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12-kW S-Band Solid-State Transmitter for Modern
Radar Systems

Michael Hanczor, Member, IEEE, and Mahesh Kumar, Senior Member, IEEE

Abstract—This paper presents the development of a 12-kW
solid-state transmitter, operating over 2.7-2.9 GHz, used in
modern surveillance and air-traffic control (i.e., MATCALS
AN/TPS-73) radars. 12 kW of peak power with a pulse width
of 100 ps and duty cycle of 10 percent is achieved by combining
56 300 W high-power solid-state amplifiers. Other key per-
formance parameters are pulse-to-pulse stability (MTI im-
provement factor of >90 dB), MTBF of >22 000 h, instanta-
neous bandwidth of 200 MHz, extremely high pulse fidelity and
self-pulsing low-voltage operation for high efficiency.

I. INTRODUCTION

OST RADAR systems currently use TWT/Klystron

transmitters. Modern and future radar systems re-
quire performance that cannot be achieved by these tube-
type transmitters. For a TWT/Klystron transmitter, the
MTI improvement factor is ~60 dB, MTBF ~ 5000 h,
instantaneous bandwidths of up to 10 percent, and the
voltages required are 45-80 kV, which are extremely dif-
ficult to regulate [1].

A 12-kW solid-state transmitter (SST) is developed to ‘

overcome the limitations of tube-type transmitters. The
development of the MATCALS AN/TPS-73 transmitter
presented in this paper achieves the following key per-
formance parameters: MTI improvement factor of >90
dB, MTBF >22 000 h, instantaneous bandwidth of >200
MHz, low voltage (36 V) self-pulsing operation yielding
high efliciency, maximum transistor junction temperature
<125°C. :

The output power of 12 kW is achieved by combining
56 300 W amplifiers using four 14 : 1 reactive radial com-
biners. The architecture of the transmitter design is such
that amplifier modules can be serviced while maintaining
the continuous operation of the transmitter.

The 12-kW SST has successfully completed all envi-
ronmental stress and screen (ESS) system tests and is
presently in full-scale production. This stand-alone SST
developed for the marine air-traffice control and landing
system (MATCALS) AN/TPS-73 is currently the first and
only S-band SST operating in the field.
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II. TRANSMITTER DESIGN

A block diagram of the 12-kW solid-state transmitter
(SST) is shown in Fig. 1. The overall gain of the SST is
29 dB, which is achieved by three stages of amplification.
The outputs of the first and second stage amplifiers are 85
and 300 W, respectively. The output stage consists of 56
300-W amplifiers (HPA’s) that are combined in four
quadrants. Each quadrant produces 3.5 kW output power.
The 3.5-kW amplifier consists of 14 300-W HPA’s com-
bined using a 14:1 reactive, center fed, stripline com-
biner network in a radial configuration. The four 3.5 kW
amplifiers are combined using a 4: 1 waveguide combiner
to produce an output power of 12 kW.

As shown in Fig. 1, the first and second stages are de-
signed to provide full redundancy by automatic switching
to alternate standby amplifiers, when the operating am-
plifier exhibits failure or reduced output power. Quadrant
switching is also provided to produce output powers of
0.75, 1.5, 3, 6, and 12 kW for multiple mission require-
ments. This special feature also gives the flexibility to
service and maintain any quadrant while the system is in
operation.

III. 300- anp 85-W AMPLIFIER DESIGNS
The heart of the solid-state transmitter is the solid-state

(high-power amplifier (HPA). The S-Band HPA design be-

gan with the selection of an architecture to meet the over-
all power, gain, efficiency, and thermal requirements. The
circuit topology is chosen based on the availability of the
S-band power transistor such that the minimum number of
transistors are required to be combined to provide overall
output power for the HPA [2]. This is important since the
loss in the combiner increases with the number of transis-
tors to be combined. The efficiency of the high-power
transistor is inversely proportional to the output power,
since many cells are combined within a transistor to pro-
vide the required output power.

A block diagram of the 300-W HPA is shown in Fig.
2. The architecture for the HPA consists of three stages
of amplification that amplifies a 5-W input signal to a 300-
W output signal [3]. The first stage is a 20-W power tran-
sistor that supplies 17-W minimum to the second stage.
The second stage transistor is an 85-W device having a
minimum gain of 6.5 dB followed by a third stage of four
paralleled 85-W transistors, as seen in Fig. 2. A transistor
with an output power of 85 W is selected to be combined

0018-9480/93$03.00 © 1993 IEEE
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Fig. 3. Photograph of 300-W S-band solid-state high-power amplifiers.

TABLE I
HPA PERFORMANCE
Frequency 2.7t02.9 GHz
Pulse width 100 us and 10 us
Duty cycle 11 percent i
Output power 300 W peak minimum
Input power 5 W peak

17 dB minimum
36 V (amplifier)
39.5 V (regulator)
3.6 A (average)
(regulator input)

Gain
Collector voltage

Collector current

Efficiency 26 percent

AP,/AV,, 0.2 dB/V

Ad/AV,, 4.5°/V

V.. regulation 3 mV

Unit to Unit Tracking )
Amplitude 0.5 dB RMS
Phase 10° RMS

Pout (watts)

150

100 L1 1 1
27 2.8 2.9

FREQUENCY (GHZ)

Fig. 4. Variation of output power of 20 S-band 300-W HPA'’s as a function -

_ of frequency.

first stage provides isolation from mismatches of the
loaded line phase shifters (see Fig. 2) that are used.to
phase track HPA modules in the solid-state transmittet. -

A photograph of the 300-W HPA module is shown in
Fig. 3. The performance of 300-W HPA is presented in

2239
45
40 _—— —
= — — —
35 : —
°\° L :
3
I 30
<
o
25
.
20
15 Lk | . |
2.7 . 28 2.9

FREQUENCY (GHZ)’

Fig. 5. Variation of power added frequency of 20 300-W HPA’s as a func-
tion of frequency. ’

Table I. The output power and efficiency of a represen-
tative sample of production high-power amplifiers are
presented in Figs. 4 and 5, respectively.

The 85-W low-power amplifier (LPA) consists of the
first two stages of the 300-W HPA, as shown in Fig. 2.

IV. TrRANSISTOR DEVELOPMENT

A high-power silicon bipolar NPN transistor specifi-
cally needed for S-band high-power amplifiers was devel-
oped. The transistor is a 12-cell device with peak output

power of 85 W at 100 us pulse width and 11 percent duty

cycle over a 2.7-2.9 GHz bandwidth. The device was
specifically designed to operate with a maximum flange
to junction temperature rise (ATy) of 70°C. A low RF
thermal resistance was achieved with a transistor chip that
has a high-density overlay geometry with emitter site bal-
lasting [5]. The 12 cells of the transistor were internally
matched, using bondwires as inductors and MOS capaci-
tors, in an MSC AMPAC* package to provide an input/
output impedances ‘of ~5-15 €. A photograph of the
transistor is shown in Fig. 6. Table II lists the character-
istics of this transistor.

V. 14:1 Power COMBINER DESIGN

The 14:1 power combiner is a center fed, reactive, air
dielectric stripline combiner using maximally flat, two-
transformer sections [4]. The RF schematic of the 14:1
combiner is shown in Fig. 7. The 14 50-Q ports are first
combined in pairs, setting up several lines each at a 25-Q
level. The 25-Q ohm lines are transformed up to 350 ohms
through the two-section maximally fiat transformer. The:
seven parallel 350-Q lines provide a 50-Q ohm input at the
summing point, thereby achieving an impedance match to
50 ohms. A layout of the 14: 1 combiner is shown in Fig.
8. A coupling to anyone of the 14 output/input ports of
11.8 + 0.2 dB is achieved with maximum insertion loss
of 0.35 dB, a VSWR of less than 1.2:1, an isolation of
18 dB and phase variations of less than +6°.
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Fig. 6. Photograph of an 85-W S-band transistor.

TABLE II

ELECTRICAL CHARATERISTICS OF 85-W TRANSISTOR
Frequency 2.7t02.9 GHz
Output power 85 W peak minimum
Pulse width 100 us
Duty cycle 11 percent
Collector voltage 36V
Gain 6.5 dB minimum

Collector efficiency
Pulse droop

40 percent minimum
0.3 dB maximum

A®/AV,, 4.5 deg/V max
AP,/AV,, 0.4 dB/V
O i
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Fig. 7. Schematic of 14:1 power divider/combiner.

VI. MTI IMPROVEMENT FACTOR CALCULATION

The amplitude and phase instability in a train of output
RF pulses place an upper limit on the MTI improvement
factor that can be realized in a radar system [1]. The lim-
iting improvement factor due to phase instability and am-
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Fig. 8. Layout of 14:1 power divider/combiner stripline circuit.

plitude instability are
1 _ interpulse phase change
I =120log <Aq>> AP = (radians) (H

A
AA = amplitude change

amplitude (volts
I =20 log <AAA> P (volts) 2

The measured phase and amplitude pushing factors for.a
300-W HPA were

ad =5°/V 3)
v, "~ = (
AP, '
A—VCC = =0.5 dB/V )

With a 3-mV regulation obtained from the voltage regu-
lator and pushing factors values shown in (3) and (4), the
calculated combined MTI improvement factor for the 300-
W HPA due to amplitude and phase instabilities is 76 dB.

The MIT improvement factor for the transmitter con-
sisting of N amplifiers in the output stage is

MTI improvement factor for transmitter for
HPA + 10 log N = MTI improvement factor (5)

Therefore, for the 12-kW transmitter with 56 amplifiers,
the calculated MTI improvement factor is 93 dB.

VII. SST FABRICATION

The solid-state transmitter shown in Fig. 9 develops 12
kW of output power from 56 high-power amplifiers ar-
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Fig. 9. Photograph of an AN/TPS-73 12 kW S-band solid-state trans-
mitter.

ranged in four quadrants of 14 HPA’s each. Each quad-
rant contains a cold plate for forced air cooling with the
HPA'’s and voltage regulators mounted on both sides. The
quadrants contain back-to-back 14 : 1 reactive, center-fed,
suspended stripline divider and combiner networks in a
radial configuration. The output from two quadrants (3.5
kW each) are combined (also back-to-back), in a wave-
guide magic 7, via direct coupled probes from the 14:1
stripline combiner networks. This unique packaging con-
cept results in a compact, very efficient, 28 : 1 combining
network. The outputs from the magic T’s on each side of
the SST assembly feeds a rotary joint that permits the
right- and left-side upper and lower cold plates and com-
ponents to be rotated outward providing accessibility to
the HPA and regulators on the back side. The HPA’s are
connected to the 14 : 1 divider/combiner by phase-matched
flexible cables and coaxial junction circulators.

Also mounted on the cold plates are the power supplies,
control electronics, RF switching and performance mon-
itoring/fault isolation (PM/FI) circuits, and components.

TABLE Il

12-kW SST PERFORMANCE
Frequency 2.7t02.9 GHz
Pulse 100 ps and 10 us
Duty cycle 10 pércent
Output power 12 kW peak minimum
Input power 15.8 W peak -
Gain 29 dB minimum
AP,/AV,, 0.2 dB/V
AD/AV,, 4.5°/V
V.. regulation 3mV
MTI improvement factor >90 dB
Harmonic levels: 80 dBc

(2nd, 3rd, and 4th)
Intrapulse stability: <1 dB amplitude droop

< +3° phase (linear)

20

il

Pout (KWatts)

L | ! L !
2.70 2.75 ' 2.80 2.85 2.90

FREQUENCY (GHZz)

Fig. 10. Variation of output power of eight 12-kW SST’sas a function of
) frequercy. )

Over-temperature protection is provided by thermocou-
ples mounted in each of the cold plates.

The low-power amplifier (LPA) assembly is located on
the back wall of the transmitter cabinet that contains the
LPA’s and a monitor detector used for low-power indi-
cation and VSWR protection.

VIII. PERFORMANCE

The performance of the 12-kW SST is presented in Ta-
ble II. The variation of output power as a function of
frequency of representative production units are presented
in Fig. 10. The instantaneous bandwidth of 200 MHz,
output power of 12 kW, and required pulse fidelity are
achieved. The MTI improvement factor of >75 dB for
the 300-W HPA was measured. Based on the calculations
shown in Section VI, the projected MTI improvement fac-
tor for the transmitter is >90 dB. At present, 18 MA-
TACALS AN/TPS-73 12 kW solid-state transmitters have
been produced. '

IX. CoNcLusIONS

The design, fabrication, development and performance
of a 12-kW solid-state transmitter (SST) for the Marine
Corps, AN/TPS-73, has been demonstrated. This trans-
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mitter provides the enhanced performance required for
new modern radars and for the upgrades of existing TWT/
klystrons radar transmitters. This 12-kW MATCALS SST
is in full-scale production and is operating at various lo-
cations around the world.
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