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Summary

Of the many ways of providing the micro-
wave modulations necessary for spectrum synthe-
sis, none of the other devices offer in just a few
units the ability of the traveling-wave tube to pro-
vide almost unlimited modulation capabilities
throughout the most-used portion of the micro-
wave spectrum. The versatility provided by
broad bandwidth and the flexibility of modulation
give the traveling-wave tube great potential.

Introduction

More and more use is continually being
made of the microwave spectrum., Radar, for
example, has been expanded from military use
to use in commercial aeronautical and maritime
navigation. Microwaves are also being used in
long-distance relay chains as well as being stud-
ied for non-radiative uses in microwave spectros-
copy and the transformation of video techniques
and functions to the microwave domain. Trans-
forming video techniques to the microwave do-
main is especially attractive since it would in-
crease bandwidths from the tens or hundreds of
megacycles now possible to thousands of mega-
cycles. This practice would increase by one to
two orders of magnitude the resolution and speed
of basic physical measurements, electronic
measurements, communications, and computation.

Many of the new uses for microwave re-
quire generating signals for test purposes, It is
the purpose of this paper to show how many of
these special signals can be synthesized using
the traveling-wave tube. Traveling-wave tubes
are now becoming available that make it possible
to employ the more sophisticated approach of a
master oscillator-power amplifier system for
synthesizing microwave signals. Use of the
MOPA system makes it possible to obtain the in-
herent advantages of frequency stability and phase
coherence in the signal produced.

Modulation Characteristics of the
Traveling-Wave Tube

Fig. 1 represents schematically the elec-
trodes of the traveling-wave tube, Typical poten=
tials are shown for a 10-milliwatt S-band tube when
the cathode is grounded. The grid and anode elec-
trodes determine the current emerging from the
electron gun of the tube, The electron velocity
under the helix determines the operation as an
amplifier and is controlled by the cathode-to -
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helix potential, At the far end of the helix the
collector serves to collect the electron stream
and is the least sensitive of all the electrodes in
the operation of the tube.

Fig. 2 plots the RF Output signal amplitude
and phase as a function of grid potential. In the
tube illustrated here the grid is merely thebeam-
forming electrode adjacent to the cathode in a
Pierce electron gun. The grid electrode control
is thus far from optimum, but it does give certain
useful modulation characteristics. The solid
curve indicates the variation in RF Output ampli-
tude with grid-cathode potential. For retarding
potentials higher than those shown, the character-
istic is exponential. Near zero bias there is a
region of linear output vs, grid potential. The
dashed curve indicates the change of RF Output
phase with grid potential. Approximately a 10 db
output amplitude variation results in approximate-
ly a quarter of a cycle of RF phase shift, Both
the RF amplitude and phase are thus steep func-
tions of the grid-to-cathode potentials,

Fig. 3 shows the effect of cathode-to-helix
potential on the RF Output amplitude and phase. In
the region of optimum helix voltage there is only
a second order variation of the output amplitude
with helix voltage. RF phase output, however,
varies linearly with helix-to-cathode potential.
This phase characteristic is more favorable for
phase modulation than is the grid characteristic
for pure amplitude modulation.

The traveling-wave tube referred to has
an RF amplification band extending from 2000 to
4000 megacycles which is typical of traveling-
wave tube performance for low level tubes using
the helix circuit. This large RF bandwidth means
that the amplitude modulation bandwidth will be
limited primarily by the effort expended in con-
structing the input circuit of the driver. Grid
modulation bandwidths of one or two hundred
megacycles can easily be obtained. For phase
modulation the dispersive transmission line
characteristic of the helix limits the modulation
bandwidth to a smaller value than for grid modu-
lation. As an alternative, the entire electron gun
may be modulated relative to the helix,

Pulse modulation

Fig. 4 shows pulse oscillograms obtained
by modulating the cathode-to-grid potential, Os-
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rise time caused by electron beam-helix inter-
action in the video frequency domain. Oscillo-
grams A and C do show, however, that risetimes
of a few millimicroseconds have been obtained
under restricted conditions. A recent paper by
Beck1l describes another method of producing
millimicrosecond duration pulses by sweeping the
helix voltage through a region of amplification by
a steep wave front and then using the grid toblank
the tube during the return wave.

Phase modulation

Phase modulation of the traveling-wave
tube is accomplished by varying the electron ve-
locity through the helix. Phase modulationranges
are limited to about 1 r-f cycle. A basic new
method, termed the serrodyne, which is appli-
cable to the traveling-wave tube has been intro-
duced for obtaining frequency offsets through the
use of piece-wise continuous phase shift with
phase jumps in the opposite direction of an inte-
gral number of cycles of the carrier signal.

Fig. 5 illustrates the serrodyne phase
modulation. The sawtooth waveform displaces
the output signal of the traveling-wave tube to a
frequency higher than the incoming c-w signal,
This procedure can be generalized to provide
frequency or phase modulation with unlimited
phase deviation corresponding to arbitrary input
signals.

Fig. 6 shows some slope-modulated saw-
tooth waveforms. In both cases the sawtooth slope
is negative with an average rate of 250 kilocycles.
The upper oscillogram shows the effect of slope
modulation at a rate higher than the average saw-
tooth rate, The lower shows the effect of slope
modulation at a rate lower than the sawtooth.

The fly-back time in the sawtooth illustra- .

ted is approximately one-tenth of a microsecond.
This can be used as a criterion of the modulation
bandwidth available with such a sawtooth genera-
tor. A 3-db point would be reached when half of
the time of the sawtooth waveform is occupied in
fly-back, This would give a bandwidth of 10
megacycles, With further effort on circuit de-
velopment it could be expected to reduce fly-back
time and also to provide sawtooth waveforms with
both positive and negative slopes. This would
allow frequency deviations in both directionsfrom
the original carrier.

Fig. 7 illustrates a modulation function
which combines both amplitude and phase modula-
tion. This is a method of producing suppressed
carrier modulation. A modulating sine-wave is
first full-wave rectified and then applied to the
grid of the traveling-wave tube to produce ampli-
tude modulation. The original sine wave is also
formed into a square wave which is applied as
phase modulation on the helix. The peak-to-peak
phase shift is one-half cycle -- giving the neces-
sary phase inversion characteristic of suppressed
carrier modulation between half cycles of the
modulating wave. There will be attendant phase
modulation when the grid is modulated, but first
order correction can be made by applying a cer-
tain portion of amplitude modulation signal to the
helix to give phase correction.

Any type of spectrum can be obtained by
appropriately combining amplitude and phase
modulation -~ subject to the bandwidth limitations
of the amplifier and its modulation elements. The
traveling-wave tube with its amplitude and phase
modulation capabilities is thus a powerful tool for
the synthesis of any type of microwave spectral
distribution. The modulation capabilities of the
traveling-wave tube can be applied directly to
microwave systems. We shall confine our atten-
tion here, however, to the use of the traveling-
wave tube in the generation of signals and small
spectral displacements that are useful in the test-
ing of radar and navigational systems.

Spectra for Radar Testing

The use of the traveling-wave tube for two
types of microwave spectrum synthesis will be
considered. Fig., 8 shows a traveling-wave tube
as a modulated amplifier in a MOPA microwave
signal generator. The traveling-wave tube is
shown with three general types of modulation:
pulse, amplitude and phase or frequency modula-
tion. These modulation types can be applied
singly or in any combination.

Another basic function of the traveling-
wave tube is the generation of slight phase or fre-
quency displacements. Some examples of the use
of this function in radar testing will be discussed
later. Fig. 9 shows a block diagram of the tra-
veling-wave tube arranged to produce such spec-
tral displacements.

We will now discuss the use of these
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methods in testing various information-gathering
functions of radar systems. Fig. 10 shows vari-
ous radar range methods and the characteristic of
traveling-wave tube test-signal generation., The
first method is that of pulse radar, For this type
of system the traveling-wave tube offers fast,
jitter-free rise time of the generated test pulse.

The next method is the frequency-modula-
tion radar technique and in this case the traveling-
wave tube can be used to produce small spectral
displacements, Arbitrary frequency displace-
ments of the c-w transmitter signal can be gen-
erated to accurately simulate the return echo sig-
nals, By generating the proper sawtooth type
phase modulation, known frequency displacement
of the transmitter signal can be performed to re-
alistically produce signals corresponding to dis-
tant echoes.

Another method of obtaining radar range
information is the use of multiple single-frequency
c-w sources. To test this type of system each
single frequency must be handled separately by a
separate traveling-wave tube modulation channel,
The necessary frequency displacement can be per-
formed from the individual channels to provide
both the range and the radial velccity signals that
are present in the target echo signal.

Consider next the radar angle determina-
tion function. Usually, the approximate direction
of the illuminated target is determined by the
main lobe of the radar antenna., More accurate
angular determination requires resolution within
the main lobe. In Fig., 11, the basic method of
improving angle resolution is that of antenna lob-
ing. This produces amplitude modulation of any
outgoing signal. This lobing modulation can be
accomplished simultaneously with either the pulse
or frequency modulation displacements that are
necessary for a range test. Another method of
angle determination is the comparison of the in-
coming phase at two separated antennas. This
method was described in the paper > by Dr, Page
on the Mono-Pulse Radar System presented at the
IRE convention last year. Usually, comparing
the incoming phase only requires power splitting
and producing a relative phase shift of known
amount to supply pairs of test signals to the an-
tenna inputs., This can be accomplished with pas-
sive devices except for systems subject to fast
bearing changes, In that case, the traveling-wave
tube can be used to accomplish such fast changes.

Another function of some radar systems is
the determination of radial velocity or the dis-
crimination against non-moving targets. Fig. 12
lists two methods of accomplishing this function.
The method of video subtraction on pulse radar
systems requires only a varying position of suc-
cessive pulses, This is usually accomplished by
a time-varying delay for the pulse generator, As
a further refinement the target echo can be ampli-
tude-modulated to simulate target echo fluctuation
simultaneously with the changing pulse position.
The other method is that of the frequency dis-
placement of moving targets. The doppler fre-
quency shift can be generated by the serrodyne
phase modulation method simultaneously with any
other modulation required to test the radar system.

Other radar systems incorporate various
further types of modulation for communication or
identification purposes. With the availability of
pulse-amplitude, phase or frequency modulation
characteristics in the traveling-wave tube, how-
ever, any such additional modulations can easily
be included, Another function that can also be
performed by the traveling-wave tube signal gen-
erator is that of phase or amplitude fluctuations
to realistically test these effects on the perform-
ance of the radar system.

Comparison of the traveling-wave tube with other
microwave modulators

There are many alternative ways of pro-
viding the microwave modulations necessary for
spectrum synthesis, Space-charge-control vac-
uum tubes can be used in the frequency ranges in
which they are available as amplitude modulators
and in frequency-modulation systems of the Arm-
strong type. The associated r-f circuits are
tuned, however, and thus restrict bandwidth. In
addition, each of the modulation functions requires
a special circuit configuration.

Other velocity modulation vacuum tube am-
plifiers include the klystron, the backward-wave
amplifier, and the resistance-wall amplifier. All
of these tubes can be both amplitude and phase-
modulated. The klystron's useful frequency-range
is restricted by the narrow-band tuned circuits
associated with it. The backward wave amplifier
is voltage-tunable but can operate only as a
narrow-band amplifier although over a wide fre-
quency pand. The resistance wall amplifier is

3 ""Monopulse Radar'" by R, M, Page, IRE Conv. Record. Part 8, 1955,



broadband and its phase modulation characteris=
tic is even better than the traveling-wave tube,
Its gain and efficiency are lower than the travel-
ing-wave tube, however. In any case, its princi-
pal determent as a signal modulator is a lack of
commercially-available tubes.

Gas discharge tubes can beusedas ampli-
tude or phase modulators, but the modulation
bandwidth of these tubes is severely restricted by
the de-ionization time limitations of the gas dis-
charge.

Silicon or germanium crystal diodes can
be used to provide amplitude or frequency modu-
lation when used in appropriate microwave cir-
cuits, but presently available crystals suffer from
excess reactance which often results in extremely
frequency-sensitive configurations, Crystals do
have the advantage of providing inexpensive modu-
lators throughout the microwave spectrum.

Ferrites can provide amplitude or fre-
quency modulation, but the various functions re-
quire different physical arrangements and broad-
band operation presents design problems, Fer-
rites' main limitation, however, is the power re-
quired to obtain high modulation rates.
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