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COMMUNICATION SATELLITE
OUTPUT DEVICES
N. E. Feldman

The RAND Corporation, Santa Monica, California

INTRODUCTION

A COMMUNICATION SATELLITE operating at microwave frequencies is
not constrained to the use of a vacuum tube for generating an output
signal. Various semi-conductor devices are also available and, though
they are subject to certain limitations, they offer advantages which
make their use attractive in some applications. Both semiconductors
and vacuum tubes have been subjected to intensive development for use
in the unique enviromment of space-craft. As a result, semiconductors
are available with improved resistance to damage by charged particle
flux, and semiconductor circuits are available whose performance is
less influenced by temperature variation. Similarly, extremely light
weight vacuum tubes have been developed which utilize heat transfer

without fluid flow.

*
Any views expressed in this paper are those of the author. They

should not be interpreted as reflecting the views of The RAND Corporation
or the official opinion or policy of any of its govermmental or private
research sponsors. Papers are reproduced by The RAND Corporation as a
courtesy to members of its staff.

This paper originally appeared as "Section V. Satellite Output Devices"
of RAND RM-4298-NASA, Multiple Access Techniques for Communication Satellites:
I. Survey of the Problem, September, 1964, and was sponsored by the National
Aeronautics and Space Administration under Contract No, NASr-21(02), It
was revised June 1965,

~The author is indebted to Edward Bedrosian of The RAND Corporation for
suggesting the empirical approach used in generating Fig. 6, and to Worthie
Doyle for helpful comments,



In general, for communication satellite operations, either type
of device must have a long operating life with high reliability at
the lowest possible cost in system weight. The cost in system
weight in this case includes the weights of the output stage, any
high level driver stages which may be necessary, the associated
voltage conversion and regulation equipment and the associated prime
power or energy source. The relative ability of semiconductor devices,
such as tunnel diodes, transistors, and varactor diodes and vacuum
tube amplifiers such as triodes, klystrons, amplitrons and TWIs to
generate signal power efficiently at frequencies of 1 to 10 kMc and
power levels of 0.1 to 100 watts is the primary concern of this

paper.

I1. SEMICONDUCTORS

Semiconductor devices currently considered for output stages are the

tunnel diode, the transistor and the varactor. Tunnel diodes are presently

restricted to power outputs below 100 milliwatts.(l) In fact, most tunnel

diode amplifiers and oscillators in the 1 to 10 kMc range have power out-
puts in the 0.0l mw to 20 mw range. Because of their low power, tunnel
diodes are not useful as output stageé for communication satellites when
one or a few diodes are used, since they provide too low an information

(2)

rate for the ground terminal investment. To overcome this limitation,

techniques for using these devices in large arrays(3’4) have been proposed,

but such schemes are dependent on the development of suitable techniques




for erecting and pointing arrays. The low incident signal levels at
the tunnel diode result in essentially linear operation so that except
for a more restricted bandwidth, large arrays of tunnel diodes would
be comparable to large passive reflectors.

Although present transistors are able to provide about 1-2 watts

at 1000 Mc in laboratory units’(5,6,7,8)

(8)

only about 1 to 10 mw are

available now at 4000 Mc. Transistors have just begun challenging

vacuum tubes at the 5 to 25 watt level in the 100 to 500 Mc range.(g’lo’ll)
It will be years before this range is extended upward significantly, be-
cause of the difficulties of fabricating the higher-frequency power
transistor. Thus the transistor is not a sufficiently high-power output
device at about 4 kMc for use now as the output stage of an active com-
munication satellite.

Continuing research can be anticipated on space arrays employing
large numbers of low to intermediate power solid state devices such as
tunnel dicdes and transistors, in order to solve the problems of generating
high power in space, of radiating large quantities of waste heat i.e.,
plate or collector dissipation, and of lifetime and reliability. 1In

principle, the antenna gain possible with arrays may for some applica-

tions offer a means of avoiding the first two problems, while the high

redundancy of the devices may permit solutions to the last two problems.
Solid-state medium-power generation today above 1 kMc utilizes

(8,12)

varactor diodes. One method uses varactors as frequency multi-

ers(12’13’14’15’16) as shown in Figs. la through lc At the present,

pli
doubler circuits using single diodes can yield up to 20 watts at 1000
Mc.(17) Using devices which are now becoming available, 15 per cent

overall efficiency at 4 kMc at the few watt level should be achievable.
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Figure lc shows one method by which such improvement may be obtained.

A similar gain in efficiency could be realized through greater improvements
in diode efficiency or in higher-frequency transistors. Microwave amplifi-
cation and parametric frequency multiplication within a single transistor(ll)
may eventually offer better efficiencies than the combination of a tran-
sistor and a separate varactor diode.

Another approach to solid state varactor power generation is shown
in the circuit of Fig. 2--a parametric upconverter(12’13’18’19) in which
the pump power is generated in a narrow-band (0.1 té 0.5 per cent) varactor
multiplier chain. By virtue of the narrow bandwidth permissible for the
transistor amplifier, driver, and multiplier, the pump chain offers higher
efficiency than can be obtained in the broader-bandwidth circuits assumed
in Figs. la through lc for processing a communication signal. The increased
efficiency of the chain cannot, however, fully offset the power loss of the
upconverter from pump to output frequency. Typical converter efficiencies,

19,20)i’e output power/pump power, are about 50 per cent for frequencies

“s
from 2 to 8 kMc. Thus there is a net loss of efficiency compared to the
multiplier circuits of Fig. 1; but there is an important difference in the
characteristics of the two in that the multiplier chain multiplies (i.e.,
expands) the signal bandwidth as well as its center frequency, while the
upconverter produces a pure frequency translation. A high intermediate
frequency of 200 Mc or more (the upper sideband) and filtering are desirable
to facilitate rejection of the carrier and lower sideband, as well as other
frequency components present in the upconverter pump signal. Although

upconverter bandwidths have been limited to 0.1 to 0.2 per cent based on

output frequency, 1 to 2 per cent has recently been demonstrated, without

(18,
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sacrificing efficiency. The corresponding bandwidths based on the
input signal range from 10 to 50 per cent for signals from 25 to 500 Mc.

In order to obtain the power levels and efficiencies cited in Fig. 1,
a rather sophisticated technology has evolved. The proliferation of
companies engaged in research and development on solid-state multi-
pliers, and the diversity of their applications, has resulted in a
dynamic technology with widely disparate achievements. The comments
which follow attempt to reflect general experience in this area, but
are oriented toward space applications rather than competitive volume
production. Today the obstacle to achieving results comparable to
those éhown in Fig. lc is not primarily due to the inability to manu-
facture devices capable of such performance but rather due to the
limited supply of highly skilled circuit designers and of funds and
time for optimizing the design. This problem may continue to exist
because the market for equipment which squeezes the last drop of
efficiency out of components is a limited one; for example, until the
space age, the design of high efficiency microwave tubes at the 2 to
20 watt power level was essentially an academic problem.

To handle the drive powers or to obtain the efficiencies shown in
Fig. 1, it is sometimes necessary to parallel varactors. This can be
done in the conventional mammer, or in & balanced microwave configura-
tion with little loss in efficiency but with a doubling of the allowable

(21)

power level and other advantages. Operating at a lower power level

per diode permits higher efficiencies to be obtained, as is evident from
Figs. 3 and 4. The data in these figures are based on circuit performance
at room temperature for a single stage as furnished primarily by one manu-

(16)

facturer, but they are fairly typical. The exception in both figures
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(17,22) More recent experimentally

(1)

is the one point furthest to the right.
determined efficiencies by the same manufacturer are somewhat lower
at the 2.5 kMc input frequency and substantially lower at 5.0 kMc input
for doublers, but are substantially higher for triplers at 5.0 kMc input.
Since the performance of varactor circuits as calculated from the diode

(8)

parameters has not correlated precisely with measurements, manufacturers
have begun to characterize the devices by means of the circuit parameters
of frequency and power level. It may be noted from Figs. 3 and 4 that
varactor multiplier efficiency is much more sensitive to the operating
frequency than to the power level.

To obtain optimum efficiency, the diode must be selected in each

(23)

stage to suit the drive level. For diodes emphasizing ''snap-off',

step-recovery or charge storage effects(ls’ 17, 24, 25)

this restriction
becomes less important. At the higher frequencies, breakdown voltage

and thus allowable drive power becomes limited if the varactor is to

have high Q (and thus high efficiency). Even optimally selected diodes

can handle less power and are less efficient at the higher frequencies,

as is evident in Figs. 3 and 4. For still higher power levels, paralleling
numbers of diodes is being studied. Paralleling complete multiplier chains
is possible, but results in a 1 to 2 db loss at present relative to the sum

of the powers.(26)

27)

also possible but requires careful matching of DC and RF characteristics,

Paralleling transistors in the varactor chain driver is

and results in a loss of some gain and efficiency.(zg) Typical 3-db band-

widths of the complete chains in Figs. la through lc are 1 to 5 per cent.
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Larger bandwidths e.g. 10 to 20 per cent(%7) are obtainable by trading

efficiency.(l’ 29)

Where bandwidth is important, doubler chains are in general prefer-
able to chains using triplers. As far as efficiency is concerned, how-
ever, the lower efficiency of the tripler is offset by the fewer number
of stages required, assuming the terminal frequencies are about the same.
Thus Fig. 5 shows that for 2 watts input, the power at 400 Mc and again
at 3200-3600 Mc is about the same, using typical varactor efficiencies
from Figs. 3 and 4. The point is that the efficiencies arrived at in
Figs. 1b and lc are not due to any inherent advantage of triplers. The
choice between doublers and triplers is made on the basis of available

high-efficiency transistors providing moderate gains, and by considera-

(27)

tion of the terminal frequency. Cost of diodes and reliability

(12)

favor the tripler; lower power dissipation per diode, ease of design

(27)

and tuning plus greater overall bandwidth favor the doubler.

Cascaded multiplier stages must have more bandwidth and must be
carefully matched over a larger band than will be used, to allow for
bandwidth shrinkage(27) and to avoid spurious oscillations and instability.

High efficiency broadband stages may require further decoupling with a

(29)

subsequent loss in efficiency. Interstage coupling losses may reduce

overall multiplier efficiency to less than that of a single higher order

1,12 cees .
stage, particularly at the lower frequencies.( 12) The difficulties

(1)

increase with the number of cascaded stages.

The preceding figures are for operation at +20°C. As the ambient

(23)

temperature is raised, efficiency falls. Assuming that the change

in diode junction capacitance is compensated for, the diode stages still
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degrade with increased temperature due to the series resistance. If
the transistors have adequate cooling and are operated in the safe
area(s) to prevent thermal instability, a typical decrease in the over-
all chain efficiencies of Fig. 1 would be about 25 per cent as the

(29,30)

. 0 o)
temperature increases from +20 C to +80 C Some units, however,

show little change.(1’23’31)
For present transistor and varactor technology, to obtain maximum
power requires driving at 50 to 100 Mc and multiplying thereafter;(24)
for maximum overall efficiency, however, driving should be at 350 to
500 Mc. In order to realize the drive oower levels of Fig. 1 with high
overall efficiency, the transistor driver may require a higher voltage

(28,29) Where such a

than the typical 28-volt supply, e.g., 40 volts.
regulated supply is available the solid state circuitry can operate
directly off the supply, thus eliminating the need for the voltage
conversion equipment associated with vacuum tubes.

Using the three transistor drive levels of Fig. lc and various
combinations of doublers and triplers (from four doublers through three
triplers), a set of twelve block diagrams were prepared reflecting the
near-future technology of Fig. lc. The overall driver-multiplier effi-
ciencies of these twelve combinations are plotted in Fig. 6 as a function
of output power level, and cross-plotted in Fig. 7 to emphasize the fre-
quency dependence of efficiency.

The choice between the varactor multiplier and the upconverter
approaches is made primarily on the basis of the signal characteristics
and the signal processing requirements for the specific application.
Although the efficiency of the upconverter approach is lower, it may

approach the efficiency of the wider bandwidth varactor multiplier chain.
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Thus the results of Figs. 6 and 7 may be considered as applicable to
both approaches.

At present the higher-performance solid-state devices are in only
limited production, and short-term performance characteristics are not
always reproducible. Few data are available on their long-term performance.
Since the space environment may present further difficulties due to charged-
particle flux and temperature and drive level variations, it should not be
assumed that the high reliability normally associated with solid~state cir-
cuitry will invariably be achieved with such devices in space communication

applications.
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IXII. VACUUM TUBES

The four primary types of vacuum tube amplifiers considered

. . . . . 32,33
for communications use in space vehicles are trlodes,( »33)

(34,35) (36,37) (38,39,40,41,42)

klystrons, amplitrons and TWTs.

Triodes

Appreciable power is available from triodes at 1 ko(43) in
cavity amplifiers; but above this, power output, gain and efficiency
fall rapidly with frequency. Furthermore, at higher frequencies,
long life and high efficiency become incompatible.

The JPL Ranger transponders at L-band used an improved version
of the ML 6771, i.e., the ML 546 in a pair of cascaded triode cavity-
amplifiers. The second triode has a 3-watt output* and an efficiency
of 38 per cent, so that the two-stage overall efficiency is 25 per cent
at 960 Mc. Complete telemetry transmitter packages at 2200-2300 Mc

offer 4-5 watts output with over 10 per cent overall efficiency--(45’46)

(45)

and a minimum life of 5000 hours with servicing and maintenance.
Although overall efficiencies at 2 kMc (including heater power) of

15 to 20 per cent for a several-stage triode amplifier are possible

at the 10 to 20 watt level,(g) this drops to 10 per cent at the 1-to-2

watt level; using reliable tubes operated to obtain a 25,000 to

(32,33)

50,000 hr life results in roughly half these efficiencies,

assuming one starts with a few milliwatt drive signal. About the

*
For plots of the output power variation as a function of fila-
ment voltage over an interval of 16,000 hrs, see Ref. 44.
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best that is possible without derating for extremely long life is

exhibited by the Mariner C triode transponder.
(47)

or an im-

(48)

The Mariner C planned to use the Siemen's RH7C,
proved version (the V251) in the 2200-2300 Mc telemetry band. The
standard commerical version is rated for 4 watts at 4 kMc in a cw
oscillator at 14 per cent efficiency (4.8 watts of heater power and
28.8 watts of plate power) but exhibits parameter changes after
1000 hr and has a typical life of 2000 hr. The 6000 to 8000 hr life
desired for the Mariner application is not obtainable in present
tubes at the 10-watt level at 2 kMc. JPL funded the development of
an improved tube (the V251) at Siemen's, having an objective of 1 db
degradation in 10,000 hr. Although the original tube was designed
to permit operation up to 6 kMc, this will no longer be possible, as
the internal spacings are being increased and the emission density
lowered to obtain more reliable operation at 2 kMc. Since the equip-
ment is designed to operate from -10° to +75°C, the output cavity
must be temperature-compensated; stabilization is accomplished by a
tuning slug which is hydraulically actuated by the fluid in a bellows.
At the 8 to 10 watt level the 2295 Mc V251 cavity amplifier has a
gain of 13 db, a heater power of 4.0 watts, and a plate efficiency
greater than 27 per cent (600 volts, 50 ma) for an overall single
stage efficiency of 23 to 33 per cent. The 3 db bandwidth i8 7 Mc or
0.3 per cent.

Negative grid tubes have been used at higher frequencies than

2 kMc with long life. Using the WE416B(49) (designed for the TD-2

overland microwave link) for example, a 100 Mc bandwidth is achievable
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at 4000 Mc (2.5 per cent) with extremely long life. The output power
level is 50 mw at 9 db gain, or 500 mw at 5 db gain; the plate ef-
ficiency is less than 10 per cent, and the overall efficiency of the

single stage is less than 5 per cent.

Klystrons

Efficient, reliable, high-frequency operation has long been a
characteristic of power klystrons, and, in the range of 1 to 10 kMc,
tubes are readily available at power levels from 1 kw to 100 kw cw.
Although high-power cw klystrons have typical beam efficiencies in
the 30 to 45 per cent range (without collector depression), low and
medium-éower klystron amplifiers are rather poor in this regard
because they have concentrated on gain, noise figure, and stability.

Low to intermediate power klystrons focused only by electro-
static fields in the electron gun, e.g., Varian's VA-832, have had
overall efficiencies of only 5 to 10 per cent; an improved version,
however, the VA-411, has demonstrated 18 per cent beam efficiency at

104 watts cw at 8.8 ka.(SO)

Little further improvement in efficiency
is anticipated.

ESF (electrostatically focused) klystrons are light in weight
(2 1b or less since they eliminate the conventional heavy permanent
magnet), narrowband (and thus may require no output filtering),
relatively insensitive to load VSWR (possibly eliminating an output
isolator), and small (3%'" diameter x 4%" high at S-band for a
20-watt tube). They are also relatively less sensitive to power

supply ripple or other supply voltage fluctuations than are syn-

chronous beam devices, and may have automatic protection against
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positive ion bombardment of the cathode due to the ion trapping by
the focusing potential gradients.

In the 13910 tube, 34232251

an ESF klystron using lens elec-
trodes between the input and output cavities, and developed under the
Apollo program, an overall efficiency of 29 per cent has been demon-
strated at the 20-watt level without depressed collector operation.
Saturated gains are typically 15 to 45 db and bandwidths are 0.1 to
0.3 per cent; high gain in low-power klystrons has always been asso-
ciated with narrow bandwidth.

The demonstration of high efficiency in klystrons (65 per cent)
by means of biased output gaps and also by means of distributed inter-

(51)

action structures, and the associated increase in bandwidth of

the latter approach,(SI)

has aroused interest in the development of
hybrid klystron-traveling wave tubes from 20 to 500 watts for space
communications.

Moderately high-power klystron tubes have demonstrated lifetimes
of 5000 hr, and some tubes have exceeded 15,000 hr of operation. With
proper derating of the cathode emission density and with ion trapping,

a lifetime of 50,000 hr or more in low-power tubes should be readily

achievable since the gun design is similar to that of TWIs of the

same power level (for which such lifetimes have been demonstrated).
Since ESF configurations differ significantly from conventional
klystron design, their capability for long life operation cannot be
taken for granted; it remains to be demonstrated. Thus availability
of a flight rated electrostatically focused klystron is several years

(52)

away .
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Amplitrons

A lightweight amplitron (a crossed-field continuous cathode
reentrant beam backward-wave amplifier) for space applications was
thought to be impossible some years ago because of the large magnet
weight considered essential for even a low-power tube. Since then a
20 to 25 watt, 2-1b tube (including magnet) has been developed(36’37)
which has an overall efficiency of 40 to 55 per cent while offering
in addition a moderately good gain, 17 db, instead of the 8 to 10 db
characteristic of high-power amplitrons. Other tubes have been built
and operated at from 10 to 100 watts for up to 1500 hr. Since high-
power pulsed magnetron life has been raised in recent years from a
typical figure of 50 hr to values as high as 1000 to 5000 hr, omne
might expect a low-power cw amplitron to perform at least as well.

If so, the low-power amplitron would possess a reasonable life for
some space applications. It is unfortunate that no life data are
available on recently fabricated tubes to indicate if the low-power
amplitron is in the 5000 hr life class.

To protect the driver stage from reflected output power (the
backward insertion loss is less than 2 db) as well as from reverse-
directed power generated within the amplitron, a circulator or
isolator is desirable at the input to the tube. The tube is not
stable under short-circuit conditions nér at low RF drive levels,
but would not be damaged under these conditions. Like all backward-
wave mode tubes, the amplitron is voltage-tunable and thus sensitive
to power supply voltage; in addition, a constant current regulator is

required to stabilize the output power level. Heater power must be
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varied from start to operation; it also varies from tube to tube. To
avoid shortening cathode life, a feedback loop must regulate cathode
temperature. Logic circuitry is required to ensure proper mode ac-
quisition, i.e., to recycle the anode output voltage automatically if
drive power is momentarily lost.

Despite these complications, an overall transmitter efficiency
of 38 per cent including all power supply and control circuits has

(51)

been reported using a QK-1300, 20 watt cw S=band tube. As part
of the LEM program (Lunar Excursion Module), RCA awarded a subcontract
to Raytheon for a large number of transmitters at about 40 per cent
efficiency at the 25 watt level at S band.

The space amplitron has been under development for several years,
but the funding has until recently been at too low a level to supply
any answer to the life question, or to produce electrically reliable

reproducible tubes. The scope and funding of the LEM amplitron

package development should be adequate to establish the capability

of the amplitron approach.

Traveling Wave Tubes

With the demonstration of 30,000 hr life on a dozen 5-watt M1789
prototype TWIs for the Bell System's TH link (the production version
is the WE444A) and the use of M1958 TWTs in a missile guidance

system,(ss) by late 1959 the TWT emerged as the best contender for

communication satellite use above 1 kMc at power levels of a watt or more.

*The choice of triodes for the Advent program about October 1958
led to the obsolescence of the communications payload design relative
to current technology within a short interval, and contributed to the
need for reorientation of the program.(53s54)
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NASA programs in communication satellites took cognizance of

their potential for reliable, efficient power generation, resulting

in TWTs for Telstar, MAOAI;(38’55) (42,56)

(39,57)

Relay, A-1245; Syncom,

(58)

TWT

314H; with a backup TWT for the latter, WJ-237.

(59) (39)

developments for Advent, WJ-231; and MACS,

(40)

Surveyor, 349H;
WJ-251 and the X-1131; Apollo, 394H;(39) Pioneer, 214H; Mariner 4,
216H; Lunar Orbiter, 220H; Application Technology Satellite, 384H;
Early Bird, 215H; and Saturn Telemetry, 212H were also funded. These
programs represented diverse frequencies and power levels and two
focusing schemes--field reversal and periodic permanent magnet (PPM)
focusing. Straight-field permanent-magnet (PM) focusing has been
displaced by the lighter one- or two-field reversal permanent-magnet

(38)

approach, and bifilar helix electrostatic focusing has been

(41) by PPM focusing. The power levels of the space tubes

eliminated
range from 2 to 35 watts of saturated power, although TWTs at the
100- to 1000-watt cw level for airborne and ground use are readily
available from 1 to 10 kMc.

The heater requirements of some of these tubes are shown in
Fig. 8.* The highér heater powers sometimes correspond to larger

cathodes. This is necessary if longer life is required, since the

emission density must be lowered. A larger cathode and a higher

*The reader 18 cautioned not to draw conclusions regarding the
relative merits of the various manufacturers' tubes inasmuch as these
data are not based on the same criteria. Some figures represent ob-
jectives, some beat values on a single prototype tube, others are
average values based on measurements on a significant number of tubes,
while still others are guaranteed values.
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convergence (cathode area to beam area) gun is then designed. The
data of Fig. 8, according to manufacturers' predictions, correspond
to a 30,000 hr or more life. The dashed line represents the lower
bound set by present technology. Some of the tubes above this bound

are designed for 80,000 hr life. End of life is set by oxide

(392,60) (39)

inadequate diffusion rate of the reducing agent,
(38)

depletion,
or by inadequate chemical reaction rate of the coating. Further
test data (beyond the roughly 26,000 hr accumulated to date on each
of a dozen tubes) are required to substantiate the 20,000 to 90,000 hr
life predictions in the case of some of the Hughes tubes because of

their radical departure(39’57) (38)

from proven BTL technology.
Beam efficiencies (RF out/DC input) of 30 per cent are now
readily obtainable. After careful optimization, the average beam
efficiency of sixteen 394-H tubes was 35 per cent, the average of
fifteen 215-H tubes and of one batch of sixteen 384-H tubes was
39 per cent. The median efficiency was approximately equal to the
average. The minimum efficiencies in the samples were 2 to 4 per cent
below the average. The preceding figures were for rated voltages, a
limited frequency band, best drive level (values are 2 per cent less
for non-optimum drive), and ambient temperature. These results are

similar to those achieved by other manufacturers of space TWTS-(SZ)

Many of the factors degrading TWT efficiency(ﬁl)

may prove amenable to
improvements. If such techniques as tapered slow-wave structures
(velocity or phase taper), high perveance solid or hollow beams, and

multiple stage depressed collectors (two or three instead of just one)

are used, for example, it may be poasible to obtain much better than
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40 per cent beam efficiency. Traveling wave tube efficiency, using
such an optimized 40 per cent beam efficiency figure and the lower-
bound heater power curve, is shown in Fig. 9.

In present TWTs used for space communication, so many parameters
are involved in design tradeoffs that the dependence of beam efficiency
on either frequency or output power is completely masked. Thus, a
constant beam efficiency of 40 per cent has been assumed. Tubes
often provide a higher power output at a particular frequency in the
band, and selected tubes often provide appreciably more power output

(57)

than the average. Thus 50 per cent beam efficiency can probably
be demonstrated at particular frequencies by selected tubes operated

under optimum conditions. Overall efficiencies approaching 50 per cent

including heater power would then be possible. At present the re-

. quired tubes are selected from a larger group which have passed quality

assurance tests. Optimization and selection may permit 45 per cent

overall efficiency at the 10 to 20 watt level to be achieved within

a year.(62) Combinations of the techniques previously mentioned plus

a variety of other approaches may result in even higher efficiency.
Several contracts have been funded to provide high efficiency in a

20-watt TWT transmitter package (45 per cent for the tube, 85 per cent

(52,62)

for the converter-regulator) and to explore the possibilities

of large improvements in TWT efficiency.(53,64)

Comparison of Vacuum Tubes

So far in this section the present technology in microwave
amplifiers for use in space has been examined briefly for negative

grid tubes, for klystrons and for amplitrons, and in somewhat greater
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detail for TWIs. In choosing between these four vacuum-tube devices
some of the factors most often considered are efficiency, power level,

gain, frequency, temperature semsitivity, modulation, life, size,(65)

weight,(65)

reliability, resistance to charged particle radiation and
resistance to shock and to vibration. As a result of the design
choices made by tube designers having space requirements in mind,
many of these factors no longer provide assistance in making a choice
within the frequency range of 1 to 10 kMc at intermediate power levels.
Thus with a proper choice of materials, particle radiation need not
be a problem for vacuum tubes at these power levels; none of the four
tube types appears to be inherently unreliable on basic principles;
with attention to mechanical design, shock and vibration enviromments
can be tolerated even where the tubes must operate during launch; the
space amplitron and the electrostatically focused klystron are
certainly competitive in size and weight with the triode cavity amp-
lifier and the TWT. Thus the significant differences which permit
making a selection lie in the remaining factors. These, however,
tend to be interrelated and their interactions must often be
considered.

Modulation involves such characteristics as stability, linearity
and bandwidth. Temperature sensitivity and narrow bandwidth are
common to both the triode cavity amplifier and the klystron, since

both use high-Q tuned cavities. Integral cavity triodes(66) and

stagger-tuned (approximately maximally flat) multicavity klystrons(67)
providing 10 to 20 per cent bandwidth are feasible in high-power tubes,

but at the few-watt level at high efficiency, 3 db bandwidths of 0.3
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to 1 per cent for triodes and 0.1 to 0.3 per cent for klystrons are
typical. The space amplitron, however, has a constant-voltage band-
width of 1 to 2 per cent; while for space TWIs, 10 to 50 per cent is
typical. The need for cavity temperature compensation of the triode
circuit complicates the design and lowers the reliability, but may
do so to a far greater extent for the klystron. Shift of the klystron
center frequency by a large fraction of the bandwidth due to tempera-
ture is generally not tolerable in such a very narrow-band device.
Field-reversal PM-focused TWIs and PM space amplitrons can be rela-
tively insensitive to temperature change. PPM-focused TWTs for space
use often utilize the new magnetic material platinum-cobalt which has
a sufficiently low temperature coefficient of magnetic field that it
makes possible relatively temperature-insensitive operation.(so)
The factors of life, efficiency, power level, gain, and frequency,
are closely interrelated and must be treated as a group. For the
present, both the ESF klystron and amplitron cannot be considered for
communication satellites because they have not yet demonstrated ade-
quate life on even a few samples. AdvanFages to the klystron may lie
in such areas as frequency and phase stability, linearity, variable-

(35) Under

power level of operation, noise figure and efficiency.
efficient operation, klystron output power level can be varied by
changing fewer power-supply voltages than on the TWI. Where efficient
operation over a wide power range is essential, the simpler klystron
power supply can represent an advantage. At high power levels, where

efficiency is particularly important, the space klystron may perform

better than the TWI--given a comparable investment in resources for
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the development. In communications systems, however, the requirement
for higher power is often a consequence of the demand for higher
information rates. Thus, high power levels are associated with large
bandwidths. In view of the narrow bandwidth and temperature sensi-
tivity of the conventional cavity klystron, its value in communication
satellites may be limited. Hybrid tubes, however, are a promising
long range development.

For communication satellite use the amplitron would have to
demonstrate a life in excess of 30,000 hr to be suitable. For space
missions, 10,000 hr might suffice. The amplitron not only requires
a more complex power supply than the TWT, it places a number of con-
straints on the input signals, and has significantly lower gain, and
go it must provide a significant efficiency improvement over the TWT
to be worth consideration. Part of its efficiency is offset by the
cost in power and complexity of generating the higher drive signal.
At the 20-watt level, a 50 per cent efficient amplitron appears
necessary to compete with a 45 per cent éfficient TWT purely on an
efficiency basis. At the 500-watt level, a 55 per cent efficient
amplitron might offer a substantial advantage over a 45 per cent
efficient TWT, but these characteristics are meaningless in the
absence of life data.

If the amplitron proves to have short life, this would not
eliminate crossed-field devices from further consideration for long-
life space applications--it may only eliminate the continuous or

distributed emission cathode. Crossed-field forward-wave amplifiers(68)

(69)

using injected beams would circumvent this problem while offering
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many of the advantages of the TWI. Such a space tube is considered
feasible by research workers at CSF.

At power levels of 1 watt or more, triodes cannot compete with
TWIs on an efficiency basis when lifetimes of 30,000 hr or more and
frequencies above 1000 Mc are considered. The low-gain-per-triode
stage above 1000 Mc and the high heater power per tube strongly
penalize triodes in an overall efficiency comparison with the TWT.
Below 1000 Mc, the situation may reverse--but this is also the fre-
quency domain in which triodes must compete with solid-state devices.

At about 1000 Mc and 10 watts cw, negative grid tube circuits

will predominate(SI)

so long as they continue to offer cost advantages
over solid-state designs; but for those few applications where ex-
tremely long life, reliability and efficiency are the dominant factors,
solid-state circuits already may offer an advantage without requiring
any breakthrough in the solid-state field. At higher power levels,
the superior power-handling ability of tubes places current solid-
state devices at a disadvantage. Requirements for shorter life,

lower frequencies, lower power levels, and lower bandwidth tend to
enhance the potential efficiency of the triode. The extensive use of
the triode is a reflection of its low cost and ready availability,

of the widespread understanding among electronic engineers of the
techniques for coaxial-cavity amplifier design, and of the ubiquitous

preference for in-house fabrication of hardware.(hs)
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Satellite TWT Voltage Converters

Solid-state microwave output devices can be operated directly
from a low-voltage regulated supply. In communication satellites,
they are the major load on the supply so that it is reasonable to
optimize the energy source output voltage for this load. Vacuum tube
devices, on the other hand, require a DC-to-DC high-voltage converter
to supply the correct voltages. Thus the inefficiency of a voltage
converter must be charged against the TWT but not against the solid-
state supply. For the comparisons of this study, regulator perform-
ance will be ignored because regulators are present in both systems,
and therefore will not have a significant influence on the comparisons.

Voltage converters are less efficient at low power levels because

of fixed power requirements.(60)

At the higher power levels there is
little room for improvement. The lower curve of Fig. 10 shows
typical satellite TWT converter efficiency, and the upper one shows
about the best that has been achieved to date.(70’71)
For optimum overall efficiency, the voltage converter must be
designed to be used with a particular TWT. Thus the converter must
be changed when the tube is changed. The same is true for the ampli-
tron, but not for the triode and klystron. Since the varactor
multiplier does not require voltage conversion while the TWT does,
a combined efficiency for the TWT has been calculated using the curves
of Figs. 8 and 10. The curve of Fig. 11 is calculated using the
"refined design" curve of Fig. 8, the assumption of a 40 per cent

beam efficiency independent of output power and the "best" voltage

conversion efficiency curve. The latter curve is used twice, once
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for the regulated power required for the heater and once for the
beam power.

In summary, the TWT has no immediate competitor in the vacuum
tube field above 1 kMc for power levels of 1 watt or more and life-
times in excess of 30,000 hr. Therefore the primary contenders in
the near future for intermediate level power generation for communi-
cation satellites at 4 kMc are varactor multiplier chains (often

with parametric upconverters) and TWTs.
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IV. COMPARISON OF VARACTOR MULTIPLIERS AND TWTS

A fairly complete comparison between solid-state devices and
microwave tubes would require detailed quantitative examination of
over a dozen characteristics. To reach conclusions about a preferred
choice would involve different weightings of these characteristics
for each application considered. To indicate that a single line of

(72)

demarcation can be drawn is misleading. The transition region
between two such broad technologies can be expected to be broad, e.g.,
ranging over perhaps two decades in power level for six decades of the
frequency domain.(73) To examine the crossover between varactor-multiplier
chains and TWTs for only one parameter, efficiency, is to focus on one
important variable for which meaningful quantitative comparisons can
be made. A single line of demarcation may be a valid guide in this
‘case.
Using the TWT plus voltage converter combined efficiency curve
of Fig. 11 as a function of output power level, and the varactor
multiplier chain efficiency curves of Fig. 6 as a function of output
power level, the locus of equal efficiencies has been plotted in
Fig. 12. Thus near-term future performance of the solid state
multipliers is compared with TWT developments in the same time period.
In Fig. 12, power is terminated at about 50 watts at 1000 Mc; for a one
or two diode output stage, this power limit may remain for some time.(17)
At the higher frequencies and power levels the TWT has a decided
advantage. At lower frequencies and powers the solid state approach
has an advantage. Thus, for frequency-stable local oscillators and

for low-level drivers, the solid state approach is preferred. The

lighter weight of the solid state approach at the low power levels tends
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to favor solid state even more than is indicated by the efficiency
comparison alone. The instant operation without warmup and possibly
smaller size of package which the solid-state approach could provide(74)
are not significant in this application. Under the conditions

of a 60° ¢ change in ambient, the crossover with TWTs, whose efficiencies
are relatively insensitive to temperature, may be moved radially

inward as much as is shown in Fig. 13. For a 60° ¢ change in temperature,
there is, however, a small change in the TWTs magnetic focusing and

in the converter output voltage; each may cause a 2-4 per cent

decrease in efficiency.(60)

Solid-state chains offer the in-house
design convenience of the triode without the delay and expense of
contracting for a TWT optimization program.

Both the TWL and the varactor multiplier chain are sensitive to
drive level variations. Whereas the change in output power for a

TWT is only a couple of per cent for a 1 db change in input signal

level, the change in multiplier output may be many times this much.

It is a function of the type of diodes, the circuit design(l) and
the number of cascaded stages$27) For a self-biased tripler, it may
(1)

be as little as 5 per cent or as much as ten times this.
The saturated TWT, the varactor multiplier and the parametric

upconverter are all non-linear devices. This does not, however,

preclude their use in communication satellites for processing the

output signal. It does mean that due regard must be given to their

characteristics and limitations (and that of the mixers, IF amplifiers

and other devices in the signal path) as a function of the modulation,

the number of independent signals involved, and their relative strengths.

A substantial body of literature exists on the theory and characteristics
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of the TWT under large signal conditions and on its characteristics

(75-82)

under multiple signal operation. Much less is available on

the multiple signal characteristics of the varactor multiplier(l’83)

(84)

and the parametric upconverter. The all solid state communication

satellite built by Lincoln Laboratory and now in orbit (LES-2) processed
the radiated signal through two cascaded parametric upconverters.(20’31’85)
Two tone intermodulation tests on a parametric upconverter show that
the third order product increases relative to the carrier as the output
signal to pump efficiency improves e.g., -50 db at 1% and -17 db at

(84)

about 507 efficiency. The TWT third order intermodulation product

is about the same amplitude when the tube is near saturation.(so)
It appears that for lifetimes in excess of 30,000 hr, and for
frequencies about 1000 Mc, TWTs and varactor multiplier chains have
no competitors of comparable efficiency at present. The engineering
choice between them is made primarily on the basis of frequency, power
level and modulation considerations, but is influenced by a variety of
system and circuit design decisions. For some types of communication
satellites, the relative importance of some of the factors may be
greatly altered or new constraints may be introduced, e.g., no stray
magnetic field. Only after a detailed specification of requirements
has been made can a single one of the devices discussed be selected
as optimum for a particular application; no one vacuum tube or semi-
conductor device is the answer to every system.
Although Telstar, Relay and Syncom all obtained most of their
gain at IF and used a saturated TWT output, (a uniformity worthy of

note), other circuit configurations have also been under s tudy.

Linear output stages, TWT reflex techniques and solid state multiplier
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circuits were among those considered. A highly linear TWT (to be

operated 4 db below saturation) development was funded for Advent.(53)

Given the costs of prime power in space, the efficiency penalty of
linear systems makes them unattractive; thus they have been discarded
for the present. The simplicity of TWT reflex techniques and other

direct microwave amplification schemes was first thought to offer

(86)

a saving in system weight; more recent studies based on laboratory

hardware show improved reliability(87’88)

(87)

instead. In addition, they
may offer larger bandwidth, less phase distortion, time delay
and AM/PM conversion, and better amplitude linearity and gain

flatness then the IF approach.(82)

A laboratory demonstration of
two way simultaneous communication through deviation multiplying
repeaters (both a doubler and a tripler were used) was reported on
and analyzed on Project Relay.(83)

Advances in technology coupled with widening applications for
communication satellites will result in considerable diversity among
future communication satellite systems. When the information rates
of interest span the range from a few bits per second to tens of
thousands of voice channels or tens of color television channels, and
the multiple access requirements may range from two terminals to

1000 ground terminals operating through one satellite, a single

satellite design is inadequate.




10.

11.

12.

13.

42

REFERENCES

Solid-State Microwave Packaged Devices, RCA, Electronic Components
and Devices, Harrison, New Jersey, Booklet MWD-105, December 1964,
Fig. 9.

Feldman, N. E., '"Isotropic' Coverage on Satellites of Large
Diameter as Compared with Wavelength, The RAND Corporation,
RM-3770-NASA, August 1963, pp. 3-4.

Ryerson, Joseph L., 'Scatterer Echo Area Enhancement,' Proc. IRE,
Vol. 50, No. 9, September 1962, pp. 1979-1980.

Forgione, J. R., E. J. Caducci, and C. M. Blank, The Application
of Tunnel Diodes to a Reflecting Antenna Array, Rome Air
Development Center, Report No. TDR-63-4, January 1963,

MT-1038, Fairchild Semiconductor, 10 db gain, 1 w at 1 kMc, 40%
collector efficiency in grounded base amplifier.

Wolf, H., G. Parker, and D. Lance, A 1 Watt, 1 Gc Silicon Transistor,

Fairchild Semiconductor Co., Palo Alto, presented at the IEEE
1963 Electronic Devices Meeting, October 31 and November 1,
Washington, D. C.

Forster, J. H., et al., Engineering Services on Transistors, Bell
Telephone Laboratories, Inc., Report No. 11, March 1963, p. 6.

Lesk, I. A., et al,, "High-Power Solid-State Devices,' IEEE
Spectrum, Vol. 1, No. 1, January 1964, pp. 100-104, 109.

Sill, D., J. Webb, and D. Fairley, A Survey of RF Power Sources
for Telemetry, General Electric Co., Light Military Electronics
Department, Publication No. S1-030, reprinted from Proc. Natl.
Telemetering Conf., May 1961.

Herold, E. W., '"The Future of the Electron Tube,'" IEEE Spectrum,
Vol. 2, No. 1, January 1965, p. 51, Fig. 1.

"Overheard at the Solid-State Conference, More Power from New
Microwave Semiconductors,' Microwaves, April 1965, p. 6.

Penfield, Paul Jr., and R, P. Rafuse, Varactor Applications, The
M.I.T. Press, Cambridge, Massachusetts, 1962, p. 429.

Blackwell, L. A., and K. L. Kotzebue, Semiconductor-Diode Para-
metric Amplifiers, Prentice-Hall International Series in
Engineering, Prentice-Hall, Inc., New Jersey, 1961 pp. 37-42,
108-115.




14.

15.

16.

17.

18.

19.

20.

21,
22.

23.

24,

25.

43

Luettgenau, G., J. Williams, and H. Miyahira, A Practical Approach
to the Design of Parametric Frequency Multipliers, presented
at 1961 Western Electronic Show and Convention, San Francisco,
California, August 1961,

Taylor, W. E., M. J. Bentivegna, and G. Schaffner, Results of
Using a Varactor Emphasizing Charge Storage Effects in a
High Power VHF Multiplier, Motorola Semiconductor Products
Division, Phoenix, Arizona.

"Frequency Multipliers," RCA Varactors, RCA, Industrial Semi-
conductor Products, Somerville, New Jersey, Booklet VAR-100,
November 1963, p. 7.

Schaffner, G. and J. Cochran, 'Varactor Diodes and Circuits for
High Power Output and Linear Response,' paper 12.3, presented
at the Western Electronic Show and Convention, Los Angeles,
California, August 1964.

Miyahira, H. Y., High Power Parametric Upper Sideband Upconverters,
Space Technology Laboratories, Redondo Beach (presented at
1962 Western Electronic Show and Convention, Los Angeles,
California, August 1962).

Perlman, B. S., and B. B. Bossard, Efficient High Level Para-
metric Frequency Converters, presented at National IEEE
Convention, March 1963,

Pratt, H. J., W. J. Ince, and R. C. Sicotte, "High Efficiency
Varactor Upper-Sideband Upconverter,'" Proc. IEEE, Vol. 53, No. 3,
March 1965, p. 305.

Boxer, V., Solid-State S- and X-band Power Sources, USAELRDL
Technical Report 2356, January 1963, p. 2.

Condensed Catalog, Motorola Semiconductor, DS 1009, March 1964,

Type IN4386, p. 5.

Baldwin, L. D., et al., "Operating Characteristics and Design
Criteria of an All Solid-State 13.3-Gc 50-mw Microwave Source,"
1963 International Solid-State Circuits Conference: Digest
of Papers, February 21, 1963.

Schaffner, G., ''Charge Storage Varactors Boost Harmonic Power,"
Electronics, Vol. 37, No. 20, July 13, 1964, pp. 42-47.

"Microwave Harmonic Generation and Nanosecond Pulse Generation
with the Step-Recovery Diode,'" Hewlett Packard Journal, Vol. 16,
No. 4, December 1964.




26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

44

Development of a 10-Watt All-Solid-State S-Band Transmitter,

Sylvania Electronic Systems, Central Engineering Laboratories,
for Aeronautical Systems Division, Wright-Patterson AFB, Ohio,
Final Report No. A82-0-5.0-67, September 1963.

Scherer, E. F., Fifth Quarterly Progress Report for Solid-State
Generator, Microwave Associates, Inc., Burlington, Massachusetts
under contract NObsr-89356, August 1964,

Tatum, J., "RF Large-Signal Transistor Power Amplifiers--Part II--
Practical Circuits,'" EDN, Vol. 10, No. 7, June 1965, pp. 54,
62-64,

Scherer, E. F., Sixth Quarterly Report Solid-State Generator,
November 1964, p. 3, Fig. 4, Fig. 7, Fig. 8.

Napoleon, J. J., D. E. Nelson, and C. L. Cuccia, 'Miniature C-Band
Solid-State Frequency Multiplier for Missiles,' Microwave
Systems and Devices, RCA, Defense Electronic Products publication
PE-210, November 1964, pp. 32-37.

"Space Communications," Quarterly Progress Report, Division 6,
Lincoln Laboratory, MIT, Lexington, Massachusetts, under contract
AF 19(628)-500, p. 10.

Miller, H. D., A Reliable, Long-Life, Planar Triode for a Communi-
cations Satellite, General Electric Co., Receiving Tube Department
Owensboro, Kentucky, Sixth Quarterly Progress Report, March 1962.

Stanley, A. M., A Reliable, Long-Life Pencil Triode for a Communi-
cations Satellite, RCA, Harrison, New Jersey, Report No. AD 276
671 L, December 1961.

Recent Advances in the Litton Electrostatically Focused Klystron,
Litton Industries, Electron Tube Division, San Carlos, California,
October 1963.

Comparison of Electrostatically Focused Klystrons, Helix Traveling
Wave Tubes and Amplitrons for Space Communications Applications,
Litton Industries, Electron Tube Division, San Carlos, California,
June 17, 1964,

Grant, G. H., W. T. Brandon, and W. W. Teich, Amplitron Amplifiers
for Space Communications, Raytheon Co., Lexington, Massachusetts.

Teich, W. W., Design of CW Amplitrons for Space Applications,
Machlett Cathode Press, Machlett Laboratories, Inc., Springdale,
Connecticut, September 1963,

Bodmer, M. G., et al., "The Satellite Traveling-Wave Tube," BSTJ,
July 1963, pp. 1703-1748.




39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49,

50.

51.

45

Miniaturized Traveling-Wave Tubes for Space and Missile Environ-

ments, Hughes Aircraft Co., Microwave Tube Division, Progress
Report No. 3, December 1963.

Arnold, C. A., et al., The 2.5 Watt, X-Band Tube (WJ-251) for
the MACS Program, The Watkins-Johnson Co., Palo Alto, presented
at Electron Devices Meeting, Washington D.C., October 1963.

Roberts, L. A., Development Program for Microwave Radiating
Power Source for Space Vehicle Telemetry Transmitter, The
Watkins-Johnson Co., Palo Alto, Technical Report No.
ASD-TR~61-711, June 1962, pp. 20-26.

Wakefield, P. R., G. Novak, and W. Caton, ''The Traveling-Wave
Tube for the Project Relay Communication Satellite," Proc.
Natl. Telemetry Conf., Vol. 11, Washington, D.C., May 1962.

Feldman, N. E., Appendix C, "High Power Microwave Transmitters,"
in A Study of Passive Communication Satellites, The RAND
Corporation, R-415-NASA, February 1963, Fig. 71, p. 157.

Brunhart, Werner, “"Negative Grid Tubes for Space Applicationms,"
Machlett Cathode Press, Vol. 20, No. 2, August 1963, pp. 33-35.

EM 4575 Tentative Data, Teleﬁetry Transmitter, Eitel-McCullough,
Inc., San Carlos, California, February 1965.

Tipton, R. B., "An Operational 2200 Mc Telemetry Transmitter,"
Proceedings of the NTC, June 1964, Article 6-1, pp. 1-4.

Microwave Tubes (Tube Catalog), Siemens and Halske
Aktiengesellschaft, 350 Fifth Avenue, New York 1, N.Y.,
January 1962.

Miller, B., "JPL Facing Mariner C Avionics Problems," Aviation
Week & Space Technology, June 29, 1964, pp. 16-17.

Bell System Practices, Transmission Engineering and Data:

Electron Tube Data, Section AB46.416B, AT&T Co., Standard

Issue 1, Advance Electron Tube Data Sheet (416B Electron Tube),
Distributed by Western Electric Company, 120 Broadway, New York,
5, New York.

Rockwell, R. G., "A 100-Watt, Lightweight, Low-Noise, Klystron
Amplifier for Doppler Navigators," Proceedings of Natiomal
Aerospace Electronics Conference, May 1964.

Hull, J. F., "Microwave Tubes of the Mid-Sixties," IEEE Inter-
national Convention Record, March 1965, Part 5, pp. 67-78.




52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

46

Trupp, P., "Seek Electrostatic Klystrons to Replace TWTs in
Space," Electronic News, March 8, 1965, p. 35.

Project Advent-Military Communications Satellite Program,

Hearings before the Subcommittee on Space Sciences of the
Committee on Sciences and Astronautics, August 1962, pp. 19-23.

Klass, Philip J., "USAF to Develop Two Satellites In Advent
Program Reorientation," Aviation Week and Space Technology,
June 18, 1962, pp. 32-33.

Project TELSTAR Component Reliability Symposium, held at Murray

Hill, New Jersey by Bell Telephone Laboratories, Inc., on
behalf of AT&T Co., New York, November 1962, page opposite
Fig. 6-3.

Project Relay, RCA, Relay Project Office, Defense Electronic

Products, Princeton, N.J., Quarterly Technical Report No. 4,
AED 1459, July 1962.

Highstrete, B. A., "Miniaturized Metal-Ceramic Traveling-Wave
Tubes for Space Vehicles," Microwave Journmal, Vol. 7, No. 1,
January 1964, pp. 49-57.

A 2.5 Watt CW Traveling-Wave Tube for Space Communications,

The Watkins-Johnson Co., Palo Alto, Technical Bulletin WJ-237,
Vol. 4, No. 6, August 1962.

Traveling-Wave Amplifier for Advent Communications Satellite,

The Watkins-Johnson Co., Palo Alto, Developmental Specification
WJ-231, October 1961.

Lubarsky, A., et al., "S- and X-Band Traveling-Wave Tube
Amplifiers for Satellite Applications,' WESCON, paper 1.2,
August 1964.

Hostetler, C. L., Factors Affecting Efficiency of Traveling Wave
Tubes, Sperry Electronic Tube Division, Gainsville, Florida,
July 1963.

Development, Design, Fabrication and Test of Traveling Wave Tube
Amplifiers, The Watkins-Johnson Co., Palo Alto; work carried
out under NASA Langley Research Center, Hampton, Virginia,
Contract NAS1-3766, May 1964.

Applied Research on Efficiency Improvement in 0 Type TWTs,
Hughes Aircraft Company, Microwave Tube Division under
Research and Technology Division, Avionics Laboratory,
Molecular Electronics Branch contract, AF-33(615)-1951,
Wright-Patterson Air Force Base, June 1964.




64 .

65.

66.

67 .

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

47

On New Concepts of Achieving High Efficiency in Traveling-Wave
Tubes, The Watkins-Johnson Co., Palo Alto; work carried out
under U.S. Army Electronics Materiel Agency, Fort Mommouth,
New Jersey, contract DA 28-043 AMC-00076(E), May 1964.

Raczynski, A. T., Some Factors Affecting Size and Weight of
Traveling Wave Tubes, Sperry Electronic Tube Division,
Gainsville, Florida.

Parker, W. N., '"The Coaxitron Tube," Electronics Piomneer,
No. 21, February 1961, pp. 10-12.

Kane, J. F., and R. N. Wilson, Advanced Klystron Study, Report
No. RADC-TDR-62-199, Kane Engineering Laboratories, Palo Alto,
prepared for RADC under Contract AF 30(602)-2423. AD278-223,
June 1962.

Hull, J. F., et al., Recent Advances in Non Re-entrant Crossed
Field Forward Wave Amplifiers, Litton Industries, San Carlos,
California, presented at WESCON, August 1962.

Doehler, 0., "Injection Type Tubes,'" Crossed-Field Microwave
Devices, Academic Press, New York, Vol. II, Chapter 1, 1961,
pp- 3-10. .

Traveling Wave Tube Power Supply Package, Eimac (Eitel-McCullough,
Inc.)," San Carlos, California, Data Sheet X1132, March 6, 1964.

Resume, Engineered Magnetics Division, Gulton Industries, 13041
Cerise Avenue, Hawthorne, California.

Wade, G., "A Look at the Future of Tubes,'" IEEE International
Convention Record, March 1965, Part .5, Fig. 1, p. 91.

Herold, E. W., "The Future of the Electron Tube," IEEE Spectrum,
Vol. 2, No. 1, Fig. 1, January 1965, p. 51.

Haenichen, J. C., "RF Power Transistors, Progress and Limitations,"
NEREM RECORD, November 1964, p. 26.

Putz, John L., Non-Linear Phenomena in Traveling Wave Amplifiers,
Stanford University, Technical Report No. 37, October 1951.

Cutler, C. C., "The Nature of Power Saturation in Traveling Wave
Tubes," BSTJ, July 1956, pp. 841-876.

Wolkstein, H. J., "Suppression and Limiting of Undesired Signals
in Traveling-Wave-Tube Amplifiers," RCA Review, Vol. XXII,
No. 2, June 1961, pp. 280-291.




78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

48

Cross-Modulation Study of Traveling Wave Tube Amplifier,

TD Report WDL-TR1991, prepared by Philco, Western Development
Labs., Palo Alto, California, January 1963.

Chapman, R. C., Jr., and J. B. Millard, "Intelligible Crosstalk
Between Frequency Modulated Carriers Through AM-PM Conversion,"
IEEE Transactions on Communications Systems, Vol. CS-12, No. 2,
June 1964, pp. 160-166.

Sunde, E. D., "Intermodulation Distortion in Multicarrier FM
Systems," IEEE International Convention Record, Part II,
March 1965, pp. 130-141.

Shaft, P. D., "Hard Limiting of Several Signals and its Effects
on Communication System Performance,'" IEEE International Con-
vention Record, March 1965, Part II.

Hershberg, D. E., and W. L. Glomb, "An Extra Wideband Communi-
cations Satellite Repeater," presented at First IEEE Annual
Communications Convention, Denver, Colorado, June 1965.

Technical Products RCA Victor Company, Ltd., Montreal, '"Systems
Engineering," Project Relay First Quarterly Report, Astro
Electronics Division, RCA, Princeton, New Jersey, September
1961.

Perlman, B. S., "Current-Pumped Abrupt-Junction Vagactor Power-
Frequency Converters,' IEEE Transactions on Microwave Theory
and Techniques, Vol. MTT-13, No. 2, March 1965, pp. 150-161.

Sherman, H., R. M. Lerner, D. C. MacLellan, and P. Waldron,
"The Lincoln Experimental Communications Satellite LES-2,"
presented at the First IEEE Annual Communications Convention,
Boulder, Colorado, June 1965.

Feldman, N. E., "Aspects of Synchronous Communication Satellites,"
ARS Journal, Vol. 32, No. 4, April 1962, p. 568.

Allen, Walter K., "Direct Microwave to Microwave Transponders
for Communication Satellites," Proceedings of IEEE International
Convention on Military Electronics, No. VIII, September 1964,
pp. 377-379.

Berman, L. L., and J. Kiesling, "Future Microwave Communications
Repeaters for Space," Microwave Systems and Devices, RCA, DEP,
Publication PE-210, November 1964, pp. 14-16.




