II,

14

TRAVELING-WAVE TUBE AMPLIFIERS

INTRODUCTION

Early in 1954 the Hewlett-Packard Company introduced two new broad-
band traveling-wave tube microwave amplifiers., These amplifiers were
designed to operate in the 2-4 kmc range, and have proved to be extreme-~
ly important in furthering many kinds of high~frequency development
work, The success of such applications together with our confidence in
the traveling-wave tube amplifier's valuable broadband amplification and
modulation properties have led us to further develop this field, Two new
traveling-wave tube amplifiers have been developed to cover the 4-8 kmc
and 7-12,4 kmc ranges, These two new amplifiers will be followed at a
later date by other traveling-wave tube amplifiers covering additional
frequency ranges,

The importance of these amplifiers lies in their high gain, generous
power output, linear amplification characteristics, extremely versatile
modulation properties, and very wide (2:1) bandwidths, These excep-
tional features can be used to solve many difficult problems in high-
frequency work,

This paper describes some applications well suited to the traveling-wave
tube amplifier's unique amplification and modulation properties., In doing
so, we hope to stimulate the development of new applications for these
extremely versatile instruments, The first section considers applica-
tions arising from the traveling-wave tube's broadband amplification
features; the seconddescribes applications involving its versatile modu-
lation properties, In addition, to aid in understanding the operation of
the traveling-wave tube amplifier, Appendix I presents a simplified ex~-
planation of how the traveling-wave tube works, Appendix II presents
some design considerations for the special constant-amplitude sawtooth
generator described under Phase Modulation, A current data sheet ac-
companies this paper describing the various Hewlett-Packard traveling-
wave tube amplifiers,

AMPLIFIER APPLICATIONS

A. Broadband Amplification

A traveling-wave tube amplifier can faithfully amplify many broad-
band signals such as those employed in television relay, broadband
microwave carrier systems, etc, In addition to this broadband fea-
ture, the traveling-wave tube amplifier has a linear amplification
characteristic and relatively flat frequency response over the band.
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Since the traveling-wave tube amplifier does not require tuning, it
is exceptionally easy to operate and is capable of solving many high-
frequency problems in a very simple, straightforward manner.
Some specific applications for the traveling-wave tube amplifier's
broadband-amplification properties are:

(1) Investigation of information handling capacity in
broadband microwave communication systems,

(2) Preamplification of low-level input signals to
wide-band microwave receivers,

(3) Amplification of low=-frequency harmonics to pro-
duce frequency markers used in microwave fre-
quency measurements,

Narrowband Amplification

In many narrow-band applications the traveling-wave tube ampli~-
fier's great bandwidth permits shifting the narrow band over a con-
siderable frequency range to avoid noise, interference, etc., with-
out changing basic amplifier circuitry, However, one strong ob-
jection to the use of a broadband amplifier for narrow-band ampli-
fication is the noise amplifiedover the greater bandwidth, In such
cases, noise can be greatly reduced by using a narrow-band filter
in the amplifier output.

Power Amplification

Traveling-wave tube amplifiers, such as the # 491, can alsobe used
as moderate-power, wide~band signal sources by amplifying the low
power output typical of many klystron signal generators, Thus a
signal generator ~traveling wave tube amplifier combination can be
used in many applications requiring generous amounts of micro-
wave power, suchas wide-range antenna measurements to plotpat-
terns, determine efficiency, directivity, etc., or can be used as
low-cost, portable means of providing moderate-power microwave
signal sources for field-siting microwave installations,

Constant Gain or Constant Qutput Amplification

Many amplifier applications require a constant-gain or a constant-
output level characteristic. Although the traveling-wave tube am-
plifier's saturated gain characteristics canbe used to provide con-
stant output power, the use of suitable feedback circuitry provides
a more versatile and effective means of control, One such arrange-
ment for obtaining a constant r-f output voltage is shown in Figure 1,
In this circuit a portion of the r-f signalis coupled from the travel-
ing-wave tube output, through a directional coupler to a detector
such as a crystal rectifier, The rectified voltage is then amplified
and applied to the traveling-wave tube grid or cathode, With this



SIGNAL GENERATOR g_o._—oi

E-

l—— AMPLIFIER DETECTOR

T0
AMPLITUDE MODULATION

INPUT y

I

o e
v

DIRECTIONAL
COUPLER

our

Y

TRAVELING - WAVE TUBE
ANPLIFIER

Figure 1. The traveling-wave tube amplifier used to provide a
constant r-f output level,

arrangement any tendency for the output level to increase is im-
mediately detected, amplified, and fed back to reduce the gain of
the traveling-wave tube amplifier, Conversely, any reduction in
output level increases the gain of the amplifier to hold the output
level constant., In practice, output levels can be held within 2 db
during input signal variations as great as 20 db,

Buffer or Isolator

The traveling-wave tube amplifier also acts as a buffer between a
microwave signal source and an external load, As a buffer it iso~
lates load reflections from the signal source and eliminates the ill
affects which occur when the source is modulated directly,

III, MODULATION APPLICATIONS

A.

Amplitude Modulation

The traveling-wave tube amplifier is particularly suitable for use
as the power amplifier of an amplitude-modulated master -oscillator-
power-amplifier system., This feature opens new fields of appli-
cation since it is not possible to amplitude-modulate a reflex klys-
tron directly. Furthermore, the traveling-wave tube amplifier's
use as a power amplifier means that the r-f output from a micro~
wave oscillator can be sine-wave, pulse or pulse train modulated
without the starting delays and jitter generally present when the
oscillator itself is modulated, Thus, in addition to amplification,
the traveling-wave tube provides a simple system of amplitude-
modulation,



Amplitude modulation is accomplished by varying the electron-beam
current while a CW signal is being amplified., Beam current can be
changed by varying the potential applied to one of the electrodes in
the electron gun -- for example, varying the modulation grid poten-
tial. However, amplitude -modulated signals produced by varying the
grid potential have attendent phase modulation, The graph in figure 2
shows that over the linear portion of the grid-voltage vs, output-
voltage curve, about 10 db amplitude -modulation produces approxi-
mately 90° phase-modulation, Although this degree of phase-modu-
lation may limit the usefulness of grid-modulation, this method can
be used in applications where phase relationships are not involved in
demodulation.

Phase Modulation

The traveling-wave tube amplifier can also be used as the amplifier
of a phase- or frequency-modulated master oscillator-power ampli-
fier system., The phase-modulation characteristic is nearlylinear
and permits many unique and specialized applications., Some of these
applications will be discussed following a basic description of the
modulation process.
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Figure 2. Traveling-wave tube amplifier
grid modulation characteristics.
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How Phase Modulation is Accomplished

Phase-modulation is accomplished by varying the electron-beam
velocity while a CW signal is being amplified, Electron-beam
velocity is varied by changing the potential between the cathode
and the helix -~ a positive voltage change will accelerate the
electron bunches and advance the phase of the output signal; a
negative change will slow them and retard the phase of the out-
put signal. Thus, if the helix voltage is varied by an applied
sine -wave, the output frequency will be phase-modulated at the
same rate, andthe phase-deviation will be directly proportional
to the applied voltage.

The helix voltage can be varieddirectly by the desired modulat-
ing signal, however, the degree of phase-deviation produced is
limited by the amount of incidental amplitude -modulation per-
missible in the RF output, and is limited to the small range of
helix voltages that produce amplification. Beyond this limited
range, amplification decreases rapidly and attenuation occurs,
As a practical matter, phase deviation is limited to slightly
more than 360° if the output amplitude is to be held to varia-
tions within a few db, Limited phase deviations of 360° can be
obtained with total helixvoltage variations of less than 50 volts,

Although limited phase -deviation is usefulin some applications,
unlimited phase~-deviationhas a much wider range of usefulness.,
Unlimited phase-deviation can be effectively simulated by con-
tinuously repeating the limited 360° phase-deviations. This is
accomplished by modulating the traveling-wave tube helix with
a sawtooth waveform to simulate a continuous variation in phase
(Figure 3), and to produce r-f outputfrequencies that are shifted
in relation to the traveling -wave tube input frequency (Figure 4),

In practical applications, a constant amplitude, linear-slope
sawtooth generator is used to produce the sawtooth waveforms
(See appendix 1I), If the sawtooth voltage amplitude is adjusted
to produce a 360° phase shift, one cycle of the CW signal will
be added or subtracted during each sawtooth, and the frequency
shift produced in the traveling-wave tube output will be equal to
the sawtooth repetition rate, Sawtooth voltages similar tothose
shown in Figure 4 produce an increasein the output frequency,
Conversely, sawtooth voltages of the opposite slope cause a de-
crease in output frequency.

Under sawtooth-modulation the desired output-frequency shift
(f; in Figure 4) occurs during the sawtooth rise time, and is
proportional to the rate of rise. During the sawtooth flyback
time the output-phase is shifted in the opposite direction pro-
ducing an undesiredfrequency shift ({3 in Figure 4). However,
if the flyback time is made extremely short, this frequency is
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(2)

(3)

far removed from the desired frequency since the frequency shift
is inversely proportional to the extremely short flyback time. In
addition to being far removed from the desired frequency, the
power in the undesired frequency is very small since it is pro-
portional tothe ratio of flyback time tosawtoothtime, In a typ-
icalcase involving a desired 50 kc frequency shift, a one micro-
second flyback time would produce a 1 megacycle frequency shift
in the opposite direction containing only 5% of the total power in
the output wave, As apractical matter, this large undesired fre-
quency shift with its relatively small power content would be re-
jected by most narrow bandcircuits. Thus in most situations the
effect of the undesired frequency-shift can be largely ignored.

In systems where the undesired frequency shift falls within the
pass band of the equipment under test, an arrangement can be
devised to cut off the traveling-wave tube beam current during
the flyback time, This arrangement applies a negative pulse to
the electron gun control grid during the flyback time and elim-
inates the undesired frequency shift although it produces some
small transients and leaves small areas of no signal where the
flybacks occur,

Linear (Homodyne) Detection

The frequency shift produced by sawtooth modulating the travel-
ing-wave tube helix can be used in a linear (homodyne) detector
to greatly extend the sensitivity and dynamic range of microwave
measurements, Dynamic ranges approaching 100 db may be ob-
tainedusing this system of detection, as compared to the limited
50 db range for a square-law detector., Practical applications
include the measurement of extremely high VSWR's, accurate
calibration of attenuators over wide amplitude ranges, frequency
shifting of microwave radio relay channels for retransmission,
production of mixer frequencies for radar and other microwave
receivers, etc.

A typical linear detector system suitable for calibrating micro-
wave attenuators is illustrated in Figure 5, The signal genera-
tor supplies astrong signal(f)to acrystal mixer and to a travel-
ing-wave tube amplifier, The traveling-wave tube amplifier is
sawtooth modulated to produce a shifted output frequency (f + f1)
which is applied to the attenuator under calibration. The weak
output signalfromthe attenuator is thencombined with the strong
reference signal in the mixer to produce a beat-frequency (fy).
This beat-frequency is amplified by a tuned amplifier and is in-
dicated on a VSWR indicator, such as the @f, Model 415B,

Doppler Frequency Shift Simulation

Frequency=-shifts produced by sawtooth modulation also make
the traveling-wave tube amplifier uniquely suited for doppler
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simulation, In this role the traveling-wave tube amplifier pro=-
vides an exceptionally simple and flexible method of electron-
ically checking radar, navigational and other instrumentation
systems, Prior to the introduction of the traveling-wave tube
amplifier, several complicated methods were used to simulate
Doppler frequency-shift. Some of these methods involvedcriti-
cally tuned narrow-band crystals, others were mechanical and
cumbersome.

Doppler frequency=-shift is used in many CW radar systems to
determine the velocity at which a target and source are ap-
proaching or receding from each other. The basic concept is
that the frequency of the returning CW signal will be shifted in
direct proportion to the relative velocity of the target and
source. This relationship may be written:

Frequency shift (cps) = Velocity (mph) x Frequency (kmc) x 3

o

VOLTNETER
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A typical traveling-wave tube doppler-shift simulator is shown
in Figure 6, In this arrangement, the helix in the traveling -
wave tube amplifier is modulated by a sawtooth waveform which
shifts the r-f output frequency., The amount of frequency-shift
is proportional to the sawtooth repetition-rate and is readily ad-
justed and calibrated, The output attenuator is adjusted so that
the power from the traveling-wave tube amplifier is less than
the input power level., Note that in this arrangement return
power can be attenuated to correspond to weak target reflec-
tions thus providing an easy way totest radar system sensitivity.

Wide Range Frequency Modulation (unlimited phase deviation)

Although sawtooth helix modulation has many interesting appli-
cations, most microwave communications systems require the
transmission of much more complex information, Forthese ap-
plications a sawtooth waveform producedby the special generator
described in Appendix II can be slope-modulated by any type
waveform before being applied to the traveling-wave tube helix,
In this manner, complex signals can be usedto frequency modu-
late the traveling-wave tube's output and the center CW frequency
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Figure 6. Simplified diagram of a traveling-wave tube amplifier

Doppler frequency-shift simulator,
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will be fixed by the sawtooth repetition rate. Unlimited phase~-
deviation can be approximated, however, in no case does the
phase shiftdue to a single sawtooth exceed 360°and the ampli-
fication properties of the traveling -wave tube amplifier will not
be adversely affected regardless of the magnitude of the ap-
parent phase deviation when the sawtooth wave is modulated,

This method of transmitting complex information is valuable
in many broadband communication applications, Of special in-
terest is the use of this process to check CW radar and navi=-
gational systems which indicate both target velocity and range
information using a single CW transmitted signal, The use of
Doppler frequency-shift simulation to check velocity measuring
equipment has already been discussed, However, to check
range-measuring equipment, the shifted signal produced by the
sawtooth-modulated traveling-wave tube amplifier must be fre-
quency modulated to simulate the delayed signalreceivedby the
radar receiver, Frequency-modulatedsignals identicaltothose
encountered in CW radar systems of this type can thus be simu~-
lated and a simple method provided for electronically checking
and calibrating velocity and range functions in the laboratory
as well as in the field.

Figure 7 illustrates a laboratory set-up whichdemonstrates the
simulation of these frequency-shifted, frequency-modulated
signals, In this arrangement, an oscilloscope replaces the
radar receiver sothat the variations in the simulated reflected
radar signals can be shown visually.
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APPENDIX I

THE TRAVELING-WAVE TUBE AMPLIFIER AND HOW IT WORKS

The basic traveling-wave tube amplifier consists of an electron gun which
projects a focused electron beam through a helically-wound coil to a col-
lector electrode, shown in Figure 1. The focused electrons are held in a
pin-like beam through the center of the helix by a powerful magnetic field
around the full length of the tube,

A CW signal coupled into the gun-end of the helix travels around the
turns of the helix and thus has its lineal velocity reduced by an amount
equal to the ratio of the length of wire in the helix to the length of the
helix itself. The electron beam wvelocity, determined by the potential
difference between the cathode and the helix, is adjusted so that the elec-
tron beam travels a little faster than the CW signal, The electric field
of the CW signal on the helix interacts with the electric field created by
the electron beam and increases the amplitude of the signal on the helix,
thus producing the desired amplification,

Figure2is a diagram showing the principal elements of a typical travel-
ing-wave tube in the upper portion, and the important steps inthe ampli-
fication process in the lower portion, The steps should be followed by
referring to the numbered captions,

Figure 1. Cutaway view, showing important elements of a
traveling-wave tube amplifier,



CAPTIONS TO ACCOMPANY FIGURE 2,

%

10.

11.

12,

Electron beam directed through center of helix,

CW signal coupled into helix, Arrows in detail show direction and
magnitude of force exerted on the electron beam by the CW signal,

Electron bunching caused by the electric field of the CW signal
(See Detail).

Amplification of signal on helix begins as the field formed by the
electron bunches interacts with the electric field of the CW signal.
The newly formed electron bunch adds a small amount of voltage to
the CW signal on the helix, The slightly amplified CW signal then
produces a denser electron bunch which in turn adds a still greater
voltage to the CW signal, and so on,

Amplificationincreases as the greater velocity of the electronbeam
pulls the electron bunches more nearly in phase with the electric
field of the CW signal. The additive effect of the two fields exactly
in phase produces greatest resultant amplification,

Attenuators placed near the center of the helix reduce all the waves
traveling along the helix to nearly zero, This prevents undesired
waves, such as waves reflected from mismatched loads, from re-
turning to the tube input and causing oscillation,

Electron bunches travel through attenuator unaffected,

Electron bunches emerging from attenuator induce a new CW signal
on helix, New CW signal is the same frequency as the original CW
signal applied,

Field of newly induced CW signal interacts with bunched electrons
to begin the amplification process over again,

For a short distance the velocity of the electron bunches is reduced
slightly due to the large amount of energy absorbed by the formation
of the new CW signal,

Amplification increases as the greater velocity of the electronbeam
pulls the electron bunches more nearly in phase with the electric
field of the CW signal,

At point of desired amplification the amplified CW signal is coupled
out of the helix, Note that the "amplified" CW signal is a new sig-
nal whose energy is wholly supplied by the bunched electron beam,




THE TRAVELING-WAVE TUBE AND HOW IT WORKS

— BEAN  FORMING ANODE COLLECTOR
200V 70 0¥ FRON 500¥ T0 1500¥
HELIX MOUNTING AND SHIELD LOSSY - WIRE, HELIX-COUPLED ATTEMUATOR (DEPENDING ON TUBE TTPE)

VOLTAGE SAME AS COLLECTOR

[!IHIT DIRECTIONAL (COUPLER SINGLE - WIRE HELIX OUTPUT DIRECTIONAL MEI

P

'./"fff/}VVYXff/ffffffffff/ff/ffffffv l)lﬂ))

MODULATOR GRID ————
oV o -sy

TYPE ‘W INPUT .II.BI—@ U——TTFE ‘W OUTPUT Jack

|

\ L -
/ S0 04
=k IMPEDANGE [MPEDANCE ]
H::“E MATCHING MATCHING [ i
RESISTOR RESISTOR 1l HELIL MOUNTING
Al

. Sy

DIRECTION AND MAGNITODE
OF THE FORCE EXERTED O
THE ELECTROR BEAM Y THE
ELECTRIC FIELD OF THE CW awE







APPENDIX II

NOTES ON A CONSTANT-AMPLITUDE, LINEAR
SAWTOOTH GENERATOR

To merely shift the phase or frequency of the r-f output from a travel-
ing-wave tube amplifier, a simple sawtooth like those used in oscil-
loscope sweep circuits can be applied to the traveling-wave tube helix.
However, if the r-f output signalis to be stable, and contain a minimum
of spurious signals (splatter, etc.)the sawtooth waveform applied to the
helix must be constant in amplitude, must be linear, and must not con-
tain noise or ripple, In addition, the sawtooth amplitude and the saw~-
tooth repetition rate must be completely independent and separately ad-
justable, the repetition rate preferably over a wide range, If the r-f
output from the traveling-wave tube amplifier is to be frequency-modu -
lated, it must also be possible to modulate the slope or repetition rate
of the sawtooth wave without affecting the sawtooth amplitude,

A sawtooth generator having these characteristics is shown in simpli-
fied form in Figure 1. This generator consists of an adjustable, regu-
lated power supply, acharging capacitor, a blocking oscillator to charge
the capacitor, a pentode tube to discharge the capacitor, and a cathode
follower to isolate the generator from the output.

The dotted line in Figure 1 indicates the capacitor charging circuit, the
solid line the discharge circuit, The operation of the generator is de~
scribed as follows:

When power is applied to the generator, the grid-bias on the blocking
oscillator tube is zero and the oscillator goes through one cycle of opera~-
tion, During the cycle, the tube conducts heavily and charges the capaci~-
tor to the B+ voltage, The oscillation cycle is very short and produces
a rapid sawtooth flyback, The charge on the capacitor biases theblock=
ing oscillator tube beyond cutoff and prevents further operation until the
charge is removed,

The instant the blocking oscillator is biased to cutoff, the capacitor be~
gins to discharge through the pentode tube at a rate determined by the
pentode's grid bias., The capacitor is discharged at alinear rate due to
the constant current characteristics of the pentode and thus produces a
very linear slope on the output sawtooth,

As the capacitor is discharged, the grid bias on the blocking oscillator
returns towards zero, and at a low value the tube conducts sufficiently
to put the oscillator through another cycle of operation, thus again re-
charging the capacitor, etc.



The amplitude of the output sawtooth waveform is adjusted by changing
the regulated B+ to vary the charge placed on the capacitor. The repe-
tition rate is adjusted by changing the pentode grid-bias to control the
rate at which the capacitor is discharged. Modulating signals are applied
Lo the control grid of the pentode modifying the nominal grid-bias level
thus changing the capacitor's discharge rate and in turn, the sawtooth
slope and repetition rate,
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Figure 1., Simplified schematic diagram of a Sawtooth Generator
having independent amplitude and slope functions,
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