79

46

Rockwell
International

GAIN
[tE

11,37

11.12

11.08

10.98

10,90

10.87



FLC-30

$5-009

12:31 PM FRI.» 30 HAY

DRAIN
voLT

DRAIN
AMF

+ 399

+399

394

« 376

+ 359

. 333

+ 313

+282

279

GATE
voLT

'3019

-3.18

-3.18

-3.18

"3018

_3'18

-3.18

-3.18

-J.18

-3.1e

-3.18

-3.18

-3.18

~-3.18

Space Operations and
Satellite Systems Division

Space Systems Group

o\

1980
GATE P-IN P-0UT EFF.
M-AMP WATT WATT X
-.026 + 350 2.548 61.09
038 + 324 2.519 60.95
+ 0135 237 2.240 56.48
+004 «157 1,827 49.18
+ 001 «107 1.375 3?.13
0.000 «071 + 739 28.83
0.000 047 541 20.98
0.000 «030 +410 14,18
0.000 018 1260 9.27
0.000 012 «185 6.04
0.200 «C08 +113 4.1%
0.000 1006 . 081 3.02
0.000 .002 .038 1.41
0.000 0C TEST ONLY

B-23

Rockwel!
International

GAIN
B

.63

11.67

11.91



FLC-30

$#5-008

2156 FH  FRI.»

DRAIN
VOLT

DRAIN
AMP

+345

+333

+ 336

« 342

322

+ 322

319

+ 319

319

322

328

30 MAY

GATE
VOLT

-2, 60

-2.62

—2063

-2.63

-2.63

~2.63

-2.83

~2.43

_2063

-2.63

~-2.43

1980

GATE

Space Operations and ‘
Satellite Systems Division

Space Systems Group

P~IN

M-AMF WATT

+301

+148

. 039

010

+ 001

0.000

0.000

0,000

0,000

0.000

0.000

0.000

0.C00

0.000

+208

+218

1464

+110

1067

+044

. 028

020

«015

011

.008

+003

. 002

OC TEST

B-24

P-OUT
WATT

1.942

1.836

1.711%

1,442

1.106

.782

317

106

.048

ONLY

EFF.

S54.50

54,90

(4]
o

2.71

44,28

33.95

24,57

156.48

Rockwell
International

GAIN
DB

12.94

13.10



FLC-30 #5-007
10:22 AM HON.»

DRAIN _

VOLT

10.27

10.27

10.28

10.31

10,31

10.32

10.32

10,32

10,32

DRAIN
AMP

+ 483

L] 433

382

+356

L] 348

+ 348

+ 345

.48

2 JUNE:, 1980

GATE

VOLT

-2-57

~2.595

-2.55

-2.+55

~2.93

=2+35

~2.53

-2.55

-2+3595

GATE
M-AMP

-.089

«014

+001

0.000

0.000

0,000

0.000

0.000

Space Operations and ‘
Satellite Systems Division

Space Systems Group

P-IN
WATT

+404

+243

134

066

030

«015

.0o8

+005

F-ouT
WATT

2.740

2.173

1.481

774

+ 350

«183

“+100

+060

BT TEST ONLY

B-25

EFF.
%

47,12

38.92%

30.81

17.946

2,55

1.54

Rockwe_ll
International

GAIN
Db

10.45
10,466
10.71
10.73
10.77

10.B84



FLC-30 #S5-006
3:39 FH  HON.»

LRAIN
VOLT

DRAIN
AMF

336

+ 330

279

270

+ 247

244

JUNE s

GATE
VOLT

-2 uSS

-2.55

-2 055

~2.53

-2:53

-2, 55

1980

GATE

Space Operations and
Satellite Systems Division

Space Systems Group

F-IN

M-ANF WATT

-.016
009
004
001

0,000

0.000

0,000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

326

241

«193

»142

$112

081

1063

048

+036

026

020

014

+010

+008

+ 003

+ Q03

bC TEST

F-0UT
WATT

2.115

1.904

1.711

1.442

1,250

« 761

766

590

+ 443

«332

251

+184

+132

1099

036

+ Q36

ONLY

‘ Rockwell
International

EFF. GAIN

4 DB
93.44 8.12
92.36 B.98
48,466 %.48
42,05 10,08
37.13 10.48
29.80 10.75
24,95 10.84
20.23 10.91
15.67 10,95
12,12 10.98
?.38 11.00
7.03 11.04
5.10 11,07
3.84 11.08
1.40 11.24
1.39 11.27









