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FOREWORD

HIS is one of a series of Engineering Monographs
published by the British Broadcasting Corporation.

About six are produced every year, each dealing
with a technical subject within the field of television and
sound broadcasting. Each Monograph describes work
that has been done by the Engineering Division of the
BBC and includes, where appropriate, a survey of earlier
work on the same subject. From time to time the series
may include selected reprints of articles by BBC authors
that have appeared in technical journals. Papers dealing
with general engineering developments in broadcasting
may also be included occasionally.

This series should be of interest and value to engineers
engaged in the fields of broadcasting and of telecom-
munications generally.

Individual copies cost 3s. post free, while the annual
subscription is £1 post free. Orders can be placed with
newsagents and booksellers, or BBC PUBLICATIONS, 35
MARYLEBONE HIGH STREET, LONDON, W.1.
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THE NON-LINEAR CHARACTERISTICS OF KLYSTRON AMPLIFIERS

SUMMARY

A method is shown by which the two-cavity ballistic theory of klystrons may be extended to apply to four-cavity klystrons
used for television broadcasting. Measured distortions of television signals, and measured levels of harmonics and inter-
modulation products, occurring in a typical four-cavity klystron are shown to be in good agreement with calculated values.
It is concluded that the non-linear characteristics of klystron amplifiers are largely fundamentalto their mode of operation.

1. Introduction

Klystron amplifiers are used extensively at the present
time as the output stage of Band 1V;V (470 to 960 MHz)
transmitters. The stations at which they are used can be
classed into two groups: high-power stations where separ-
ate klystrons are used for the sound and vision signals, and
translator stations where a single klystron handles the
modulated luminance, chrominance, and sound signals
simultaneously. Klystron amplifiers have a non-linear
transfer characteristic which presents difficulties at both
types of station but the difficulties are particularly severe
at translator stations, where the effect is to generate in-
band intermodulation products, which cause bar-patterns
on the received pictures. At the present time, such bar-
patterns can be reduced to a sufficiently low level only by
drastically under-running the klystron, at the consequent
expense of efficiency. At high-power stations, where
separate klystrons are used for the sound and vision sig-
nals, the non-linear transfer characteristic is manifest
mainly by the differential amplitude distortion which it
causes on the transmitted signal, and by the high Tevels of
harmonics and out-of-band intermodulation products
which impose severe high-power filtering problems at cer-
tain stations.

It has therefore become important to assess the degree
of non-linearity which is fundamental to the klystron
operation and hence to appreciate the best possible per-
formance that can be expected. The theory of the klystron
amplifier, however, is quite involved. Several theories have
been suggested over the past thirty years, but they all rely
on various approximations and assumptions. In the main,
they set out to define only the primary characteristics of
the klystron, such as gain, bandwidth, and efficiency; only
one theory deals with its non-linear characteristics. This
theory, upon which the content of this monograph is
based, was first applied to calculate harmonic Jevels but,
more recently, it has been extended to include the levels of
intermodulation products. All these theories are reason-
ably straightforward when apptied to the simple case of a
two-cavity klystron, but they become impracticable when
applied to four-cavity klystrons of the type used for tele-
vision broadcasting. Furthermore, surprisingly little has
been published to show the agreement between theoretical
and measured results, even for two-cavity klystrons.

This monograph describes further work which was
carried out to adapt the existing theories to four-cavity
klystrons used for television broadcasting. It shows how a

four-cavity klystron can be represented by a two-cavity
model and how the existing theories can be applied to cal-
culate not only the levels of harmonics and intermodula-
tion products but also the degree of amplitude and phase
distortion. Measured results are shown to be in good
general agreement with these theoretical predictions and it
is concluded that the non-linear behaviour of the klystron
is largely fundamental to its mode of operation.

2. Theory of the Klystron Amplifier

2.1  General Principle

The klystron is one of a class of high-frequency valves
that amplify by a process termed ‘velocity modulation’.
As distinct from a conventional valve in which the flow of
electrons is varied according to the instantaneous ampli-
tude of the input signal (density modulation), a constant
flow of electrons leaves the cathode of a velocity-modulat-
ed valve. The input signal causes some electrons to travel
faster than others towards the anode {or ‘collector’}; the
electrons therefore form “bunches” and the beam becomes
density-modulated upon arrival at the output terminals.
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Fig. 1 shows a two-cavity klystron in diagrammatic
form. A uniform stream of electrons leaving the cathode
is electrostatically focused into a cylindrical beam and
accelerated towards the input cavity by the applied volt-
age V). The velocity with which electrons enter this input
cavity is given by

ty={2n Vo) (1)
where 5 is the electron charge/mass ratio (1-76 x 10"
coulomb/kg).* Since F, is usually about 10 kV, 1 is

* This neglects relativistic effects. For the velocities in question the
error introduced is 1-5 per cent.




typically about one-fifth the velocity of light. After passing
through the input cavity, the electrons flow with constant
velocity through a field-free region (termed the ‘drift
tube’) before passing through the output cavity and arriv-
ing at the collector. Over this region, the electron focusing
is maintained by a longitudinal magnetic field and, if no
signal is applied to the input cavity, it follows that the
electrons pass through both cavities and the drift tube with
constant velocity u,. For convenience, the two cavities and
the drift tube are earthed. The magnetic focusing system is
designed for minimum current to flow to these earthy
parts (or ‘body’) of the valve; the ‘body current' is typically
less than 1 per cent of the collector current.

When a signalis applied to the input cavity a transverse
alternating clectric field occurs across the cavity in the
direction of flow of the beam electrons; its effect is to cause
those electrons which pass through the input cavity during
positive half-cycles to travel in the drift tube with velocity
greater than u, and those which pass through during nega-
tive half-cycles to travel in the drift tube with velocity less
than u,. The result is shown by means of the Applegate
diagramdrawnin Fig. 2 in which the positions of electrons
along the drift tube are plotted against time. Suppose the
cffect of the alternating electric ficld across the input cavity
is to superimpose a small sinusoidal variation of velocity
upon the mean velocity u, as shown in the lower part of
Fig. 2. Since each electron travels along the drift tube with
constant velocity, the paths of all electrons can be repre-
sented by straight lines but the slopes of the lines will be

greater or less than the mean slope, depending upon the
velocity with which each electron leaves the input cavity.
Fast electrons catch up with (and overtake) the slower
electrons such that ‘bunches’ form along the drift tube
with period equal to that of the input signal; there is clearly
an optimum position for the output cavity where the
bunching is greatest, corresponding roughly to S, in
Fig. 2. At §, the bunching has not fully developed, whilst
at S, the fast electrons have well overtaken the slow ones
and the bunching has decreased.

The current passing through the output cavity has a
waveform that is rich in harmonics; for optimum gain,
output power and efficiency, the cutputcavityis positioned
where the fundamental component of the current is a
maximum. For a given beam current and velocity (i.e. a
given beam power) there is a maximum power (the ‘satur-
ated’ power) that can be delivered to the output cavity,
occurring when the beam is optimally bunched as it passes
through. If the input power is further increased, the out-
put power decreases.

Theories describing this bunching action fall into two
classes: ballistic theories based on the Applegate dia-
gram’? and plasma theories™® which employ a linear
wave equation to describe propagation along the beam;
empirical formulae have also been proposed which at-
tempt to combine the two classes.® A helpful comparison
of the various theories is given by Sims and Stephenson’
who show that the plasma and ballistic theories agree at
low signal levels. The plasma theories break down, how-

distance along drift tube
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Fig. 2 — Applegate diagram showing the travel of electrons along the drift tube
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ever, when the input signal is large enough to cause elec-
tron overtaking in the drift tube and thus, because that is
the condition in which high-power klystrons are operated,
only the ballistic theory is considered in this report.

2.2 The Ballistic Theory of Two-cavity Klystrons
2.2.1  Sinusoidal Inpur Signal

The first theory of klystrons, developed by Webster,!
was a ballistic theory in which each eleciron in the beam
was considered to travel throughout the drift tube with
constant velocity. This is satisfactory for smali signals but,
when the electrons form into bunches, mutual repulsion
between the electrons cannot be neglected. Webster! de-
rived a first-order “de-bunching’ correction to allow for
this effect but, as will be shown, this is not important when
considering the non-linear performance. The ballistic
theory is given in the Appendix (Section 10.1}; it is con-
venient to discuss here the approximations involved and
the results obtained.

If a sinusoidal input signal ¥, sin wfis applied across the
input cavity, an electron that leaves the input cavity at
time ¢ does 50 with a velocity given approximately by

u=uy(1+ A sin wt) (2)
where
&n
A=2"
2V,

and £ is a gap-coupling factor which depends upon the
geometry of the gap and the beam.

This assumes A to be much less than unity and, even in
high-power klystrons, this is a valid approximation. It
also assumes that the time taken for an electron to pass
across the gap of the input cavity is negligibly small com-
pared to the period of the input signal, 27/w. This also is
Jjustifiable because the transit time across the gap occupies
only about 1 per cent of the signal period at 500 MHz. For
a two-cavity klystron, the factor ¢ is unimportant becaunse
it affects only the pain of the tube, not its non-linear
characteristics. It is an important factor, however, when
applied to the intermediate cavities of a multi-cavity
klystron (see Section 2.3) because it determines to what
extent they influence the bunching of the beam and hence
both the gain and the non-linearity of the tube.

It is evident from Fig, 2 that the degree of bunching on
the beam as it passes through the output cavity will de-
pend upon the amplitude of the input signal and upon the
distance z between the two cavities. As shown in the
Appendix (Section 10.1) the bunching also depends equally
upon the values of w and u; it is therefore convenient to
use a ‘bunching parameter’ K given by

i 3)
Uy

to define the bunching on the beam as it passes through
the output cavity. The waveform of the beam current
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Fig. 3 — Waveform of current entering output cavity of
two-cavity klystron

entering the output cavity is shown for various values of K
in Fig. 3. When K is small the variation of current is small
and approximately sinusoidal but, as K increases to a
value equal to or greater than unity, the waveform de-
velops infinite peaks which are rich in harmonics, These
infinite peaks occur at the instants when electrons over-
take on entering the output cavity. If K= 1, overtaking
occurs once during each r.f. cycle; if K> 1, overtaking
occurs more than once during each cycle whilst, if K< 1,
overtaking does not occur at all. As shown in the Appen-
dix (Section 10.1), the output voltage may be expressed as
a series of harmonic terms given by

Vour = a!u[l + ZZ FJ.(rK) cos (rwz):, (@
=1

where F, is a factor determined by the amplitude/fre-
quency characteristic of the output cavity, a is a constant
proportional to the product of the input and output pap
coupling factors, and J,(rK) is the Bessel function of the
first kind of order r and argument rX.

It would appear from Equation (3) that the bunching
parameter {(and hence the gain of the tube) can be in-
creased without limit by making the drift tube longenough.
As Webster has shown,! however, the effect of de-bunch-
ing modifies the value of K such that, for small signals, it
becomes




where f is a factor depending upon the current density of
the beam. The optimum value of z (i.e. =/2k) is equal to
one-gquarter plasma-wavelength, a result also given by the
plasma theories. This particular correction for de-bunch-
ing is a function only of the beam current and the design of
the drift tube. It is therefore useful to the klystron designer
in that it determines the optimum drift tube length but it
does not affect the linear dependence of the bunching para-
meter upon the amplitude of the input signal. This is
clearly an approximation and, on physical grounds, it is
evident that the general effect of de-bunching is to ‘soften’
the current waveform, rounding off the infinite peaks of
current. Whilst de-bunching would therefore be expected
to have a significant effect upon the levels of high-order
harmonics and intermodutation products, it can be neglect-
ed where, as in this monograph, only low-order non-linear
products are being considered. It will later be shown that
thesimple ballistic theory, neglecting de-bunching entirely,
agrees well with experiment for power levels up to about
half the saturated power—disparities between theory and
practice at the higher power levels could possibly be traced
partly te de-bunching ¢ffects.
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Fig. 4— Theoretical harmonic levels in a two-cavity klystron

Fig. 4 shows the theoretical variation of output power at
the fundamental and harmonic frequencies, as a function
of input signal amplitude, calculated from Equation (4),
neglecting the selectivity of the output cavity at the har-
monic frequencies. The extreme non-linearity of the
klystron is evident; at a power level slightly less than the

saturated power, the level of the second harmonic com-
ponent of the beam is only — 1 dB relative to that of the
fundamental component.

When the klystron is delivering its saturated power, the
peak value of the fundamental component of beam current
is 1-16 times the mean beam current. If it is assumed that
the output voltage cannot exceed the beam voltage (i.e.
that from cathode to body), the maximum theoretical
efficiency is given by 1:16/2 or 58 per cent; as will be
shown, the efficiency obtained in practice is often very
much less.

2.2.2 Modulated Input Signal

By extending Webster’s theory to include input signals
which comprise three sinusoidal signals applied simul-
taneously, Murata® has shown that the level of each har-
monic or intermodulation product in the bunched beam
is proportional to

amnp :Jm{g') - Ju(ls) ' Jp()’) (5)

In Equation (5) the integers m, n, p (positive or negative)
represent the order of the intermodulation term. 1f, for
example, input signals at frequencies f;, f;, f; are applied
simultaneously, Equation (5) gives the level of the com-
ponent at frequency (mf, 4+ nf; + pfy). The parameters «,
A, v arc given by

o= Ky(mf, + 0o+ pf)/ ]
B=Ky(mf,+nf +ph)i f2 (6)
y=Ky(mf, +nlo+pf)i /s

where K, K,, K; are the bunching parameters of the beam
(as defined by Webster, with or without a correction for
de-bunching) which would apply if each of the input sig-
nals at f,, fz and f; respectively were applied in the absence
of the other two. If the only input signal is that at fre-
quency f,, K, = K;=n=p=0in Equation (6). Equation
(5) then reduces to

Aipos = Jm(mKl)

which corresponds to Equation {(4).
These expressions will be used extensively in Section 4.
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Fig. 5 — Four-cavity klystron




2.3 Multi-cavity Klystrons

For the bandwidth of a two-cavity klystron to be suffi-
cient for a television signal, the Q-values of its cavities
would be low and its gain would be low. Furthermore, the
overall amplitude/frequency characteristic would be un-
suitable. It would be better from the point of view of
selectivity and gain to cascade several stagger-tuned
klystrons but the overall efficiency would then be ex-
tremely low. Instead, these several klystrons may all be
combined into one; several stagger-tuned cavities may be
cascaded along a common drift tube and coupled by one
common beam as shown diagrammatically in Fig. 5. For
television signals, four-cavity klystrons are used at the
present time; typically, the input and output cavities have
fairly low Q (about 80 to 100) and are both tuned to the

cathode

carrying
assembly

= harness

beam-forming
electrodes

input cavity

{with front 1 i

half ramovad) !
i

intermediate
cavities

collector

Fig. 6 — A four-cavity klystron (type K381) with one half of
the input cavity removed

centre frequency, the two intermediate cavities have higher
Q (about 200 to 300) and are stagger-tuned to frequencies
on either side of the centre frequency. In this way, an
overall gain of about 36 dB, uniform within 4-0-5 dB over
a bandwidth of up to 8 MHz, is readily obtained.

The theory of multi-cavity klystrons is extremely com-
plex. Several writers have given theories of three-cavity
klystrons but although they all involve approximations
they nevertheless lead to acute computational difficulties.
Curtice” uses the ballistic theory, Beck® uses a plasma
theory, whilst Webber!® uses a plasma theory for the re-
gion between the first and second cavity, and the ballistic
theory for the region between the second and third cavity.
The theories are very involved both because they include
so many factors (e.g. the amplitude/frequency character-
istic of each cavity and its coupling to the beam, and the
length of each intermediate drift tube) and because the
bunching of the beam is determined by the amplitude and
phase of the voltage across each cavity that it has passed
through. The problem has been surveyed by Curnow!!
who concludes that ‘. . . r.f. measurements under the actual
operating conditions would appear to be essential if the
best performance is to be obtained’.

It therefore appears impracticable to calculate the per-
formance of four-cavity klystrons but, as suggested by
O’Loughlin,'® it is reasonable to suppose that the non-
linearity in a multi-cavity klystron occurs principally in
the drift space between the penultimate and output cavi-
ties. Up to a certain output power level, therefore, a four-
cavity klystron may be represented by a two-cavity model
the input cavity of which comprises a linear amplifier
having the gain and frequency characteristics of the first
three cavities. The experimental results described in the
next section will be compared in Section 4 with theoretical
results using the ballistic theory applied to this type of
two-cavily model.

3. Experimental Results

3.1 General

Experiments were performed using a power amplifier,
designed and made by The M.E.L. Equipment Co. Ltd,
comprising an English Electric four-cavity klystron type
K381 together with its power supplies and associated pro-
tective circuits. The klystron, shown in Fig. 6, comprised
a cathode and beam-forming assembly, followed by four
cascaded cavities and an air-cooled collector. The drift
tubes and gaps were integral with the cathode and collector
assemblies; the cavities were made in two halves which
could be separately attached. The cavities were all of
similar design, taking the form shown diagrammatically in
Fig. 7. The whole was mounted vertically within a set of
coils which, fed with direct current, produced the axial
magnetic field necessary to focus the electron beam inside
the drift tube assembly. A circulator forming part of the
equipment was connected between the input to the ampli-
fier and the input cavity of the klystron. The amplifier was




designed for use as a ‘common amplifier’ (i.e. to handle a
combined sound and vision signal} and, for normal opera-
tion, the e.h.t. voltage (V; in Figs. 1 and 5) was 9 kV, the
current through the focus coils was 9-1A; except where
otherwise specified, these values were adopted for all re-
sults quoted in this monograph. With these values, the
cathode current was 1-77A, the body current 10 mA to
20 mA (depending upon signal level) and the voltage
across the focus coil 56V. Except for the small voliage
drop across metering resistances, the collector was at
earth potential. The heater supply was 13- 1A at 13V. The
rated saturated power of the klystron was § kW,

3.2 Gain/Freguency Characteristic

The nominal gain of the klystron was 36 dB; tuneable
cavities were available which could be adjusted to achieve
an amplitude/frequency characteristic uniform to within
4+0-5 dB over any 8 MHz bandwidth in the frequency
range 590 MHz to 720 MHz. The damping on each cavity
could be adjusted by rotatingits coupling loop (see Fig. 7).
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connected
to drift tube

Fig. T — Cut-away view showing a drift-tube gap, resonator
and coupling loop on K381 klystron

The coupling loops in the intermediate cavities were con-
nected to 50-ohm loads; damping on the input and output
cavities was provided by the source and load impedances
respectively.

Using a sweep signal generator, the input and output
cavities were both tunéd to the chosen centrefrequency;
the second and third cavities were stagger-tuned 4 MHz
low and 4 MHz high respectively. Final adjustments were
made to the tuning and the damping of all cavities so asto
achieve an equi-ripple triple-humped response. For all
experiments, the klystron was tuned to cover an 8 MHz
bandwidth at or about Channel 46 (670 to 678 M Hz).

The amplitude/frequency characteristic was found to
depend, to a certain extent, upon the signal level. Fig. §
shows a gain/frequency characteristic measured at low
power levels during the early part of the tests. Its shape,
whilst still uniform within -~0-5 dB over the § MHz
bandwidth, is significantly different from the equi-ripple

cavity resonator,
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triple-humped response that was displayed by the sweep
generator when the klystron was being tuned at high
power. This effect will be discussed further in the next
section.

3.3 Input{Outpur Characteristics

The measured variations of output power from the two
intermediate cavities and the final cavity at the funda-
mental frequency, as a function of input power, are shown
in Fig. 9. It is evident that the non-linearity occurs princi-
pally in the region between the third and final cavities,
thus justifying the use of a two-cavity model to represent a
four-cavity klystron. It also follows that the overall
amplitude/frequency characteristic of the klystron will
vary with output power in such a way that the character-
istic of the output cavity will tend to dominate at high
power levels. Thus, if the cavities are loaded and tuned
so as to achieve a triple-humped overall response at high
power levels, the central hump will be less pronounced at
low power levels,

3.4 Levels of Harmonics

Levels of harmonics were measured using the arrange-
ment shown block-schematically in Fig. 10. The level of an
unmodulated signal from the signal generator was adjust-
ed to achieve a given output power from the klystron.
With the high-pass filter shown in Fig. 10 removed, and
the variable attenuator set to 30 dB, a relative datum level
of the signal at the fundamental frequency was measured
on the receiver. With the high-pass filter inserted as shown
in Fig. 10 and the variable attenuator set to zero insertion
loss, the levels of the signals at the second and third har-
monic frequencies were measured on the receiver, relative
to the datum at the fundamental frequency. It was verified

beam

low-pass filter current

fo = 900 MH2

circuiator
klysiron

AN

rmean powar
meter

that negligible harmonic generation occurred in the re-
ceiver at the signal levels involved.

Similar measurements were made in which the output
power of the klystron was measured as above but the re-
maining measuring system was connected by directional
couplers to the damping loads on the two intermediate
cavities. In this way, the levels of second and third har-
monic in each intermediate cavity could be measured rela-
tive to the level of the fundamental component in that
cavity, for given output power levels from the final cavity.

The results are shown in Fig. 11.

3.5 Levels of Imtermodulation Products
3.5.1 Two-tone Tests

Levels of intermodulation products were measured
using the arrangement shown block-schematically in
Fig. 12. Two signals, at frequencies /] and 7, (spaced
2 MHz apart and both within the pass-band of the klys-
tron), were combined in 2 manner which minimized cross-
modulation between them. The level of the input signal at
J1 was maintained at + 7 dB relative to the level of that at
J2: the level of the combined signal was adjusted by the
variable attenuator. The combined signal was amplified
by a travelling-wave tube amplifier and applied to the
klystron amplifier. It was verified that, at the low power
levels involved (i.e, less than 10 W), negligible intermodu-
lation occurred in the travelling-wave tube. A portion of
the output power from the klystron was fed to a power
meter and a narrow-band sweep receiver. The power levels
of each of the two signals at f] and f; were determined in
the absence of the other. The receiver was arranged to
sweep sinusoidally, fifty times per second, over the band-
width of the klystron and so to give a spectral display on
the oscilloscope of all signals present in that bandwidth,

cavilies
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aitenuator
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Fig. 10 — Arrangement used to measure levels of harmonic products
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fromwhichthe level ofeach could be determined. Therange
of signal levels applied to the receiver was kept low enough
to prevent intermodulation within the receiver. The levels
of signals occurring at frequencies f,, f5, (2fi— /) and
(2f, — f1) were measured ; the results are shown in Fig. 13.

3.5.2 Three-tone Tests

Attranslatorstationsthe klystron amplifies the complete
television signal comprising the modulated luminance,
chrominance and sound signals. Under these conditions,
the three carriers (i.e. the luminance, chrominance and
sound carriers at frequencies f;, f, and f, respectively) are
all present simultaneously at comparatively high power
under most picture conditions; their intermodulation
product at frequency (f, - f; —f.) is dominant and, fur-
thermore, it causes a bar pattern which is readily perceived
subjectively. Subjective tests have shown that, for this pat-
tern to be imperceptible, its level must not exceed — 48 dB
relative to peak sync. power. This requirement is so
stringent that it forms the basis of one of the most import-
ant acceptance tests performed on klystrons for use at
BRBC translator stations. For test purposes, it is conveni-
ent to measure the level of this intermodulation term ob-
jectively under simulated picture conditions in which three
c.w. inpul signals represent the three carrier components.
Experience has shown that if the output levels of these
signals at the frequencies of the luminance, chrominance
and sound carriers are — 8 dB, -~ 17 dB and — 7 dB rela-
tive to peak sync. power respectively, and the level of the
(f.+f.—f.) intermodulation product is not greater than
— 52 dB relative to peak sync. power, then the pattern will
be imperceptible subjectively under the great majority of
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Fig. 12 — Arrangement used to measure levels of intermodulation producis

picture conditions. Those levels have therefore been adopt-
ed as standard and the test has become known as the
‘three-tone test”. This intermodulation product is usually
the dominant feature when klystrons are used at translator
stations and, to achieve the specified level of — 52 dB, the
peak sync. power fed to the aerial must not, at the present
time, exceed one-fifth of the klystron saturated power. As
will be shown, the theoretical level from an ideal klystron
is about — 55 dB when de-rated in that way and, in prac-
tice, levels from — 47 dB to —52 dB are typical,'? de-
pending upon the tuning and the loading of the cavities.

This test was carried out, as part of the general investi-
gation described in this monograph, using an arrangement
similar to that shown in Fig. 12, When delivering a peak
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sync. power of 1 kW, the measured level of the inter-
modulation product at (/, 1 f, — f.) was —47 dB relative
to 1 kW, This level would be unacceptable for service use
but, in practice, an acceptable Ievel would be achieved by
adjusting the tuning and loading of the cavities, as dis-
cussed in Section 4.4.2,

3.6 Differential Amplitude Characteristics

‘The results given in Fig, 13 show that the weaker of two
signals (at f, in Fig. 13) is “‘crushed’ by the stronger signal.
A similar situation arises in the case of a colour signal in
that the amplitude of the chrominance signal is reduced
by the presence of the (stronger) luminance signal. The
result is termed ‘differential amplitude distortion’ or
‘differential gain distortion’; its effect is to reduce the
saturation of a colour picture when its brightness de-
creases,*

The differential amplitude distortion caused by the
klystron was measured using the equipment shown block-
schematically in Fig. 14. The video signal shown in Fig. 15
(comprising a seven-step luminance signal with a colour
sub-carrier of constant amplitude at 4.43 MHz on each
step) was modulated on a Channel 33 carrier, frequency-
changed to Channel 46, and applied to the klystron. A re-
ceiver having 2 MHz i.f. bandwidth was tuned to the
chrominance signal at the output of the klystron; the un-
detected i.f. output was displayed on an oscilloscope (Fig.
16). This display, which is equivalent to the envelope of the
chrominance signal when the luminance signal has been
removed, enabled the distortion caused by the klystron to
be assessed without introducing additional distortions
attributable to detection.

The resulting waveforms, corresponding to peak sync.
powers of | kW and 3 kW, are given in Fig. 16. They show
the positions of the synec. pulses {during which the chro-
minance signal is zero) followed by the colour bursts,
followed by the waveform of the chrominance signal that

o Be_caﬂse negative modulation is used, the transmitted luminance
signal increases as the brightness decreases.
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Fig. 14 — Equipment used to measure differential amplitude
distortion

occurs during each of the eight levels of luminance of the
test waveform shown in Fig. 15. When the klystron was
delivering only 1 kW peak sync. power (Fig. 16(a)) it was
operating in a near-linear condition and the amplitude of
the chrominance signal remained nearly constant over all
the eight levels of the luminance signal. When delivering
3 kW peak sync. power (Fig. 16(b)), however, the non-
linearity of the klystron was evidenced by the crushing of
the chrominance signal at relatively high luminance-
carrier levels. Thus, for example, when the luminance
component of the test waveform (Fig. 15) corresponded

Fig. 15 — Video waveform of test signal used to measure
differential amplitude and differential phase distortions

to black level (77 per cent modulation depth) immediately
following the colour burst, the amplitude of the chromin-
ance signal at the output of the klystron (Fig. 16) was re-
duced below its correct value. As the amplitude of the
luminance carrier progressively decreased to the value
corresponding to peak white (19 per cent modulation
depth), the amplitude of the chrominance signal recovered
to its correct value. The effect which this has on a colour
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fa)

Fig. 16 — Waveforms of chrominance signals showing
differential amplitude distortion
(a) 1 kW peak sync. power (b) 3 kW peak sync. power

picture is to change the saturation of a coloured object if
its brightness varies. This is termed differential amplitude
distortion and is expressed in terms of the percentage
change of amplitude of the chrominance signal when the
luminance signal varies from black level to peak white
(see Section 4.5). The waveforms shown in Fig. 16 indicate
that, when delivering 1 kW, the klystron causes 4 per cent
differential amplitude distortion; when delivering 3 kW
the distortion increases to 22 per cent.

1t was not possible to carry out this test in the presence
of a sound signal because the latter could not be separated
sufficiently well from the colour signal for display pur-
poses. A separate experiment, however, displaying the
detected output from a vestigial-sideband (v.s.b.) receiver
showed that, at 1 kW peak sync. power output, the pre-
sence of the sound carrier made only very slight difference
to the distortion. The 1 kW condition above therefore
corresponds to typical operation at translator stations:




the 3 kW condition approximates to operational condi-
tions where separate sound and vision amplifiers are used.

3.7 Differential Phase Characteristics

When the klystron is not driven, the beam power (i.e.
the product of the beam current and the beam voltage) is
dissipated at the collector. When the klystron is driven,
the beam power is unchanged but some of it is converted
to r.f. power and, consequently, the power dissipated at
the collector is reduced. Since the riean beam current is
unaffected, this means that the mean velocity of the elec-
trons is reduced as the klystron is driven harder. Thus the
group delay of the klystron increases as its output power
is increased. The result is tecmed ‘differential phase dis-
tortion’ or ‘level-dependent phase distortion’;* its effect
is to alter the hue of a colour signal when its brightness
varies. This is not a very marked effect with klystrons,
however, because the reduction of mean electron velocity
occurs mainly towards the far end of the drift tube and the
overall change of group delay is small. On the other hand,
a few degrees of differential phase distortion is readily
perceptible subjectively and, at stations where the peak
sync. power approaches the saturated power rating of the
klystron, it may be necessary to pre-correct the phase of
the colour sub-carrier in order to allow for subsequent
differential phase distortion in the klystron. The current
BBC specification requires that the resulting differential
phase distortion does not exceed -+ 3°, whilst that without
pre-correction does not exceed 4 10°,

Two methods were adopted to measure the differential
phase characteristics of the klystron. The first method
used the standard ‘staircase’ lnminance signal, with super-
imposed colour sub-carrier. For this, apparatus similar
to that shown block-schematically in Fig. 14 was employ-
ed, but with the narrow-band receiver replaced by a v.s.b.
receiver of the type normally used for re-broadcast recep-
tion. The output from its detector was fed through a 4-43
MHz band-pass filter to a colour signal analyser the output
of which was displayed on the oscilloscope. The amplitude
of the output signal from the colour signal analyser was
proportional to the phase of the input signal relative to
that of a reference signal obtained from the colour sub-
carrier adder. The changes of phase of the colour signal
caused by changes of amplitude of the associated lumin-
ance signal could therefore be measured. These phase
changes were found to be very small; they were not only so
small as to make their measurement very difficultagainst
the background noise through the complete chain but,
more significantly, the differential phase distortion mea-
sured when the klystron was included in the measuring
chain was comparable with that caused by the chain itself,
As far as could be judged, the differential phase distortion
introduced by the complete chain, including the klystron,
was about 37 for peak sync. output powers up to 3 kW,
whilst that introduced by the chain, with the klystron by-

* This effect is also sometimes termed ‘amplitude-to-phase con-
vcrsmn‘,' particularly in connexion with svstems using lrequency
modulation,

receiver 10d8 4A]\
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passed, was about 2°. Clearly, the distortion caused by the
klystron itself cannot be deduced from these results, For
this reason, a second method? for measuring the change
of phase was adopted, using the equipment shown block-
schematically in Fig. 17, The output from a signal genera-
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Fig. 17— Arrangemeni used (o measure level-dependent
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tor was fed to a receiver through two parallel paths, one of
which was a reference path and the other of which in-
cluded both the klystron under test and an admittance
meter. By adjusting the controls on the admittance meter
to maintain zero output from the receiver, changes of
amplitude and phase of the signal through the klystron
could be deduced from the meter readings. The results are
shown as a function of frequency in Fig. 18 for changes of

3 T

b+ i
N A |
1 NETAN
/ "B N ¥

2 0 j | N/
o 666 /\see &7 / €72 6740 ©ie\ 678 | 680
& -1 N, irequency, MHz \ n
g RN | VAN
T o 2% : ——&—
c o {l\ ‘!
=R
a 3 \\ Y i
El 3 H *ul A r
o -4 +
i v h Cvd -
] 3 ﬁ ' A L
~ 5 7V A T
=} v \ i
o -6 ) L S 4
g Y} 1 1 \’.'- 4
& -7 b !
- Yoy l‘l !
S g 1 Al
) x VY
o -9 1
i W

-10 ”,

y
el L] *
-12

Fig. 18 — Change of phase of output signal caused by change
of output power

—0—~0— Change of output power 100 watts to 1 kW
——X—-X—— Change of cutput power 100 watts to 3 kW




output power from 100 watts to 1 kW and from 100 watts
to 3 kW, The results exhibit a scatter because the inher-
ent accuracy of the method is about 4 3°13 For output
powers up to 1 kW, the klystron imposes a phase change
whose mean valuc taken over the channel bandwidth is
Q-1°, This value increases to 5° when the output power is
about 3 kW. It is difficult to refate this result to the occur-
rence of differential phase distortion of a television signal,
however, because the latter corresponds to the change of
phase of a small r.f. signal of constant amplitude (the
colour sub-carrier) caused by changes of amplitude of
anotherr.f. signal {the luminance carrier). If necessary, the
method could be applied to that case, using two input sig-
nals, but it would be complicated and the overall accuracy
would probably be no better than that of the former
method. In any case, both methods of measurement imply
that the phase change introduced by the klystron is well
within the specified limit of 4- 10°.

3.8 Change of Phase of Ouiput Signal With Beam Voltage

The equipment shown block-schematically in Fig. 17
was used to measure changes of phase of the output signal
from the klystron as a function of changes made to the
beam voltage. The results, measured at 675 MHz, are
shown in Fig, 19,
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4. Comparison of Theoretical and Measured
Results

4.1 General

The following theoretical results are calculated using
the ballistic theory discussed in Sections 2.2 and 2.3. The
effect of de-bunching is neglected; as discussed in Section
2.2.1, this is valid for small signals but it may not be valid
as the saturated power level is approached. It is further
assumed, as discussed in Section 2.3, that the non-linear
behaviour occurs entirely in the drift space between the
penultimate and output cavities. The four-cavity klystron
used for the tests is therefore regarded, for calculation pur-
poses, as a two-cavity klystron preceded by a linear ampli-
fier. This also is valid for small signals but it may lead to
error as the saturated power level is approached.

Suppose the input signal voltage at frequency f, is a
fraction, k,, of that voltage which, in the absence of other
input signals, gives saturated output power P, Then,
since the first maximum of Ji(x) is equal to 0-582 and
occurs when x = 1-84, K, == 1 84%, and Equations (3) and
(6) may be re-written as

Pwm t F""”" .
(,Pop) — b T (). J,(8). J() (7)

where P, is the power output at frequency (sf; + nfp +

ofs)
a=1-84k,(mfL + nfa--pf3)i f1

B=1-8dky(mf, + nfs+ pfi)i 1.
y=1-8&ky(mfy +nfy+ pfal /s

(8)

and F,,, is a factor depending upon the amplitude/fre-
quency characteristics of the klystron cavities.

The factor k, will be termed the ‘normalized bunching
parameter’.

Unless otherwise stated, all the calculations in this sec-
tion assume P, to be 5 kW, the rated saturated power of
the klystron used for the experiments,

4.2  Input/Output Characteristic

When only one input signal is applied, k=&, =0 in
Equation (8). Similarly, since only the output at the funda-
mental frequency is being considered,m = l,andr=p=0.
The theoretical input/output characteristic is therefore
given by

Pﬂ)L_-lmJ (1-84%,) )
P, 0-58271 b

This is drawn in Fig. 9 for comparison with the mea-
sured input/output characteristic.

4.3 Levels of Harmonics

To calculate the harmonic levels, ky=ky=n=p=90
as in Section 4.2. The level of the m** harmonic is there-
fore given by




-Pmﬂn %___ FMGO
(75;,'7) — o2 T Bitky) (10)

The factor F,,, represents the response of the output
cavity at the frequency of the m!* harmonic relative to that
at the fundamental frequency. It is a very difficult factor
to measure because it includes the coupling between the
beam and the cavity; it is also a difficult factor to calculate
both because of the geometrical shape of the cavity and be-
cause the cavity is loaded at its centre by the admittance
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Fig. 20 — Amplitude/frequency characteristics of output
cavity
{a) At fundamental frequencies
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both of the beam and of the gap and ceramic tube (see
Fig. 7). The factor was therefore assessed partly by calcula-
tion and partly by measurement as follows.

A small test probe was inserted in the cavity in addition
to, and near the face remote from, the existing output
coupling loop. The amplitude//frequency characteristic of
the cavity, from the test probe to the coupling loop was
measured over three frequency bands in the region of the
fundamental, second and third harmonic frequencies of
operation of the klystron. The results are shown in Fig. 20.
These results apply over the small bands of frequency
shown but they cannot be related to each other because
the variation of coupling of the test probe to the cavity is
not known over the whole frequency range. It is clear from
Fig. 20(b) that a resonant mode exists in the cavity at
approximately twice the frequency of the fundamental
mode, and that it is a mode which couples to the beam.

Assuming each cavity to operate in the TE,;,; mode, the
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field patterns for the fundamental and third-order reson-
ant conditions will be as shown in Figs. 21(a) and 21(4).
It may appear at first sight that the third-order resonance
should occur at three times the fundamental resonant fre-
quency but this is not so for two reasons. First, the wave-
length in the cavity is not inversely proportional to fre-
quency, particularly when, as is the case for the cavity in
question, the fundamental resonant mode occurs at very
nearly the cut-off frequency. Second, the effect of the
admittance corresponding to the loading of the beam, the
ceramic tube, and the beam coupling gap, across the centre
of the cavity, is such as further to affect this relationship.
The approximate analysis given in the Appendix (Section
10.2) shows that the amplitude/frequency characteristic
of the cavity would take the form of the dotted curve
shown in Fig. 22 if the cavity were loss-less. It is evident
that the third-order resonance occurs at very nearly twice
the frequency of the fundamental resonance. The effect of
loss in the cavity (notably, of course, the effect of the load
impedance coupled into the cavity) can be assessed in con-
junction with Fig. 20. Thus, the peak at 681 MHz on the
curve of Fig. 22 can be ‘rounded-off’ to have a 3 dB band-
width of 6- 8 M Hz corresponding to that in Fig. 20{a); the
peak at 1,340 MHz can be rounded-off to have a 3 dB
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bandwidth of 98 MHz corresponding to that of Fig. 20(3).
The carve of Fig. 20(c) is in general agreement with that of
Fig. 22 over the range 2,000 to 2,100 MHz.

The overall amplitude/frequency characteristic of the
cavity is therefore taken to be as shown in Fig. 22; relative
to the fundamental, the cavity attenuates the second har-
monic by 27 dB, the third harmonic by 62 dB. Evaluating
Equation (10) with these values of F,,,,, givesthe theoretical
results shown in Fig. 11(a). Agreement between the mea-
sured and theoretical results is well within the accuracy to
which the factor F,,,, is known.

It should be noted that the above is only an approximate
assessment of the theoretical harmonic levels; apart from
the approximations in the theory of the klystron, no allow-
ance has been made, for example, for possible variations
with frequency of the coupling from the cavity to the load,
Nevertheless, there is no doubt that cavities of this design
exhibit a third-order resonance at about the second har-
moenic frequency when the cavity is tuned to about 680
MHz; Fig. 23, for example, shows the measured overall
gain/frequency characteristic of the klystron at about
1,354 MHz when the cavities were tuned to give the re-
sponse shown in Fig. 8. Surprisingly, the klystron had 20
dB overall gain at 1,354 MHz. This effect, however, is
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likely to occur only when the cavity is tuned to a particular
fundamental frequency and is not general at all tuned fre-
quencies. Furthermore, harmonic filters following the
klystron would provide adequate harmonic suppression
at the great majority of transmitting stations. Neverthe-
less, the effect should be borne in mind and, if the required
harmonic suppression is particularly stringent at a few
stations, it would be desirable to insert shorting posts
across the output cavity so as to inhibit the third-order
resonance and so to gain harmonic suppression within the
klystron itself.

4.4  Levels of Imtermodulation Products
4.4.1 Two-tone Tests

When only two input signals are applied, k;=0 in
Equation (8).

If the output signal at (2f, —f;) is being considered,
m=2,n=-1, and p=0. If the frequencies f; and f, are
nearly equal, then

o =1-84k,(2f, —f3)/fi= 1- 84k,
B=1-84k,(2f; — f)[faxe 1 B4k,

Equation (7) may therefore be re-written:

%)
Py
where Py, represents the output power at frequency

@, fo.
Likewise, if the output at f; is being considered, m =0,
n=1, p=0 in Equation (8) and

and

%__ Faa

=5rsny - Sl B4k). T(1-84ky)

(1)
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__fon_

— sy Jo(184ky). (1 84ky)

PDIU d
(%) (12
where P, represents the output power at frequency f;. It
is apparent that the term Jy(1-84k,) accounts for the
‘crushing’ of a weak signal by a strong one that is cbserved
in practice.

The factors Fyy, and Fy in Equations (I11) and (12)
represent the amplitude/frequency characteristics of the
klystron cavities, Whilst the overall amplitude/frequency
characteristic of the klystron can be taken as constant over
the frequency band being considered (see Fig. 8), thisisthe
overall result of four stagger-tuned responses which, indi-
vidually, are not uniform. The amplitude/frequency
characteristic of the final cavity is as sketched in Fig. 24;

| overall response i
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Fig. 24 — Typical amplitude/frequency characteristics of a
Jour-cavity klystron

the overall response of the first three cavities must there-
fore be the complement, as also sketched in Fig. 24. As
O’Loughlin has pointed out,*? the levels of signals applied
at the input to the klystron are modified by this comple-
mentary response before leaving the third cavity and,
strictly, the values of &, and %, should be modified ac-
cordingly. Furthermore, the level of the signal being con-
sidered should be modified according to the amplitude/
frequency characteristic of the output cavity. The factors
Fye and Fy,y imply this complete modification but, in
practice, this changes the levels of the signals by only a
few decibels and, bearing in mind the other approxima-
tions involved, this modification has been ignored. Taking
these factors as unity throughout, levels of the signals at
Joo fo Qfi — 12 and (2f; — 1) have been calculated using
equations similar to (11} and (12); they are shown for
comparison with measured results in Fig. 13. Agreement
is good for output powers up to at least half the saturated




power, and thereafter the theoretical results give a good
estimate of the levels that occur in practice.

442 Three-tone Tests

As discussed in Section 3.5.2, the ‘three-tone test’ is
generally taken to mean a test carried out-at translator
stations to measure the amplitude of the intermodulation
term at frequency (£, —f. 1 f,) when three signals of pre-
scribed relative levels are applied simultaneously at fre-
quencies f,, f. and f,, the frequencies of the vision, colour
and sound carriers respectively. In this case, m=p—=1
and n=— 1 in Equation (8) and, since all the frequencies
involved are nearly equal

a=1-84k(f.— 1.+ F)if,~ 1-84k,
nB =1- 84kc(fu ”fc +j.s)f,f:c 1 84kc
y=1-84k(f, —f. )= 1-Bdk,

Thus
( flg) *__Fu
P,/ 0-582°
where Py, represents the output power at the frequency
(f,—f.+f) and Fy, is an amplitude/frequency factor
having a significance similar to that of the factors F,;;and

Fp discussed in the previous section.
It follows from Equation (9) that

I(1-84k)=0- 582(P1°°) (ﬂ)&

L(1-84k,). J,(1-84k.)- J(1-84k,)  (13)

Py Py
] E3
Jy(1-84k,) =0- ssz(P "“’) .(53) (14)
P PU

Pm) P,,)%
and  J,(1-84k,) =0 582( s (Fo

where Py, Pop and Py, represent the output powers at
Jo f; and f; respectively, and P, represents the peak sync.
output power, Combining Equations (13) and (14) gives

() —osorna()" () (5) - (5)
(I;_“:) —(0-582)Fy,. ‘;’ (%)!.(I;‘;:')&. (P'm) (15)

If the output powers at f,, f; and f,are —v dB, —c¢ dB
and — s dB relative to peak sync. power respectively, peak
sync. power is — p dB relative to saturated power, and the
factor Fy,, is taken to be unity, Equation (15) can be ex-
pressed in the convenient form

Level of intermodulation product at
(fo~ferf)= (-4 1-2p+v | e +-5) dB
relative to peak sync. power
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For the three-tone test, the accepted values of v, c and s
are 8 dB, 17 dB and 7 dB respectively. If the peak sync.
power is — 7 dB relative to the klystron saturated power,
it follows that the level of the intermodulation product will
be —(9-4+14+8-+17+7)dB=—155-4 dB relative to
peak sync. power. It also follows that the level of this pro-
duct will vary ‘dectbel for decibel’ as the level of either of
the three signals is varied, or as ‘2 dB for every 1 dB’ as the
ratio of peak sync. power to saturated power is varied.
Variations of this type are found to occur in practice.

Using a different analysis, O’Loughlin'? gives a predict-
ed level of —55-5 dB for this intermodulation term, as-
suming the factor £, to be unity. He shows theoretically
that the effect of this factor (depending upon the tuning
and loading of the cavities) can typically be such as to in-
crease the level of the intermodulation term by upto 745
dB. This is found to be true in practice and, generally, the
cavities are tuned so as to achieve not only a suitable gain/
frequency characteristic but also an acceptable level for
this particular intermodulation term.

4.5  Differential Amplitude Characteristics

Differential amplitude distortion on a television signal
is specified in terms of the change of amplitude of a
chrominance signal when superimposed on the eight levels
of a seven-step luminance staircase between black and
peak white as discussed in Section 3.6, this type of dis-
tortion is caused in a klystron by the ‘crushing’ effect that
a strong signal has on a weak signal. This can be repre-
sented in Equation (8) by putting f; = £, and &, =k, corres-
ponding to the luminance signal, f; =/, and k, =k, cor-
responding to the chrominance signal, and &y =0. If the
amplitude of the term at f, is being considered, m=1,
n=0, p=0 and, since f,» f,, Equation (7) can be written

as
Pmo)*
(?D 0-582°

where Py, represents the output power of the luminance

signal.
Correspondingly

(P ow) 1
Py} 0-582°
where Py, represents the output power of the chrominance
signal.

The termsin J,{ )in Equations (16) and {17) indicate the
degree of crushing that occurs. Since k_is small, J,(1-84k,)
is nearly unity, thus neglipgible crushing is caused on the
luminance signal by the chrominance signal. As saturated
power is approached, k, approaches unity and Jo{!-84k,)
becomes significantly less than unity, showing that crush-
ing is caused on the chrominance signal by the luminance
signal, The differential amplitude distortion is given by

Jo(l -84k ,2)
b= [1 3o(1-84ksy)

Ji(1-34k,). 3,(1-84k) (16)

1,(1-844,) . J,(1-84k,) (17)

100 per cent (18)




where k,; and &, are the normalized bunching parameters
at the luminaneg carrier frequency. They give the two levels
of luminance signal that define the range within which the
distortion is being considered.

The maximum distortion will be that correspondingto a
change of luminance signal from peak white to black level
{i.e. as the luminance carrier amplitude increases from
19 per cent to 77 per cent of the peak sync. amplitude). It
has been calculated from Equation (18) over this range of
luminance amplitude; the results are shownin Fig. 25 asa
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Fig. 25 — Theoretical differential amplitude distortion

function of peak sync. output power. These agree well
with the measured result at 1 kW output power (see
Section 3.6) but tend to be optimistic when compared
with the measured result at 3 kW output power. This dis-
parity may be associated with the variation of the gain/
frequency characteristic with output power discussed in
Section 3.3.

4.6 Differential Phase Characteristics

As discussed in Section 3.7, some of the d.¢. beam power
of the klystron is converted to r.f, power, and diverted to
the intermediate cavities, when the klystron is driven. Asa
result, the group delay and, therefore, the differential
phase of the chrominance signal increases with change of
luminance signal level because the output power is a
function of the level of this signal.

The mean power carried by the beam across any section
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of the drift tube must be equal to the beam power (f,V;)
less any r.f. power which it has delivered at intermediate
cavities. Thus
2l
2y

:Vofo_P,f (]9)

where #% is the mean squared velocity of the electrons
forming the beam at the chosen cross-section and P,
represents the total r.f. power delivered at intermediate
cavities. Since the spread of velocities about the mean
value {A in Equation (2)) is small, the mean squared
velocity can be taken to be equal to the mean velocity
squared (i.e. terms in A2 can be neglected in comparison
with unity), The mean velocity of the beam at this section
can therefore be written as

2 b
w— (Wl —P.) 0)
0
Combining Equations (1) and (20) gives
ua# P,.j 4
=t v) &

In a four-cavity klystron, there are therefore three beam
velocities to consider; that between the first and second
cavity (which is independent of signal level) and those be-
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tween second and third, and third and fourth cavities
(which depend upon the powers delivered to the second
and third cavities).

The measured powers delivered to the second and third
cavities have been shown in Fig. 9 and are re-plotted in
Fig. 26 as a function of output power. It is evident that
the power delivered to the second cavity is negligible com-
pared to that delivered to the third cavity; only the change
of velocity between the third and fourth cavity need there-
fore be considered.

If the length of the drift tube between the third and
fourth cavitiesis /, the mean transit time of the beam along

this tube is given by
{ P
T__(I_Fo)

where P,, tepresents the power delivered to the third
cavity. The change of transit time, compared to that when

P,=0, is given by
-1
| ff),'! ) - [:|
Py

s7—" (
U

and, since P,;/P; is small compared to unity, the change of

phase of the output signal is given by

(22)

(23)

(24)

where fis the signal frequency.

Taking/as 120 mm, Py as 15-9 kW (see Section 3.1), and
values of P,; as shown in Fig. 26, the theoretical level-
dependent phase shift as a function of output power at
675 MHz is as shown in Fig. 27. These results are evi-

N

-

change of phase of
outpul signal, degrees
N

] 1 2 3 4 ) 5
output power, kW

Fig, 2T — Theorerical level-dependent phase shift

dently of the same order as the measured results given in
Section 3.7.

4.7 Change of Phase of Output Signal with Beam Voltage
It follows from Equation (1) that the transit time*
through the klystron is given by

* This refers to the beam transit time. The envelope group delay
through the klystron will be greater because of the phase character-
istics of the cavities.
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T= 25
A @)
where / is the overall length of the drift tube from input to
cutput cavities, and ¥ is the beam voltage (cathode/body).
When the beam voltage is changed from ¥; to V,, the
change of phase of the output signal will be given by

el G

Taking / as 370 mm, the theoretical phase change of an
output signal at 675 MHz is shown as a function of beam
voltagein Fig. 19. This resultis in good agreement with the
measured resulis.

(26)

5. Reverse Beam Current

As part of the klystron design, it is important to ensure
that negligible reverse current (i.e. in the direction from
collector to cathode) flows in the drift tube. Electrons
which are deflected back from the collector for any reason
would flow towards the body; such electrons would ex-
perience the same focusing action as do the forward elec-
trons and would couple back from the output to the input
cavily, giving rise to instability. The following describes
two important ways in which reverse beam current can
occur,

5.1 Secondary Emission

The electrons have sufficient velocity to cause secondary
emission when they strike the collector; a few high-energy
secondary electrons travel back along the drift tube. Mea-
surements of back-coupling (from cavity 2 to cavity 1)
have shown a reverse beam current to exist, probably
caused in this way. It has been suggested that the presence
of this reverse beam current can enhance the level of inter-
modulation products by introducing them back into the
input cavity for re-amplification but it would seem that,
even if the klystron were on the verge of self-oscillation
due to the same cause, such enhancement cannot exceed
6 dB. Permanent magnets have been attached to the outer
surface of the collector (by the klysiron manufacturer)
with a view to introducing a magnetic field which would
deflect such secondary emission away from the drift tube.

drift tube and cavities

cathode l collector

Fig, 28 — Depressed-collector operation




The manufacturer states that . . . Fitting a magnet on the
collector had the effect of stabilising the intermodulation
product measure resulting in an improvement in some
cases and a deterioration in others. One important feature
of the magnet was that when present the intermodulation
product followed the theoretical 2 dB per 1 dB law but in
the absence of the magnet this law was generally not fol-
lowed.”

5.2  Depressed-collector Operation

Electrons travel along the drift tube, and enter the col-
lector, with a mean velocity largely determined by the
cathode-to-body voltape. The energy which they possess
after leaving the output cavity appears as heat on impact
on the walls of the collector and is wasted. It would there-
fore appear desirableto depress the collector potential (i.e.
make the collector potential negative with respect to the
body) so as to slow down the electrons after leaving the
output cavity but before impact on the cavity walls. A
suitable arrangement would be that shown diagrammatic-
ally in Fig. 28. If (¥; + ¥,;} is made equal to ¥y, the condi-
tions throughout the drift tube and cavities are identical to
these for normal operation (see Fig. 1). The electrons leav-
ing the output cavity are decelerated by the voltage V, and,
since the body current 7, is negligible compared to the
beam current {,, the d.c. power requirement is reduced
from ¥,/ to ¥k,

Such arrangements are quite practicable and are adopt-
ed on some commercially-available klystrons designed for
u.k.f. television signals. It is desirable from the point of
view of efficiency to make the ratio F,/ ¥, large but too
large a value could lead to instability on account of the
‘spread’ of electron velocities about the mean vaiue. This
spread is small when the klystron is not driven but it in-
creases as the level of input signal is increased. As the out-
put power approaches the saturated power, some electrons
leave the output cavity with comparatively low velocity
and, if the ratio V,/V; is sufficient, they may be turned
back along the drift tube without touching the collector.
The action becomes that of a reflex klystron and instability
results. Nevertheless, a measure of collector depression is
practicable. Four-cavity u.h.f. klystrons are commercially
available for which ¥, =13kVand ¥,=>5 kV. The quoted
saturation power of such klystrons is 585 per cent of the
d.c. power, compared to only 31 6 per cent for the klystron
used for the tests described in this monograph. In the
authors’ opinion, this is a very worthwhile advantage.

6. Envelope Correction

This section considers the possibility of pre-distorting
the modulation envelope of the input signal to the klystron
in such a manner that the envelope of the output signal is
undistorted. Correction of this form could, in principle,
remove all in-band intermodulation produets, Two types
of correction will be considered: open-loop methods
which employ pre-set distorting networks, and closed-
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loop methods in which the non-linear characteristics of the
networks are adjusted by some feed-back mechanism.

6.1 Open-loop Correction

Open-loop correction requires a pre-distortion network,
prior to the klystron,* which would generate intermodula-
tion products with suitable amplitude and phase to cancel
those generated subsequently in the ktystron. This clearly
pre-supposes highly stable non-lingar characteristics of
both the distorting network and the klystron. It also pre-
supposes that the non-linearity/frequency characteristic
of the network can be matched to that of the klystron; this
may not be feasible because the non-linear characteristics
of a stagger-tuned multi-cavity klystron would be highly
frequency-dependent.

Such an approach is possible for first-order correction
such as sync.-pulse stretching to allow for subseguent
crushing in the klystron at a high-power station but it is
considered to be quite impracticable as a method for re-
ducing intermodulation products in a klystron when used
as a common amplifier for sound and vision signals.

6.2 Closed-loop Correction

Closed-loop correction implies the use of a pre-distort-
ing network whose non-linear characteristics are con-
trolled by a signal which is derived fromthe envelope of the
output signal. At first sight it would appear feasible to
compare the envelopes of the signals at the input and the
output of the klystron and to modulate their difference on
to the input signal in cancelling phase. Simple loops of this
type are not practicable, however, because the group delay
through the klystron would limit their bandwidth to about
I to 2 MHz. In order to apply closed-loop correction,
therefore, it would be necessary to use a controlling signal,
derived from the output signal, to re-adjust the non-lingar
characteristics of a pre-distorting network in such a way
as to correct for changes in the characteristics of the
klystron. It should be noted that, for envelope correction
of this type, the controlling signal should be derived by
comparing the envelope of the input signal with that of a
portion of the output signal which has passed through a
network having amplitude and phase characteristics
similar to those of a typical domestic television receiver.
The feasibility of this type of correction may be looked into
in the future.

7. Conclusions

The principal assumptions in the theory of klystrons as
given in this report have been to assume a two-cavity
model and to neglect de-bunching. Both these assump-
tions are valid at low power levels but both would be ex-
pected to break down at output levels approaching the
saturated power. Comparison between the measured and

* The network could equally, in principle, be connected at the out-
put of the amplifier but such an arrangement would be less conveni-
ent in practice.




theoretical results has shown them to be in good agree-
ment up to at least half the saturated power and to give &
good estimate of the klystron performance at all power
levels. The observed non-linearity of klystrons is there-
fore considered to be largely fundamental to their mode of
operation and is not itkely to be improved upon by atten-
tion to their design.

At main stations, where the sound and vision signals are
handled by separate kiystrons, it is possible to pre-distort
the vision signal waveforms so as to overcome the effect
of this non-linearity and the output power can approach
the saturated power. Under these conditions, the peak
efficiency is 30 to 40 per cent. At relay stations, however,
where the klystrons are used as common amplifiers for
both sound and vision signals, in-band intermodulation
terms are generated which, at the present time, can only be
made sufficiently small by restricting the peak output
power to one-fifth of the klystron rated power. Used in
that way, the peak efficiency is only about 6 per cent and,
under average picture conditions, the mean efficiency is
much less.

It is therefore evident that the low efficiencies at which
klystrons are operated are partly fundamental to their
mode of operation and partly determined by their non-
linear characteristics. The efficiency can be increased by
depressed-collector operation. This is a question of design
but it would appear desirable, in association with klystron
manufacturers, to determine the extent to which the de-
sign can be modified so as to permit the largest possible
collector depression.
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10. Appendices

10.1  The Ballistic Theary of Two-cavity Klystrons
The mean velocity, u,, with which electrons enter the
input cavity is given by

eVy=4m u?

or y=1/29¥F, (27)
where ¥, is the cathode-to-body potential and # is the
electron charge-to-mass ratio, e/m(=1-759 x 101! coul-
omb/kg).

If the tength of the drift-tube gap inside the input cavity
is d, and the signal voltage across this gap is V7 sin wt, the
acceleration experienced by an electron within the gap at

time ¢ will be given by

du_‘f’? £

dr d

sin wt (28)

where ¢ is a gap coupling factor which depends upon the
geometry of the gap and the electron beam. If the electron
takes a small time, 8¢, to pass across this gap such that the
‘transit angle’ «w8f is small enough for sin wé? to be written
as «wdt (1.e. the gap length 4 is a small fraction of the signal
wavelength in the plasma) the acceleration of each elec-
tron can be regarded as uniform whilst in the gap and
electrons can be regarded as leaving the input cavity at
equal intervals of time but with differing velocities. Then,
by the ordinary laws of kinematics, the velocity with
which an electron leaves the gap at time 7 can be shown to
be

u=uy[l + A sin wt] (29)
&,
where A-Z—V6

If = represents time measured at the output cavity, this
electron travels along the drift tube with this velocity and
arrives at the output cavity, distant z from the input cavity,
at time (7 -- =) given by




z
T L A sin i) (30)

Expanding by the binomial theorem, and dropping terms
in A? and higher powers of A,

T =1

A
-r+70:t—‘z,fu0~z—sinmt (31)
Uy
The term z/u,, representing the mean propagation time of
the plasma, corresponds to a constant group delay (=)

which may be ignored. We therefore define

K
T=1—- sinwt (32)
w
where K is the ‘bunching parameter’ given by
wzA
=" 33
K=" (33)

et f{7). the current passing through the output cavity,
be expressed as a Fourier series. Since, for a sinusoidal
input signal, it is an even function of =,

fry=1,~+ ia? cos (rwT) (34)
r=1
+7T
where a, = ZLTIJ[(T) ¢0s (re)d(wr) (35)

Before discussing the evaluation of the integral in Equa-
tion {35) it is necessary to mention three critical values of
the bunching parameter K which is defined by Equation
(33). Suppose Figs. 29(a) and 29(5) represent the flow of
electrons in the vicinity of the output cavity, for two values
of K. Each dot represents an electron ; the equi-spaced dots
in the upper half of each figure represent electrons leaving
the input cavity at equal intervals of time whilst the un-
equally spaced dots in the lower half of each figure repre-
sent the same electrons arriving at the output cavity at
unequal intervals of time. Each of the regions A, B, C, ete.
contain the total charge emitted from the cathode during

successive 1.f. periods. If K <21, no electron overtaking
occurs and electrons arrive at the output cavity in the same
sequence that they left the input cavity. If K > 1, electron
overtaking occurs and electrons arrive at the output cavity
in a sequence different from that in which they left the
input cavity but, nevertheless, provided K < 4-603, the
total charge contained in each of the regions A, B, C, etc.
remains constant throughout the length of the drift tube,
Since the klystron delivers its saturated power when K=
1- 84, the range of values of K for which this analysis is re-
quired fall well within the range K <4-603. Thus for all
practical values of K, charge conservation applies over the
range — = < wr < winthe sense that all the electrons which
pass the input cavity between successive zeros of the sinu-
soidal input signal (and no others) also pass the output
cavity during the corresponding period. Thus

Ho)ydr=I,dt if K< 1

but, if | <C K< 4-603, two conditions apply; either

f{=ydr=1,de or I(7)dr =1 (dr, +dr,+dey)
where d¢,, dt, and dr, indicate the three time intervals at
the input gap during which the current leaving the input
cavity contributes to the current at the output cavity dur-
ing the time intervat d+. By the principle of charge conser-
vation, the set of intervals dr covers a complete period.
I(7) d(w7) 1n Equation (35) may therefore be replaced by
F,d{et) and, incorporating Equation (32) gives

T
i K

a,= ij c08 ra(t —— sin wi) d{w?)
2 )

-

—21,7,(rK} (36)

and the complete harmonic series for the current passing

the output cavity becomes

1=a10[1 +2> J,(rK) cos rw{] (37)
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Fig. 29 — Times of arrival of electrons at the output cavity
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where a is a constant which is proportional to the product
of the input and output gap coupling factors.

It can be shown that the same result applies if K> 4-603
but the proof is more involved and the question has no
practical significance.

10.2  An Approximate Method of Estimating the Ampii-
tude( Frequency Characteristic of a Rectangular
Cavity*

Suppose the cavity is excited by a current 7 which passes
through a central hole in its upper and lower faces. This
type of excitation will give rise to TE fields in the cavity.
Suppose the cavity to be split into two halves, each loaded
with capacitance C/2 at its open end as shown in Fig. 30.

ji
A

Fig. 30 — Cross-section through recirangular cavity with
cenrral capacitive loading

For the purpose of this approximate analysis, the cavity
will be treated as two identical short-citcuited transmis-
sion lines of electrical length » and characteristic imped-
ance Z,. The co-ordinate system to be adopted is shown in
Fig. 31.

X

1

I
- a -

Fig. 31 — Co-ordinate system adopted for aralysis of
recrangular caviry

If the modulus of the voltage across the cavity is | V],
then, neglecting all losses,

I
2Boy+ Buona)
cot ¢

Z,
* This theoretical analysis was carried out by Mr L. K. Bradley.

|V]= (38)

where B,= (39)
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w(’

and -? (40)

Ba=

The wavelength in the cavity is given by
1 1 1

MR aa

where A,, the free-space wavelength, is given by

2mc
=y

where ¢ is the velocity of light.
Hence

¢=%(4a2- A2 (1)

where [ is the length of each half of the cavity.
The characteristic impedance of the cavity is taken to
be

b

JE.dx

Zy=2
ijdy
Q

:(4?%—]'3 HE (}:)&

where i and e are the permeability and permittivity of the
medium fifling the cavity. For this case,

{42)

p=1-2566 x 10~ Hjm
e=8-855 x 1072 /m

and v/ €)=3767 ohms

If the parameters a, b, / and C are known, the ampli-
tude/frequency characteristic of the cavity can be calcu-
lated by determining the values of B,,, and B, as func-
tions of frequency from Equations (39) to (42) and insert-
ing them in Equation (3R). In this case, the values of b and
{were known but the values of g and C were not. The latter
values were therefore deduced as follows.

It was found by experiment that, when the fundamental
cavity resonance {i.e. the TE,,, mode) occurred at 6747
MHz, the next resonance (i.e. the TEy; mode) occurred at
1,346 MHz. This gives sufficient information to calculate
a and C but the experiment was repeated using a different
{but unknown) value for dimension & so that a confirma-
tory calculation could be made. With this new value, the
TE,,; and TEg; modes were found to occur at 630 MHz
and 1312-5 MHz respectively.

With the known values of b and [, values of C were
calculated for which TEg, and TEy, resonances would
occur at the above four frequencies for various values of a.
These are plotted in Fig. 32 as a function of a. The point
of intersection of each TE,y, curve with its associated
TEys curve gives the values of C and g which satisfy the
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Fig. 32 — Values of C giving first-order an
mode resonances at specified frequencies, as
cavity width

d third-order
a function of

two conditions. 1t will be ebserved from Fig. 32 that both
sets of calculations agree that the value of C is about

1-5pF.
The value of @ which gives the TE, reso

nance at any

other desired frequency may pow be readily determined
and hence the associated overall amplitude/frequency

characteristic calculated.
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