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Design Concepts of a 1-MW CW X-Band Transmit/’
Receive System for Planetary Radar

Arthur J. Freiley, Member, IEEE, Bruce L. Conroy, Daniel J. Hoppe, and Alaudin M. Bhanji

Abstract—The conceptual design of the 1-MW X-Band Trans-
mit System for the Goldstone Solar System Radar represents
the next step in the quest to expand planetary radar expirat-
ions. The radar transmitter requirements are summarized. The
characteristics and expected performance of the major ele-
ments are discussed, including the klystrons, power amplifiers,
microwave transmission lines, feed systems, beam power sup-
ply, heat exchanger, phase stable exciter, and the monitor/con-
trol system. An assessment of the technology development
needed to meet the system requirements is given, and possible
areas of difficulty are outlined.

I. INTRODUCTION

RADAR has been used as a tool for the remote explo-
ration of our solar system since 1946, when the first

echoes from the moon were detected. Since this humble
beginning, ground-based radar observations have been
performed on the planets Mercury, Venus, and Mars and
its moon Phobos, the Galilean satellites, the rings of Sat-
urn and its moon Titan, and numerous near-Earth aster-
oids and comets [1]-[5]. The performance of these Earth-
bound instruments has improved through the years by a
factor of approximately 1012 since the first lunar obser-
vations were detected. Such great gains in sensitivity have
been achieved by extraordinary improvements in antenna
size, low-noise cryogenically cooled receiving systems,
high-speed digital signal processing, and higher power
transmitters at higher frequencies.

Currently, the Goldstone Solar System Radar (GSSR)
Project has two radar systems in operation on the NASA/
JPL 70-m shaped Cassegrain antenna at Goldstone, CA
(Fig. 1). The first is an S-band system capable of radiating
400 kW (+86 dBm) while alternately receiving returns
with a 16-kelvin receive system. The “second is a newly
upgraded X-band system capable of radiating 450 kW
(+86.5 dBm) while alternately receiving its returns with
a ~4-kelvin receiving system. With the digital data pro-
cessing techniques also applied, the overall dynamic range
is in excess of 350 dB.

The 70-m antenna features a number of different feed
systems to support the NASA unmanned deep space ex-
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Fig, 1. 70-m shaped Cassegrairf Antenna at Goldstone, CA.

ploration programs as well as the radar feed systems.
These feeds include an S-band diplex /X-band received
system and an L/C-band receive system—both for deep
space mission support, a Ku-band receive-only system for
:adio astronomy, and the two radar systems. The antenna
[s equipped with an asymmetric subreflector that can be
mecisely indexed to properly illuminate the main reflector
with any of the feeds, located in the feedcone structure in
.he center of the main reflector. The X-band aperture ef-
Iciency is 75%, which corresponds to an antenna gain of
74.5 dBi. The antenna is fully steerable to any target
~bove the horizon and has the capability to blind point to
m accuracy of 3 to 5 millidegre,es.

The next improvement in capability of the radar prcs-
gram will come from the development of the 1-MW CW
~-band radar transmitter. At the Jet Propulsion Labora-
tory the conceptual design has been initiated to expand
:he present X-band transmitter capability from 450 kW to
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1 MW (90 dBm) CW with improvements in stability and
operability. This system will extend the dynamic range of
the X-band radar system by 3.5 dB.

II. TRANSMITTER SYSTEM REQUIREMENTS

The transmitters used for radar astronomy systems dif-
fer from conventional radar systems in that they require
high average power, rather than high peak power, over
the bandwidth [6]. It is also important that these trans-
mitters be coherent in order to determine the phase rela-
tionships of the returned signals, and they must have high
phase stability if coherent measurements are to be made
over long periods of time. The transmitter also must be
capable of modulation via a variety of modulation pro-
grams, while maintaining the phase and amplitude fidelity
and pulse-to-pulse stability required for pulse-compres-
sion systems incorporated in the radar.

The above requirements illustrate that high power alone
will not provide the desired CW radar transmitter capa-
bilities. If this were the case, it might be more easily ob-
tained with an oscillator rather than an amplifier. In ad-
dition to the advantage of having dynamic control of
amplitude and phase, the appeal of using an amplifier is
that it eliminates the need for phase-locking an oscillator
to its control signal.

Based on the above requirements, the X-band radar
transmitter specifications are given in Table I.

III. THE TRANSMITTER SYSTEM

As shown in Fig. 2, the transmitter will include a power
supply that converts 2400-V, 3-phase, 60-Hz primary
power to direct current at up to 51 kV with a power lim-
itation of 2.25 MW for the four klystron amplifier beams.
The frequency synthesizer-based exciter and the buffer
amplifier will provide an input signal to these klystrons,
and each of the four klystrons will provide approximately
a 50-dB power gain. The automated transmitter control
will perform monitoring and control of all functions. Pro-
tective devices (interlocks) will prevent damage to equip-
ment by removing voltage and in some cases drive power
in the event of a malfunction. The liquid-to-air 2.5-MW
heat exchanger will be used to cool the amplifier, the
power supply, various auxiliaries to the transmitter, mi-
crowave components of the transmitter, and microwave
components of the transmission line. The following
paragraphs describe each of the above components in
greater detail.

A. Exciter

Fig. 3 shows the proposed configuration of the exciter
portion of the 1-MW radar, which is based on an HP
8662A synthesizer [7]. The synthesizer uses the 1O-MHZ
reference signal from a hydrogen maser to produce a
phase-coherent output at 640 MHz, and a phase-coherent
variable-frequency signal from 10 kHz to 640 MHz with
O.l-Hz resolution, or from 640 to 1280 MHz with 0.2-Hz

TABLE I
1-MW X-BAND RADARTRANSMITTERSPECIFICATIONS

Parameter

Frequency
Bandwidth

RF output power
RF stability

Incidental AM

Phase stability, A~/~
Incidental PM (jitter)
Transmit period
Modulation:

Phase Modulation

Frequency Hopping
Frequency Ramping

Group Delay Dispersion
Polarization

Transmit

Receive

Specification

$3.51 GHz
20 MHz (– 1 dB)
6 MHz (normal usable range)
.1 MW CW (+90 dBm)
+0.25 dB over one planetary transmit/

receive cycle
60 dB below carrier at all modulating

frequencies above 1 Hz
10-’5 (1000 see)
<10 peak to peak
30 s min to 10 h max

Biphase, 40-dB carrier suppression, dc
to 20 MHz

+2 MHz every few seconds
*2 MHz in 200 ms
10 ns over 6-MHz bandwidth

RCP or LCP (one polarization at a time;
cross polarization < – 25 dB)

RCP and LCP simultaneously
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Fig. 2. 1-MW X-band radar transmitter block diagram
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Fig. 3. Exciter.

,resolution. The 640-MHz signal can be picked off and
mixed with the variable frequency output. For the trans-
mitter, the variable-frequency output is set to 830 MHz
and mixed with 12 times the 640 ‘MHz to produce 8510
MHz. In the receive configuration, the variable frequency
is set to 505 MHz and mixed with 12 times the 640 MHz
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to produce a signal at 8185 MHz, which could be used as
the first local oscillator in the receiver. A similar system,
using 3 times 640 MHz, is used for the S-band exciter and
also could be used as a first local oscillator for an S-band
receiver.

Reduction of phase noise is a major concern in the ex-
citer design. By mixing the output of an “extremely low-
noise, high-frequency synthesizer with low multiples of a
clean, fixed frequency oscillator, total phase noise should
be reduced by more than 20 dB from that produced by the
more standard methods of using a high multiple of a low-
frequency synthesizer.

Provisions are made for biphase pseudo-noise modu-
lation, frequency hopping, and continuous frequency
sweep for Doppler cancellation. The frequency hopping
is accomplished by sending frequency step commands to
the synthesizer on an IEEE-488 interface. Doppler can-
cellation is done through a combination of a coarse fre-
quency, set through the IEEE-488 interface; and an ana-
log voltage at the search oscillator input. Phase noise
modulation is done directly with the biphase modulator at
the output frequency.

A power divider is included in the exciter, providing
separate outputs for the phase reference system and kly-
stron drive system in the buffer amplifier.

B. Bufer Amplijier

The functional block diagram for the buffer amplifier is
shown in Fig. 4. For the first choice of transmission line
arrangements (see Section III-D), phase-tracking loops
and electronic polarization control are provided in the
buffer. The phase-tracking loop uses a voltage-tracking
controlled phase shifter in the drive path of each klystron
to compensate for phase changes in klystrons and micro-
wave components. A sample of the output from each kly-
stron is taken as close to the feedhorn as possible and
compared to the reference signal. Symmetry in the wave-
guide paths from the final splitter is still required to pre-
vent differential phase shifts between -the horn inputs.

Because the feed system uses two klystrons to drive the
inline inputs to the horn and the other two klystrons to
drive the orthomode inputs, polarization control is
achieved by the phase shifter after the first splitter in the
buffer amplifier. Phase shifts of +90 degrees yield right-
hand or lefthand circular polarizations. Other phase shift
values produce various elliptical polarizations. A corre-
sponding phase shift must be introduced in the phase cor-
rection loop, but in the case of switching from righthand
circular to lefthand circular polarization, this can be done
with an inverting amplifier after the phase detector. For
the waveguide-based system, no special electronic control
is required in the exciter. In both cases, a solid-state am-
plifier for each klystron provides the required 2 W of drive
power.

C. Power Amplijkr

The power amplifier section of the transmitter contains
four 250-kW CW klystrons. The requirements of high
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Fig. 4. Buffer qmplifier.

power, high gain, efficiency, ease of modulation, and an
output spectrum free from spurious signals and noise make
a klystron linear-beam amplifier the natural choice for ra-
dars, as long as its narrow bandwidth, high operating
voltage, and large size can be tolerated.

Early in 1986, Va~an Associates was contracted by JPL
to develop the state-of-the-art 250-kW CW klystron am-
plifier at 8510 MHz [8]. The design, development, and
production was concluded with the delivery of two kly-
strons in May 1990. The characteristics of this tube, des-
ignated the VKX-7864A [3], are given in Table II. The
weight of the klystron assembly is approximately 835 lbs:
465 lbs for the klystron itself, 270 lbs for the solenoid,
and 100 lbs for the stand. Fig. 5 shows the klystron ready
for installation in the high-power test bed at Goldstone,
CA.

As part of the testing of the klystron, the phase modu-
lation sensitivities were measured. These pushing factors
from variations in any of the tube parameters such as beam
voltage, drive power, body coolant, focus current, or
heater voltage contribute to phase variations in the output
signal and the production of unwanted discrete lines on
the phase noise spectrum. The control and stability of
these factors establish the requirements for the design of
other elements of the ‘transmitter. The phase linearity is
another klystron parameter that becomes critical to this
design. The phase linearity function with frequency and
the variations from tube to tube must be within limits to
allow successful combining of power from multiple tubes
as required to produce 1 MW of radiated power.

As part of the power amplifier assembly, each klystron
is provided with an arc detector at the window and a re-
verse power coupler for protection. In the event of a fault,
these monitors will remove the RF drive before perma-
nent damage can occur. *

One of the critical elements of the klystrons is the fo-
cusing,magnet. This device is a solenoid which surrounds
the interactive volume and keeps ‘the electron beam fo-
cused into a narrow beam between the electron gun and
the collector. A control of better than 1% must be exer-
cised to maintain high efficiency and low body current.
This solenoid normally requires 200-V, 20-A dc power to
provide the proper magnetic field.
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TABLE 11
CHARACTERISTICSOF VKX-7864A X-BAND

KLYSTRON

Parameter Specification

Frequency
Bandwidth
Output power
Beam voltage
Beam current
Efficiency
Gain (sat)
Klystrou weight
Klystron height
Pushing factors

Beam voltage
Drive power
Coolant temp

8510 MHz
20 MHz ( l-dB points)
250 kW min
51 kV
11.2A
45%
50 dB
835 lb
5ft

<0.02 deg/V
<–3deg/V
c –0.9 deg/C

Fig. 5. 250-kW X-band Klystron.

The separate coolant manifold for each klystron will
monitor and control flows, temperature, and pressure.
This data will be routed to the data collection system,
which is described in Section III-H.

The power amplifier, including the ,transmission line
and feed system (described in the following section) will
all be housed in the feedcone. The mechanical layout for
one system is shown in Fig. 6.

D, Transmission Line

Three alternatives for the transmission line system are’
under consideration. The first system is shown in Fig. 7.

PHASE
S!GNALS
TO
BUFFER
AMPL!FIER

[

w;pmy

I

Qr
1-

SECTION 0.0

SECTION A-A

Fig. 6. Mechanical layout.
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Fig. 7. Transmission line system (Option 1).

For this system, the 250-kW output from each klystron
passes through a waveguide switch and directional cou-
pler before being split into two 125-kW signals. Four of
these signals (two pairs) feed the in-line ports of four or-
thomode junctions, while the other pair feeds the orthog-
onal ports. Thus, by adjusting the relative phase between
the two pairs of klystrons, one of the two orthogonal lin-
ear polarizations, RCP or LCP, may be obtained (see
buffer amplifier, Section III-C). The outputs of the four
orthomode junctions then feed the four inputs to the mul-
timode feedhorn (described in the next section). In this
system, phase detectors and electrically controlled phase
shifters will be used to ,adjust the outputs of each of the
klystrons and to provide polarization control. The reli-
ance on electronics reduces the complexity of the wave-
guide layout in comparison to the waveguide-based sys-
tem described below.

Fig. 8 shows the waveguide-based alternative to the
previous system. This system is similar to that used at the
Haystack Hill Observatory in Westford, MA [9]. In this
system, a series of splitters and combiners ultimately
forms four identical signals. Each of the signals is com-
posed of 25% of the power from each klystron, and all
four are equal in amplitude and phase, independent of the
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four klystron outputs. Phase shifters are used in each of
the drive lines to the klystrons in order to minimize the
power in the waster loads. This adjustment is made once,
and if klystron parameters or frequencies change during a
track, only the waster-load power will change.

Polarization is changed mechanically through switches
immediately before the orthomode junctions. Although
this approach is complicated mechanically, it has the ad-
vantage that beam position and polarization purity are vir-
tually guaranteed without the use of any electronics.

The third alternative “being considered is shown in Fig.
9. In this configuration the signals from each pair of kly-
strons are combined. The phasing of the two klystron sig-
nals is monitored by the power in the waster load of the
combiner. Phase adjustments are made to minimize the
power in this load. The output of the combiner is a single
waveguide carrying 500 kW to the feed. The signals from
the third and fourth klystrons are also combined in a sim-
ilar manner. Each of these 500-kW signals then, drives
corresponding orthogonally polarized feedhortis. A more
detailed ‘description of the feeds and power combining
techniques is ,presented in the next section.

The final decision on which of the systems, or a com-
bination thereof, will he used depends on how closely the
four klystrons tubes can be matched in terms of phase,
gain, and group delay versus frequency. Measurements of
these parameters on the first two klystrons agree well and
are well within the limits set to allow the combining of
power from individual tubes. The effects of aging also
must be considered to guarantee that the system will ran
reliably over the expected lifetime of the tubes with min-
imal adjustment.

For any of these systems, WR- 125’waveguide is used
as the high-power waveguide to avoid operation close to
the higher-order modes in WR- 137, which begins propa-
gating at 8600 MHz [10].

The electrically operated waveguide switches allow se-
lection of the radar antenna or water loads of termination
of transmitter output power. The water loads also will be
used for calibrating the output power calorimetrically.

On receive, the klystrons are turned off and switches
are rotated, connecting the receive waveguide to the feed-

Fig. 9. Transmit/receive feed with transmission lines and power amplifier
(Option 3).

horn, Through a series of combiners, RCP and LCP sig-
nals are formed. These signals then enter the dual-channel
maser, and finally the heterodyne receiver. ~In addition,
the existing low-noise system (Fig. 10); which uses a sep-
arate corrugated horn for receiving, will be retained. The
disadvantage of this receiving arrangement is that the an-
tenna subreflector must be rotated between transmit and.
receive cycles. A further disadvantage is that only those
observations with sufficient round-trip light times to allow
the 30-to-60 second switching time can be observed using
the low system noise temperature. The measurements of
the receive system in the existing X-band radar indicate
that the noise temperature is 14.7 kelvins.

Observations of targets with short round-trip light times
will require the use of the integral receive system built
into the transmit system (see Figs. 7, 8, and 9). These
systems will offer switching times on the order of 0.5
seconds and system noise temperatures between” 40 and
50 kelvins.

E. Antenna Feed System

The final element required in the transmission line for
the radar system is the antenna feed, which will launch
the transmitter power toward the subreflector of the an-
tenna. The feedhom should illuminate the subreflector ef-
ficiently and contribute minimum noise to the system noise
temperature. The horn will be designed to meet or exceed
the RF performance of the feedhoms presently in use, with
the added feature of 1-MW capability.

Two alternative feed designs are under consideration;
the first is depicted in Figs. 7 and 8 and the second is
shown in Fig. 9. Experience indicates that conventional
corrugated or dual-mode horns are not capable of han-
dling the 1-MW CW power without breaking down at the
small-diameter input section. It was also found that a
rather large number of small horns arranged in a closely
packed array would be required to illuminate the subre-
flector efficiently. Due to the complexity of this type of
system, as well as the losses associated with the power
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splitting components, the array concept was also rejected
for the 1-MW system.

The first design option uses a multiflare rectangular horn
[11]. Such a horn is well suited to the 1-MW system, since
it possesses an excellent radiation pattern and has been
used in other power applications.

The multimode horn is depicted in Fig. 11. Four square
waveguides feed a large square chamber where the power
is launched into a square multiflare horn. Since the larger
chamber is oversized for the frequency of interest, the sum
of the power in the four waveguides can be supported
without breakdown. In the present case, each of the guides
must support 250 kW, and the larger chamber 1 MW.
Flare angle changes are used to generate the required
higher-order modes for pattern symmetry.

The analysis of the horn is carried out using mode-
matching methods [12] from which the overall scattering
matrix of the horn is obtained. Using these results, the
input match, as well as the far-field radiation pattern, can
be predicted for arbitrary input levels and phases in the
four input guides. Calculated radiation patterns for the
horn at 8.51 GHz are shown in Fig. 12. Details of the
design, analysis, and measured performance are pre-
sented in [13].

Estimates for the peak electric fields in the horn indi-
cate that the maximum level (about 6.9 kV / cm) occurs
in the four feeding waveguides, which are 0.95 in. square.
This should be compared to the present 450-kW WR- 125
waveguide system (about 9.0 kV / cm) and the theoretical
limit for a 0.95 -in.. square waveguide, which is about 2.1
MW. Resonant ring tests [14] will be used to evaluate the
power performance of orthomode junctions and the horn.
Should arcing become a problem, backup approaches in-
clude evacuating areas of the horn or pressurizing them
with a dielectric gas such as sulfur hexaflouride (SFb).

The second feed approach is similar to the existing
X-band system now in operation on the 70-m antenna at
Goldstone. The power from each of two klystrons is com-
bined and channeled to a single feedhom illuminating the

SEC A-A

Fig. 11. 1-MW Multiflare Horn.

-r’7T7

Fig. 12. 1-MW multiflare horn patterns at 8.51 GHz.

antenna. In the 1-MW version, each of these 500-kW sig-
nals from the transmission lines is channeled to one of two
standard 22-dB corrugated feedhoms through a transmit/
receive select switch. The two horns are physically or-
thogonal to each other and separated by the polarization
grid. Fig. 13 shows the grid under test on the antenna
range. This model consists of parallel bars spaced in such
a manner as to allow a perpendicular linear signal to pass
through virtually loss free and a parallel linear signal to
reflect off the grid. The grid has been tested with a 500-kW
signal in the transmission and reflection modes of opera-
tion. When one end of the grid element was allowed to
expand due to temperature increase, the signal was able
to pass through with no measurable effect on feedhom gain
or pattern. The reflected signal also showed no evidence
of degradation. Peak temperatures of the grid were mea-
sured at 500 to 700 centigrade above ambient during the
radiation tests. The temperature gradients across the grid
were consistent with the Gaussian shape of the RF beam
from the feedhom.

The signal from the lower horn is polarized orthogo-
nally to the elements of the grid, and passes through with
little or no loss. The signal from the horizontal horn is
polarized such that the signal is reflected off the grid. The
result is the ‘combining of the two orthogonal signals in
front of the grid. With the correct phasing of these sig-
nals, a righthand or lefthand circularly polarized signal is
radiated to the subreflector.
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(a)

(b)

Fig. 13. Polarization grid under test on the antenna range.

The window at the aperture of each feedhorn is a con-
cern at these high power levels. This window is used to
maintain 4-6 ounces of positive pressure in the feed and

transmission lines to prevent arcing from contamination
in the system. The window is made of Kapton, a material
known for its relative low loss and tensile strength but
which has poor heat dissipation qualities. Special care is
needed with the present system to prevent organic mate-
rial from collecting on the window and creating localized
heating. This heating can cause a failure of the window
and contamination of the system.

Testing of a replacement quartz window with a thick-
ness of 0.357 inches has shown certain advantages over
the Kapton window. With 250 kW of RF energy the quartz
material shows lower loss and better heat dissipation; as
a result it operates at a lower temperature.

F. Beam Power Supply

A block diagram of the beam power supply is shown in
Fig. 14. The 3-phase, 60-Hz power at 12.600 V is sup-
plied to a commercial substation (Edison), which steps
the voltage down, to 2400 V. The power lines from the
substation are run underground for the last mile before
reaching the antenna site to prevent any interference that
may be generated. Under critical operation, this 60-Hz,
3-phase, 2400-V power could be supplied by the diesel
generators as well. This 2400-V, 60-Hz power is applied
to the 4000-hp motor o’fthe main motor/generator set.

This motor/generator set converts the 60-Hz power to
3-phase, 400-Hz, 2400-V power. The power is then con-
ditioned by the transformer/rectifier, where the power is
stepped up in voltage and rectified to supply 51 kV at
44 A dc to the four klystrons in the power amplifier. The
design in this power supply will maintain output ripple
under full load at less than 0.05 %, and voltage regulation
of 0.01%, with settling time of 200 ms.

This frequency ‘conversion from 60 to 400 Hz might
seem unnecessary, but it actually provides worthwhile
technical and economic advantages. It isolates the power
line from a crowbar of the dc supply and greatly simplifies
line protection. It also isolates the supply from short-du-
ration line voltage fluctuations and transients due to the
large inertia of the rotating machines. The change from
160to 400 Hz reduces all transformer and filter sizes and
(costs.

The ability of the beam to remain ripple free and tightly
regulated, and to settle in 200 ms, will require a unique
and state-of-the-art feedback control circuit. The design
is in progress and the first approach is being tested. The
supply also must be capable of withstanding the stress im-
posed on it when an arc occurs in any klystron and all the
power is removed in 10 microseconds from all the kly-
strons as Pam of the system protective interlocks.

G. Cooling System

The cooling system provides a 2.5-MW cooling capac-
ity for klystrons, focusing magnets, high-power micro-
wave components, water loads, feed, and the transformer
rectifier, including the motor-generator clutch. Basically,
the cooling system is a closed loop that consists of a heat



1054 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 6, JUNE 1992

IFEEDBACK TO

DIESEL GENERATOR
LIMITER

GENERATOR
REGULATOR

RESISTOR

MOTOR

60 Hz

42,600 v

60 Hz

3$ — ,

TjJ:~~LR

CONTROL

--

Fig. 14. Power supply block diagram.

exchanger, a distribution manifold, and all connecting
piping. Coolant is circulated through the cooling system
by the heat exchanger pumps. The coolant gains heat as
it passes through the RF system (buffer amplifier, power
amplifier, and microwave components) and loses heat as
it passes through the heat exchanger. A purity loop is con-
nected to the input of the heat exchanger to maintain the
purity of the coolant. Resistivity of the coolant is main-
tained at 1-2 megohms.

As part of this transmitter modification, the pumps for
the existing system will have to be upgraded, including
replacing all of the 6-inch water lines, and a complex
water-switching mechanism will have to be installed., The
existing water-to-water heat exchanger will have to be
changed to a liquid-to-air heat exchanger to improve the
efficiency of the cooling system.

H. Monitor and Control

Operation of the 1-MW radar will be extensively au-
tomated, The control system’ will comprise an HP Indus-
trial Vectra computer, two HP 38526 Data Acquisition
and Control units, a frequency counter, and a multichan-
nel power meter. All the instruments will be connected by
an IEEE-488 interface bus, with a fiber optic extension
between the control room and the feedcone area of the
antenna at distance of 700 ft. The IEEE bus will also con-
nect to the synthesizer in the exciter.

The monitor and control software will be written in
Ada, a language especially designed for hardware control
applications, and will make use of artificial intelligence
principles to maximize the system functionality while
maintaining a simple user interface. It will automatically
keep long-term data logs to look for trends and predict
failures before they can disable the radar. It will correlate
data from different sources to distinguish between sensor
problems and transmitter problems, and it will be able to
calibrate the RF power calorimetrically to within O.1–0.2
dB by precision measurement of the flow rates and tem-
perature rises of the coolant in the water loads.

IV. CONCERNS

The general concepts presented here make it clear that
a 1-MW radar transmitter will be a very complicated sys-
tem, giving rise to several areas of concern. Of primary
concern is the possibility of waveguide/feedhorn break-
down in a system using a standard 22-dB horn and
waveguide. The system using the multiflare rectangular
horn combines the full 1-MW of power inside the large
throat section, thereby reducing the risk of arcing. The
second approach sidesteps the problem of the full 1 MW
in any wa”veguide at all by combining the power above
the polarization grid. This approach also uses elements of
the existing system that have been demonstrated at 450
Icw.

The fundamental problem in the development of any of
the high-power components is the lack of testing facilities
capable of power levels well above the level of operation
to ensure a safe power margin. In the development of this
system, no 1-MW CW capability will exist until well into
the program, when all four klystrons are delivered and
operating as a unit, Resonant ring testing can be used for
some components, but the most critical components, such
as the feedhom and the polarization grid, can be tested
under full power only when the 1-MW capability exists
in at least a test bed configuration.

Several areas of concern involve the 250-kW klystrons.
Each system under consideration demands that the four
klystrons have matched gain and phase characteristics
over the band of interest. The tube-to-tube matching or
repeatability must be determined. The first two tubes that
have been delivered show promise, but time will tell if
subsequent production of tubes will match as well. In or-
der for each klystron to meet all requirements, the system
must present a 1.05 to 1 VSWR. This will be a difficult
requirement to meet.

The feedhom window must be capable of handling 500
kW to 1 MW to meet the range of requirements described
in this report. The Kapton windows are marginal. Quartz
windows show promise but the final results and decisions
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depend on further development and testing with the high-
power test facilities.

This transmitter system will be the most complicated
transmitter in the field and will require special knowledge
and care from the maintenance personnel at the site. Also
of concern is the environment in which this system is to
be installed. The present feedcone design offers limited
space in which to install this system. To accommodate all
radar functions and other radio astronomy equipment a
larger feed module is recommended as an alternative to
the cylindrical feedcone.

With the 1-MW radar system on the 70-m antenna the
effective radiated power would be about 2.5 trillion watts
and have a dynamic range of greater than 354 dB. This
great sensitivity would allow the study of more distant
astronomical objects with better resoluion than ever be-
fore. The asteroid program would benefit the most by in-
creasing the number of small and distant objects than can
now be detected by a factor of 4 to 7. Equally important
is that many observations that are now only barely de-
tected would be subject to much more refined observation
and analysis. The determination of rotation and pole po-
sition, delay Doppler determination of figure, and high-
resolution ranging for astrometrics would greatly benefit.
The astrometrics program is especially important for the
observation of newly discovered Earth-crossing objects to
be sure they can be detected at the next apparition. Ac-
curate ephemerides of these objects are essential to pre-
dict possible collisions with Earth.

Currently, one of the most important observation tar-
gets is Titan. At best, we can do primitive detections of
this moon, but the 1-MW transmitter will allow better im-
aging, more accurate cross-section measurements as a
function of rotational phase, and estimates of the scatter-
ing mechanism involved in the reflection process. These
improved observations are needed to help define the Cas-
sini spacecraft radar that will image Titan at the end of
this decade.
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