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Gate-bias-controlled 
depletion region 

modulates channel current Electron current 

Figure 2. Top panel is a cross section of the metal gate 
Schottky field effect transistor (MESFET) , shown in the bot­
tom panel , illustrating the principle of operation. VG is the 
gate supply voltage, and Vo is the drain supply voltage. 

perature of the channel (the area in the active layer un­
der the gate) is usually kept as low as possible, to extend 
the reliability and life of the FET. Many articles listed 
in the bibliography discuss the use of pulsed operation 
to obtain higher output power than would be obtain­
able with cw and describe operation with short pulse 
widths and short duty cycles. For the altimeter power 
amplifiers discussed here, pulsed operation is used 
primarily to conserve power, rather than to obtain higher 
output power. To obtain pulsed operation, the gate is 
switched off between pulses or the drain is switched. 

Pulsed operation of a GaAs FET can be most easily 
obtained with gate switching, where the gate voltage is 
switched between the normal operating bias and pinch­
off (where the drain current is stopped). The device is 
effectively cut off by applying a voltage to the gate that 
is larger than the pinch-off voltage of the GaAs FET. 

The device is then turned back on with a positive-going 
pulse (decreasing the effective negative gate-to-source 
voltage), which allows the GaAs FET to draw its normal 
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Figure 3. Diagram of a typical GaAs FET package. 

operating current. This operation does have some dis­
advantages. The power GaAs FET'S do not completely 
pinch off, resulting in some leakage drain current, which 
limits the attenuation achievable in the off state and also 
causes some continuous heating of the FET'S. For the al­
timeter amplifiers, such effects are very small. Also, the 
GaAs FET gate breakdown voltage, where the FET could 
potentially be damaged, limits the allowable amplitude 
of the gate-switching pulse and therefore the pinch-off 
current. A great advantage to the gate-switching meth­
od, in addition to its simplicity, however, is that gate 
pulsing can result in very fast switching speeds. 

Pulsed drain operation is accomplished by switching 
the drain voltage from 0 V to the normal operating drain 
voltage and current. This eliminates the large gate vol­
tages but is more complex in that it requires both a fast 
current driver and the ability to switch high drain cur­
rents. Significantly lower switching speeds are attainable, 
as compared to gate switching. 

For the altimeter amplifiers, gate switching is used to 
permit the required fast switching. Also, the TOPEX am­
plifier has large drain currents (approximately 11 A) that 
would have to be switched for drain switching, thus plac­
ing heavy stress on the already complex amplifier pow­
er supply. 

TOPEX C-BAND 
20-W SOLID-STATE AMPLIFIER 

Figure 4 is a block diagram of the C-band amplifier. 
The amplifier has three main sections: 

1. A microwave section, composed of three sub­
sections: 

a. A low-power section that provides limiting, RF 

input power monitoring, level adjustment over temper­
ature, and input-signal amplification. 

b. A medium-power section that amplifies the 
drive signal for the high-power section and provides sig­
nal pulse shaping and amplifier isolation. 
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Figure 4. Block diagram of the C-band power amplifier. 

c. A high-power section that amplifies the RF sig­
nal to the required output power level. 

2. A gating and telemetry section that accepts the 
amplifier-power (turn-on/turn-off) and switch (RF­

on/RF-off) commands to control the amplifier, biases the 
gates of the GaAs FET'S to pinch-off between radar 
pulses to conserve DC power, and returns the required 
telemetry signals to the altimeter. 

3. A power supply (DC-tO-DC converter) section that 
converts the spacecraft bus voltage to the required am­
plifier secondary DC voltages, supplies GaAs FET ener­
gy storage during the pulse to minimize droop across 
the pulse, provides filtering to protect the spacecraft bus 
from turn-on and turn-off transients as well as drain­
current load switching, and provides self-protection and 
current limiting. 

The TOPEX C-band solid-state power amplifier con­
tains high-reliability, space-qualified parts and is tested 
to ensure compliance with the spacecraft electromagnetic 
compatibility and environmental requirements. 

Microwave Section 
Figure 5 is a photograph of the microwave and the 

telemetry and gating sections of the TOPEX engineering 
model. The ATM amplifier, discussed earlier, is similar, 

Johns Hopkins APL Technical Digest, Volume 10, Number 4 (1989) 

Figure 5. The C-band solid-state power amplifier microwave 
and telemetry and gating sections. 

except that a single-section driver chain instead of the 
two-section chain shown in Figure 5 was used to drive 
the final output stages. The ATM amplifier performed 
satisfactorily but had some specification deviation, nota­
bly phase linearity, caused by the difficulty of imped­
ance-matching the high-power GaAs FET'S to 500, ex-
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ternal to the FET, over the 320-MHz bandwidth at 5.3 
GHz. The flight amplifier engineering model uses inter­
nally tuned GaAs FET'S (i.e., there is an impedance­
matching network internal to the GaAs FET package) 
and has met or exceeded phase performance re­
quirements. 

The low- and medium-power amplifier sections pro­
vide gain to amplify the input RF signal to the level re­
quired by the high-power amplifier section. Both sections 
also perform other functions. The low-power section 
limits the input RF signal and provides temperature com­
pensation so that a controlled drive level is presented to 
the high-power section. The medium-power section 
switches the RF signal to perform the final pulse shap­
ing and provides additional isolation between pulses (the 
GaAs FET'S are pinched off). The high-power section 
provides the final RF signal amplification to the required 
output power level and contains the temperature sen­
sors used for temperature compensation. The following 
sections lead the reader through a detailed description 
of the microwave section shown in Figure 4. 

Low-Power Section. An RF signal of - 3 to + 2 dBm 
is applied to the low-power section input power monitor, 
where it is sampled and where a telemetry voltage pro­
portional to the input power is supplied to the space­
craft. The input power monitor aids in fault isolation 
if there is a failure in the transmit chain. From the power 
monitor, the input signal is applied through an attenua­
tor to the NE67383 GaAs FET, which is biased to mini­
mize the noise figure . The latter is related to the RF noise 
produced by the amplifier (particularly important be­
tween pulses when the altimeter is receiving the low-level 
return from the ocean surface that must not be degrad­
ed by the amplifier noise). The next NE67383 performs 
the limiting function and is biased to minimize the AM­

to-PM conversion (where input amplitude variations 
translate to output phase variations). The output of the 
second GaAs FET, approximately + 12 dBm, is applied 
to the variable attenuator. Its attenuation is changed to 
compensate for the gain variation over temperature of 
the amplifier so that the drive level to the output device 
is maintained at the proper level. Temperature sensors 
in the high-power section control the attenuator: The 
output of the variable attenuator is applied to an RF 

switch in the medium-power section. 
Medium-Power Section. The switch, controlled by 

the altimeter, establishes the proper pulse shape and pro­
vides additional isolation between pulses. The output sig­
nal from the switch is amplified to + 20 dBm (nominal 
at ambient temperature) with a variation of ± 0.2 dB, 
using two NE800196 GaAs FET'S. The first NE800196 
is biased at approximately + 5 V to optimize DC power 
consumption; the second is biased at + 9 V to obtain 
the required output drive for the high-power section. The 
gates of the NE800196 GaAs FET'S, as well as those in 
the high-power section, are biased to pinch-off between 
the pulses under control of the gating and telemetry sec­
tion. The gates are biased to the operate state 5 p,S be­
fore the RF pulse, that is, 5 p,S before the closure of the 
RF switch. The time required for the GaAs FET'S to 
change from the pinch-off to the operate state, where 
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all performance parameters must be met, is less than 5 
p,S, but this time was chosen on the basis of timing sig­
nals set within the altimeter. An optional fixed attenua­
tor may be used to set the drive level to the high-power 
section. Its value depends on the actual gains of the 
GaAs FET'S in the medium- and high-power sections. 

High-Power Section. The output drive from the med­
ium-power section is applied to the high-power section. 
A coupler divides the signal between the two drive 
chains. Each chain is composed of cascaded NE800196 
and NE800495-5 GaAs FET'S. The output from each 
chain is approximately + 26 dBm. The chains are com­
bined in a coupler identical to the input divider and then 
applied to two 2-way couplers that form the 4-way 
divider for the final amplification stages. Each stage is 
composed of cascaded NEZ 5055-3A and NEZ 5055-6A 
GaAs FET'S. The latter provide about 6 W, with 7 -dB 
gain and 35% power-added efficiency. They are inter­
nally matched to about 50 n and require limited exter­
nal tuning compared to the devices used for the ATM. 
The outputs are combined in a coupler identical to that 
used on the input. A transition from micros trip to wave­
guide is made, and the signal is fed through an output 
waveguide isolator to the output. Because several per­
formance tests require the microwave section to oper­
ate continuously, the output isolator can absorb the full 
20 W average power. The use of four output stages with 
an isolated power combiner provides some degree of 
graceful degradation in the event of a failure of a GaAs 
FET module, without adding excessive complexity to the 
circuit. For example, the failure of a module in the 4-way 
chain would theoretically reduce the output power by 
2.5 dB. The balanced input driver also provides for some 
graceful degradation. A failure of one arm would re­
duce the drive level by approximately 6 dB but would 
result in a lesser effect on the total output power be­
cause the final stages are in saturation. 

Gating and Telemetry Section 

The gating and telemetry section performs several con­
trol functions and provides four telemetry outputs to the 
altimeter. 

Primary among the control functions is gating off the 
GaAs FET'S between radar input pulses to conserve DC 

power. In response to the turn-off command (see 
Fig. 4), the gating circuit switches all of the power GaAs 
FET'S in the medium- and high-power sections from the 
operate state to the pinch-off state. A significant amount 
of power savings results because the amplifier's duty cy­
cle is typically 12.5070. Another control function of the 
gating and telemetry section is to switch the RF signal. 
It accepts the RF-On/ RF-off command and provides the 
drive required to transition the RF switch between a high­
isolation state (about 45 dB) and a low-insertion-Ioss state 
(about 1.4 dB), with transition times of less than 50 ns. 
The third main control function of the section is to pro­
vide temperature compensation for the GaAs FET's. Part 
of the control portion of the section consists of a com­
bination resistor I thermistor network that temperature­
compensates the gain of the driver amplifier by provid­
ing more attenuation in the variable attenuator as the 
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temperature is decreased. Two resistor adjustments con­
trol both the attenuation slope versus temperature and 
the offset level of attenuation at a fixed temperature. 

The telemetry portion of this section provides four te­
lemetry outputs to monitor the RF input power, the tem­
peratures at two locations, and the bus current, and to 
determine an incorrect amplifier turn-on command. The 
RF input power level is detected by the power monitor 
and amplified. The bandwidth of the amplifier is wide 
enough that the pulse shape of the RF input is repro­
duced. Two indicators of amplifier temperature are pro­
vided to the altimeter via thermistors. One is located near 
the high-power GaAs FET'S in the high-power section, 
and the other is near the power metal-oxide-silicon FET'S 

(MOSFETS) on the power supply section. Bus current 
monitoring is achieved by sampling the current of the 
power supply section and amplifying the signal. In that 
case, the amplifier must filter out the 1.22-kHz pulse 
repetition frequency and the 160-kHz power supply fre­
quency components, and provide an indication of the 
average bus current. The incorrect altimeter turn-on 
command telemetry is provided in conjunction with the 
control function of this section. If the turn-on command 
exceeds 120 JJ-S pulse width or is shorter than 650 JJ-S pulse 
repetition period, the gating control to the amplifiers is 
disabled (amplifiers are off) and a logic 1 is provided 
on a continuous basis on the command fault telemetry 
line (Fig. 4). Only after receiving at least two pulses of 
the correct pulse width and pulse repetition period is the 
gating control restored to normal. This is accomplished 
by the amplifier and does not require altimeter interven-
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tion. The command fault telemetry line is then restored 
to a continuous logic O. 

DC-to-DC Converter Section 
The power supply section, also referred to as the oc­

to-DC converter, converts the unregulated bus voltage to 
the various regulated voltages required by the component 
parts of the microwave amplifier. Specifically, the con­
verter provides a temperature-compensated + 9-V line 
that supplies power to the pulsed GaAs FET'S and + 5-V, 
- 9-V, and + 9-V lines for other circuitry. The converter 
also provides for bus current monitoring, current limit­
ing, and an override of the current limiting. Finally, the 
converter provides substantial energy storage so that ap­
proximately 11 A (peak-to-peak) of current is delivered 
to the GaAs FET'S with a 1.22-kHz pulse repetition rate 
and a 12.5% duty cycle, with only 80 rnA peak-to-peak 
current ripple observed at the spacecraft bus. 

The power converter is composed of a high-power and 
a low-power section. The principal function of the high­
power section is to provide the 9-V output for the GaAs 
FET drains. The low-power section supplies the other vol­
tages required by the amplifier. The low-power section 
also provides the overall control functions of the con­
verter, including a start-up regulator, current-limit shut­
down, current-limit override, and undervoltage shut­
down. 

Figure 6 shows a block diagram of the converter. 
Spacecraft power is fed to an electromagnetic-interfer­
ence (EMI) inhibiting fllter that, in turn, feeds the flyback 
converter and start-up circuit. A dual-phase, dual-loop 

Bus current monitor 
r---------------~ (to gating telemetry 
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28VDC 
Reverse 
polarity 

protection 

Current 
limit 

override 

Figure 6. Block diagram of the DC-tO-DC converter. 
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(inner current and outer voltage) flyback converter oper­
ating at 160 kHz is used. A control logic provides feed­
back action to regulate the output voltages. The desired 
voltages are fed via an output filter and distribution cir­
cuit to the amplifier sections requiring power. 

The 160-kHz operating frequency was chosen to re­
duce the size of the magnetics without significantly re­
ducing efficiency. An additional benefit of the selected 
operating frequency is that a wider control loop band­
width is allowed, which improves recovery of the con­
verter. When the microwave amplifier is commanded on 
for 102 JlS, the converter voltage control loop responds 
to the difference between the 9-V line and the 9-V refer­
ence. The response of the control loop is to increase the 
duty cycle of the flyback converter to a maximum of 
50070. The fast recovery of the converter to load changes 
provides excellent regulation and reduces the amount of 
energy storage capacity in the secondary circuit. 

Approximately 400 JlF of capacitance is distributed 
in the 9-V pulsed line wiring between the power con­
verter output and the GaAs FET drains. At each power 
FET location, a 22-JlF capacitor is used to reduce dI! dt 
current transients in the wiring. Without these capaci­
tors, a large voltage transient is induced at the GaAs FET 

drain terminals. This voltage transient must be reduced 
because any voltage transient on the saturated output 

stages will distort the pulse rise time and amplitude lin­
earity across the pulse. 

SPINSAT Ku-BAND 
6-W SOLID-STATE AMPLIFIER 

The Spinsat Ku-band amplifier (Figs. 7 and 8) is simi­
lar conceptually to the TOPEX C-band amplifier. Before 
the development of the Ku-band unit, a study was un­
dertaken to investigate the GaAs FET devices then avail­
able to determine which, on the basis of experience 
gained from the C-band ATM amplifier, would meet the 
Ku-band requirements. The NEe and Fujitsu GaAs FET'S 

met those requirements most closely, and high-power 
output stages were fabricated using those devices. The 
stages were tested and their performances compared rela­
tive to the overall altimeter requirements. The NEe de­
vice offered better output power, whereas the Fujitsu 
device had better power-added efficiency but lower out­
put power. The latter also did not appear to be as closely 
matched in phase performance from device to device as 
were the NEe devices. This is an important considera­
tion because the input signals to the final power com­
biner must be matched in phase so that maximum output 
power can be obtained. After further evaluation of the 
test data and other altimeter requirements, the NEe 

devices, described in the next section, were selected. 
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Figure 7. Block diagram of the Ku·band power amplifier. 
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Figure 8. The Ku·band solid·state power amplifier. 

The Ku-band amplifier and the C-band amplifier are 
composed of similar subsections, but the microwave sec­
tion of the Ku-band amplifier has fewer GaAs FET'S, be­
cause less gain is required to achieve the lower output 
power. The amplifier microwave section is composed of 
the input power monitor, RF switch, driver, and power 
amplifier sections. 

Microwave Section 
The input power monitor, switch, and attenuator in 

the driver section perform the same functions in the Ku­
band amplifier as in the C-band amplifier. The driver 
section also contains two NE71083 GaAs FET'S before 
the attenuator that amplify the input signal from between 
- 1 and + 2 dBm to about + 12.5 dBm. Again, the driv­
er section provides limiting and low AM-tO-PM conver­
sion as discussed in the section on the C-band amplifier. 
The two NE900175 GaAs FET'S after the attenuator pro­
vide further signal amplification. 

The two driver stages in the power amplifier section, 
the NE900474 and NE1313-2, amplify the signal to about 
32.4 dBm. The GaAs FET'S before the NE1313-2 are not 
internally matched and require external tuning over the 
320-MHz bandwidth. The higher power GaAs FET'S 
have internal matching close to 50 0 at about 13 GHz 
and require limited external tuning. The signal from the 
drive chain in the power amplifier section is divided by 
a microstrip divider and applied to the two final output 
devices, the NE1313-2 and NE1313-4 GaAs FET'S. The 
former has a nominal 2-W output and the latter a nomi­
nal 4-W output. A transition is made from microstrip 
to waveguide at the output of the final amplification 
chains, and the signals are then combined to provide a 
minimum of 6 W of power at the output of the am­
plifier. 

Gating and Telemetry Section 
This section is functionally equivalent to the cor­

responding section of the C-band amplifier. The Ku­
band amplifier control circuit is a modification of the 
control circuit used for the C-band ATM amplifier. In the 
latter, each GaAs FET gate bias was controlled by an in­
dividual bipolar transistor circuit; for the Ku-band cir­
cuit, each bipolar transistor circuit controls two GaAs 
FET gate bias points. 
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DC-to-DC Converter 
The DC-to-DC converters for both the C-band and Ku­

band amplifiers are functionally equivalent. Each oper­
ates from a chassis-isolated input power bus and pro­
vides the required regulated voltages for the components 
of the microwave amplifier. The pulsed load demand 
of the Ku-band amplifier, however, is smaller than its 
C-band equivalent. The C-band amplifier requires about 
11 A, peak (1.4 A, average), whereas the Ku-band am­
plifier requires about 5.5 A, peak (0.6 A, average). 

For the Ku-band converter, a 40-kHz operating fre­
quency is chosen for high efficiency and reduced high­
frequency EMI fIltering requirements. The Ku-band con­
verter uses the amplifier turn-on command signal to 
change the gain of the feedback loop during the current 
drain interval. The combination of the lower peak load 
and the use of the turn-on command to increase the con­
verter duty cycle during peak loads allows the use of a 
narrower bandwidth control loop and lower converter 
operating frequency. 

PERFORMANCE SUMMARY 
The performance of the gated C-band and Ku-band 

solid-state amplifiers for the TOPEX and the Spinsat al­
timeters, respectively, is given in Table 2; the performance 
of the Geosat-A cw TWTA is also given for illustration. 
The performance of the TOPEX Ku-band cw TWTA is ex­
pected to be similar to that of the Geosat-A unit. Note 
that all amplifiers have been subjected to electromag­
netic compatibility and environmental testing (thermal, 
thermal vacuum, random, and sinusoidal vibration). Spe­
cific requirements differ somewhat between the al­
timeters, and only the temperatures over which the am­
plifiers were tested are given in the table. The data show 
the minimum performance over all environmental con­
ditions and bus voltages. The TOPEX and Spinsat data 
are based on tests performed on the engineering models, 
which are equivalent in form, fit, and function to the 
flight amplifiers. 

CONCLUSION 
This article has described the development and per­

formance of two gated solid-state amplifiers at Ku band 
and C band that will be used for the Spinsat and TO­

PEX altimeters, respectively. It has been shown that gat­
ed solid-state power amplifiers are an attractive alterna­
tive to TWTA'S for applications where power consump­
tion (and perhaps weight and volume) is of prime im­
portance. 
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Table 2. Electrical performance of the Geosat-A TWTA, TOPEX C-band SSA, and 
Spinsat KU-band SSA. 

Test parameter 
Geosat-A 
Ku-band TWT A 

TOPEX 

C-band SSA 

Spinsat 
Ku-band SSA 

Frequency (GHz) 
Temperature CC) 
Bus voltage (V) 
Input signal 

13.25 to 13.75 
-5 to +55 
23 to 33 

5.14 to 5.46 
-10 to +45 
23 to 35 

13.44 to 13.76 
-10 to +45 
22 to 35 

RF pulse width (j,ts) 
PRF (Hz) 
RF duty cycle (070) 

Level (dBm) 
Measured data 

Peak RF power output (dBm) 
DC power consumption (W, max.) 
Amplitude ripple across pulse 

(dB, p-p) 
Phase ripple across pulse (deg, p-p) 
Amplitude linearity with frequency 

(dB, p-p) 
Phase linearity with frequency 
(deg, p-p) 

Noise figure (dB, max.) 
Size (cm) 
Weight (kg) 

102.4 
1020 
10.5 
o dBm (nom.) 

102.4 
1012 
10.4 
-3 to +2 

+43.3 to +43 .5 1 +43.8 to +44.6 
71.7 24 
0.075 0.2 

0.24 

2.8 

24 

4 
0.76 

8 

8.4 
36.8x 16.5x 11.4 30.0 x 18.8x9.1 
5.3 5.0 

102.4 
1020 
10.5 
-1 to +2 

+ 37.8 to + 39.0 
10.4 
0.3 

8 
0.80 

9 

11 
20.3 x 15.7 x 13.5 
2.8 

IThe TWTA operates in a cw or continuous mode; the RF input to the TWTA is pulsed. 
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