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Numerical calculations of (14) have been carried out
on a Univac computer. In order to simplify the pro-
gramming, the derivatives of cylinder functions and
cylinder functions of negative order have been replaced
by cylinder functions of positive order [see (31)].

The amplitude and phase of the electric field have
been plotted in Figs. 4 and 5. For certain values of the
parameters, @, &/u, B2 this exact solution yvields also a
spiral wave. It is interesting to note that except for high
values of k/u either the amplitude or the phase of the
electric field is an odd function of the scattering angle ¢,
so that the scattered field is always asymmetrical.

DiscussioNn AND CONCLUSIONS

The foregoing discussion shows that the scattered
field from a ferrite cylinder is in most cases asymmetri-
cal about the direction of incidence. The direction of
maximum fleld strength depends on the dc magnetiza-
tion of the ferrite. By a suitable arrangement of several
cylinders, as shown in Fig. 6, the scattered field can be
concentrated in one direction. Here the phases of the
scattered waves are in phase with the incident wave in
the desired direction and 180° out of phase in the oppo-
site direction. With a cyclic application of the magnetic
dc field the field pattern is rotated. In order to distort
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the field as little as possible under this rotation a Jarge
number of scatterers should be used.

Because of the abrupt phase change for certain values
of the deflection angle, it seems possible to obtain a
narrow beam of a few degrees. The large variations of
the amplitude, however, will result in strong sidelobes.

For the design of such an antenna the scattering pat-
tern of the ferrite cylinder has to be measured. Then the
time function of the magnetic dc field, which gives the
desired antenna pattern, has to be determined.

The advantage of such an electronic scanning antenna
is the lack of mechanical parts and the weightless rota-
tion which allows much higher scanning speeds than
with a mechanical system.
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Phase Adjustment Effects on Cascaded Reflex
Klystron Amplifiers*

KORYU ISHIT{, MEMBER, IRE

Summary—Reflex klystrons (type 2K25) were used as regenera-
tive amplifiers for the X-band. Two 2K25 reflex klystron amplifiers
were cascaded with a coupling circuit which contained a variable
phase shifter. The effect of the phase adjustment was investigated
in comparison with another coupling scheme which did not contain
the phase shifter. The phase adjustment in the coupling circuit gave
the amplifier system high gain (more than 50 db max.), and a
reasonably low noise figure (8 db-17.5 db). High sensitivity was ob-
tained. Proper phase adjustment of the two stage reflex klystron
amplifier could give more than twice the gain in db of the single stage
amplifier because of the regenerative feedback between stages. The
linearity and dynamic range were considerably improved by the
phase adjustment. But the frequency bandwidth became narrow
(2 mc), and improvement in stability and directivity was not sig~
nificant.

* Received by the PGMTT, February 3, 1960; revised manu-
script received, April 11, 1960. A part of this original work was done
while the author was with the Dept. of Electrical Engineering, Uni-
versity of Wisconsin, Madison, Wis.; supported by the University
Research Committee.

t Marquette University, Milwaukee, Wis.

INTRODUCTION

T has been shown that ordinary reflex klystrons are
]:[ usable as microwave regenerative amplifiers.!® In
order to obtain high gain, it is natural to think
about cascading the reflex klystron amplifiers. This is,
however, a rather complicated problem, because a part
of the amplified power reflects back and forth between

* K. Ishii, “X-band receiving amplifier,” Electronics, vol. 28, pp.
202-210; April, 1955.

2 K. Ishii, “Oneway circuit by the use of a hybrid 7 for the reflex
klystron amplifier,” Proc. IRE, vol. 45, p. 687; May, 1957.

3 C. F. Quate, R. Kompfner, and D. A. Chisholm. “The reflex
klystron as a negative resistance type amplifier,” IRE TRANS. ON
Erecrron DEevVICES, vol. ED-5, pp. 173-179; July, 1958,

* K. Ishii, “Impedance adjustment effects on reflex klystron am-
plifier noise,” Mucrowave Journal, vol. 2, pp. 43-46; December, 1959.

5 K. Ishii, “Reflex klystron as receiver amplifiers,” Electronics,
vol. 33, pp. 56-57, January 8, 1960.

¢ K. Ishii, “Using reflex klystrons as millimeter-wave amplifiers,”
Electronics, vol. 33, pp. 71-73; March 18, 1960.
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stages. Phase adjustments of the power fed back be-
tween stages have strong influence upon the amplifier
performance. In this paper, the phase adjustment effects
are described for various kinds of coupling networks of
the cascaded 2K235 reflex klystron amplifiers operated
in the 9000 mc band.

The reflex klystron amplifier is essentially a one port
amplifier. Some types of parametric amplifiers and
maser amplifiers are also one port amplifiers. Therefore,
the data obtained by investigation of cascading method
of the reflex klystron amplifier may suggest an interest-
ing reference to cascading maser or parametric am-
plifiers.

PraseE ApJusTMENT EFFECTS ON
AMPLIFIER PERFORMANCE

A schematic diagram of the cascaded 2K25 reflex
klystron amplifier is shown in Fig. 1. Two reflex klystron
amplifiers are coupled by a coupling network which has

.a variable phase shifter,
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Fig. 1—Cascaded 2K25 reflex klystron amplifier.

F [n order to have positive feedback, the power fed back
must be approximately in phase with the input power
or with the electron beam power delivered to the circuit.
The phase of the positive feedback can be controlled by
the phase shifter.

When the electron beam power is too large, the tube
will start oscillating instead of amplifying. The electron
beam power can be reduced by the phase shifter, since
it controls the phase of the feedback, and hence oscilla-
tion can be stopped.

When the tubes are in the amplifying condition, the
phase shifter can be used to control the phase of the
feedback to obtain optimum gain. Therefore, gain of the
amplifier is adjustable by means of the variable phase
shifter.

Phase adjustment of the feedback circuit of the cas-
caded reflex klystron amplifier also affects noise, sta-
bility, linearity, and bandwidth as in the case of an
ordinary feedback amplifier. If the phase is adjusted so
that the amplifier is approaching a near-oscillation con-
dition, generally, the amplifier has high gain, but is
noisy, unstable, and has a narrow bandwidth.

Saturation of the cascaded reflex klystron amplifier is
mainly caused by both nonlinearity of the electronic
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impedances of the amplifier tubes, and extenal circuit
impedance. But these electronic and circuit impedances
can be controlled by the phase adjustment of the feed-
back circuit. Then, the linearity, or dynamic range of
the cascaded reflex klystron amplifier is adjustable using
a variable phase shifter in the coupling circuit.

Thus, phase adjustment in the coupling network
affects the gain, bandwidth, noise figure, stability, sensi-
tivity, and linearity of the cascaded reflex klystron
amplifier.

PaAsE ADJUSTMENT EFFECTS ON GAIN

When operated at high gain, the gain of a regenera-
tive amplifier of this type is extremely sensitive to very
small changes in the impedance presented to its input
and output terminals. To obtain reasonable stability
and accurate measurement of gain, it was necessary to
isolate the input and output of the amplifier system
with ferrite isolators. The amplifier system was preceded
by a series assembly of a ferrite isolator and several at-
tenuator pads. System stability was achieved by this
along with another isolator, and an attenuator pad as-
sembly which was placed before a superheterodyne re-
ceiver, which measures gain. This isolator had two ef-
{fects. The first was the isolation of the amplifier system
from load impedance variation, and the second was the
prevention of local oscillator disturbance to the amplifier
system. The output of the amplifier system was indi-
cated by the output meter of the superheterodyne
receiver.

To determine its gain, the amplifier system was re-
placed by a waveguide section through the use of wave-
guide switches. The attenuator of the test oscillator was
then adjusted to obtain the same output meter reading
that was achieved with the amplifier system. The dif-
ference between the attenuator readings in the two
cases was considered to be the system gain.

Phase characteristics of gains of various kinds of cas-
caded 2K25 reflex klystron amplifiers are shown in Fig.
2. Curve I shows a phase characteristic of a phase shifter
coupled amplifier tested at 9362 mc. Two reflex klystron
amplifiers are coupled by a variable phase shifter. As
was considered in the previous section, gain was sharply
dependent on phase, and regions of oscillation and am-
plification appear alternately with an increase in phase
shift. The oscillation regions are indicated by the shaded
areas in Fig. 2. In the case of curve I, the oscillation was
critical and it was a near-oscillation condition in the
shaded regions. The phase margin, which is the phase
shift necessary to keep the gain within 3 db of the opti-
mum gain, was 4° for this amplifier.

Curve IT in Fig. 2 shows a phase characteristic of an
isolator-phase shifter coupled amplifier tested at 9365
mec. Two 2K25 reflex klystron amplifiers were coupled
with an isolator and a phase shifter. In this case, a prac-
tical isolator is being considered, that is, the isolation is
not perfect. If the isolation were perfect, the phase
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Fig. 2—Phase characteristics of the cascaded
reflex klystron amplifiers.

shifter would have no effect on over-all behavior of the
amplifier, because no feedback would exist. On the other
hand, a practical isolator allows significant feedback to
occur because of imperfect isolation. The isolator used
in this experiment had 0.5 db forward loss and 30 db
backward attenuation at the operating frequency. As a
matter of fact, curve Il shows that the gain of the
amplifier depends upon the phase shifter settings. The
phase shifter controls the phase of the power fed back
between stages even though there is an isolator. The
phase margin was 3°, and was very small, but, because
of the isolator, the amplification region extends over a
considerable range of the phase shifter setting.

Curve III in Fig. 2 shows a phase characteristic of an
isolator-isolator-phase shifter coupled amplifier tested
at 9359 mc. This amplifier was formed by coupling two
reflex klystron amplifiers with two isolators followed by
a variable phase shifter. In this case, the isolation was
increased but phase adjustment still had strong in-
fluence upon gain. According to curve III, the phase
margin was 20°, and the region over which amplifica-
tion took place was larger than either of the two am-
plifiers mentioned before. Phase-sensitivity was de-
creased by increasing the isolation, and the isolation
made the realization of higher gain through phase ad-
justment easier.

ErrECTS OoF PHASE SHIFTER ON
FREQUENCY CHARACTERISTICS

The use of a phase shifter in a coupling network of a
cascaded reflex klystron amplifier usually makes the
system frequency sensitive, because the phase shifter
itself is one of the most frequency sensitive parts of the
system. The frequency sensitivity is caused by the in-
evitable physical length of the phase shifter. In other
words, the phase shifter makes the system narrow band.
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For example, when two reflex klystron amplifiers were
coupled directly without using the phase shifter, the
bandwidth was 6 mc for 30-db gain. On the other hand,
bandwidth of the phase shifter coupled amplifier was
2 mc for 43-db gain.

An example of the frequency characteristic of a phase
shifter-isolator coupled amplifier is shown in Fig. 3. For
comparison, the frequency characteristics of the iadi-
vidual stages are also plotted. The total gain was not
equal to the sum of the gains in db of the individual
stages because of the feedback. The effect of the nega-
tive feedback can be observed at the edges of the selec-
tivity curve where the total gain is less than that of the
individual stages. The over-all bandwidth was 2 mc. A
somewhat higher gain than that shown in Fig. 3 can be
obtained, if the circuit constants are very carefully
adjusted.
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Fig. 3—Frequency characteristics of phase shifter-
1solator coupled amplifier.

PrASE ADJUSTMENT EFFECTS ON NOISE FIGURES

Phase adjustment of the feedback circuit of a re-
generative amplifier can control the noise of the system:.
In the case of the cascaded reflex klystron amplifier,
similar effects were observed. Noise figures of various
kinds of cascaded reflex klystron amplifiers are listed in
Table I. The experiment showed that any reflex klystron
amplifier system which employed the phase shifter in
the coupling network generally had a considerably lower
noise figure than the other kinds of amplifiers which did
not have the phase shifter in the coupling network. As
was considered in the early part of this paper, this result
can be explained as follows. Improper phase of feedback
may make the amplifier system noisy due to proximity
to the near-oscillation condition. This iraproper phase
is corrected by the variable phase shifter.

TABLE I

Noisg FiGurgs oF CASCADED REFLEX
KLYSTRON AMPLIFIERS

Types of Amplifiers 1\01sz>dg§ures
Direct coupled 28
Isolator coupled 26
Phase shifter coupled 16
Isolator-phase shifter coupled 8
Phase shifter-isolator coupled 17.5
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PrASE ADJUSTMENT EFFECTS ON STABILITY

The stability, that is the gain fluctuations with time,
of various kinds of cascaded reflex klystron amplifiers
were examined using an automatic output recorder for
several hours for each kind of amplifier system. In order
to keep the ambient temperature constant, the klystron
tubes were mounted within 7X8.5X11.5 c¢cm brass
boxes of 2 mm wall thickness. Because of the heat capac-
ity of this scheme, after a one hour warming up period,
the environmental temperature of the tube itself re-
mained quite constant. For example, placing a hand on
the box or blowing on the box did not affect the gain.
In order to avoid instability caused by the power sup-
ply, an electronically regulated power supply was used
for the anodes of the reflex klystrons, and a battery was
used to give stable repeller voltage for each individual
tube. The experimental results are listed in Table II.
According to this table, when the phase shifter alone

TABLE I

STABILITY OF CASCADED REFLEX
KLYSTRON AMPLIFIERS

Stability, average
Types of Amplifiers Niurrl1bterr of gain fluctuation
solators db/10 minutes

Direct coupled 0 0.08
Phase shifter coupled 0 0.1
Isolator coupled 1 0.066
Isolator-phase shifter coupled 1 0.023
Phase shifter-isolator coupled 1 0.05
Isolator-isolator coupled 2 0.025
Isolator-isolator-phase shifter 2 0.00
Phase shifter-isolator-isolator 2 0.02
Isolator-phase shifter-isolator 2 0.044

was used in the coupling network, the stability improve-
ment was not significant. On the other hand, when the
phase shifter was used together with one or more iso-
lators, the stability was somewhat improved in com-
parison with a case in which an isolator alone was used.

PuAsE ADJUSTMENT EFFECTS ON LINEARITY

Linearity of the cascaded 2K25 reflex klystron ampli-
fier was improved with the employment of the phase
adjustment in the coupling circuit.

Input power versus output power characteristics of
two kinds of cascaded reflex klystron amplifiers, namely,
the direct coupled amplifier and the phase shifter
coupled amplifier, are shown in Fig. 4. In the case of the
direct coupled amplifier, since the two reflex klystron
amplifiers were connected directly, no phase adjustment
was made between the two amplifier sections. The am-
plifier sections are shown in Fig. 1. In the case of the
phase shifter coupled amplifier, the two amplifier sec-
tions were coupled with a variable phase shifter, and
this was adjusted to give an optimum gain to the am-
plifier system. The phase shifter coupled amplifier ap-
parently has wider dynamic range and lower noise out-
put level than the direct coupled amplifier.
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Fig. 4—Linearity of cascaded reflex klystron amplifiers.

PHASE ADJUSTMENT EFFECTS ON SENSITIVITY

It has been experimentally shown that employment
of the phase adjustment in the coupling circuit of the
cascaded 2K235 reflex klystron amplifier decreases noise
and increases gain. Then, the sensitivity must be in-
creased. In this case, the sensitivity was defined as the
minimum detectable input power level in dbm of this
amplifier-receiver system. Experimental results showed
that the sensitivity improvement of the phase shifter
coupled amplifier over the sensitivity of the direct
coupled amplifier was 15 db. This can be seen from
Fig. 4 if the minimum detectable input signal levels of
these two curves are compared.

In a similar way, the phase shifter coupled amplifier
showed a sensitivity 15 db higher than that of the iso-
lator coupled amplifier, and 7 db higher than that of the
isolator-isolator coupled amplifier. When the phase
shifter was used together with one isolator in the cou-
pling circuit, the sensitivity improvement over that of
the isolator coupled amplifier was 22 db. When the phase
shifter was used together with two isolators the sensi-
tivity improvement over the sensitivity of the isolator-
isolator coupled amplifier ranged from 14 to 20 db de-
pending upon the position of the phase shifter in the
coupling circuit. These results were obtained experiment-
ally. It would beinteresting to know if theycan be justified
theoretically. This problem may, however, not be easy
because the two amplifiers are regenerative and another
feedback loop is formed between stages. The phase ad-
justment effect on gain and noise figure must be calcu-
lated before obtaining the sensitivity theoretically.

PuASE ApjustMENT EFFECTS ON DIRECTIVITY

Because of the very nature of the circuit construction
of this kind of amplifier, the amplified power is radiated
generally in both directions—one part into the load of
the amplifier system, and the other part back in the
direction of the signal source.
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One might expect that the directivity, which is the
ratio of the forward power to the backward power from
the amplifier system, would be strongly influenced by
the phase adjustment of the coupling circuit. But the
experimental results showed that the phase adjustment
effect was not significant. For example, the directivity
of the direct coupled amplifier was 10 db, and on the
other hand, the directivity of the phase shifter coupled
amplifier was 11 db. The phase shifter setting for opti-
mizing gain was different from the phase shifter setting
for optimizing the directivity.

CONCLUSIONS

Adjusting the phase of the feedback between the am-
plifier stages of the cascaded 2K235 reflex klystron ampli-
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fier is necessary if more than twice the gain in db of a
single stage amplifier is to be obtained. The phase ad-
justment gives high gain and reasonably low noise figure,
and, consequently, high sensitivity is obtained. The use
of the phase shifter made the system somewhat narrow
band but stable. The linearity and dynamic range of the
cascaded amplifier were improved considerably using
the phase adjustment, but the effect of the phase ad-
justment on the directivity was not significant.
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TE Modes of the Dielectric Loaded Trough Line®

MARVIN COHN{, MEMBER, IRE

Summary—The properties of TE modes on a dielectric loaded
trough waveguide have been investigated. In the case of the dom-
inant mode of this line (TE,,), families of design curves giving the
field distribution, guide wavelength, power handling capability, wall
losses, and dielectric losses as a function of operating wavelength,
waveguide dimensions and dielectric constant are presented. For a
loosely bound wave, the losses are comparable to those of con-
ventional rectangular waveguide and the power handling capability
is an order of magnitude greater. The apparatus and procedure used
to measure guide wavelength, rate of field decay in the transverse
direction, and attenuation are described. The measured performance
is in close agreement with the theoretically predicted characteristics.

INTRODUCTION

HE transmission line to be investigated consists
Tof a rectangular trough structure with a dielectric

slab lying on the bottom. A cross section of this
line and the coordinate system used in the analysis are
shown in Fig. 1. The TE surface wave modes which can
propagate in the dielectric loaded trough line have been
previously determined in an analysis of the dielectric
loaded parallel plane waveguide! A transverse reso-
nance approach has been used by Hatkin? to determine
some of the characteristics of these TE modes on an
infinite dielectric sheet. The dielectric loaded parallel

* Received by the PGMTT, February 8, 1960, revised manuscript
received, April 21, 1960. This research was supported by the U. S.
Air Force through the Wright Air Dev. Div., of the Air Res. and
Dev. Command.

T Radiation Lab., The Johns Hopkins University, Baltimore, Md.

M. Cohn, “Propagation in a dielectric-loaded parallel plane
waveguide,” IRE Trans. oN MicrowavE aND THEORY TECHNIQUES,
vol. MTT-7, pp. 202-208; April, 1959.

2 L. Hatkin, “Analysis of propagating modes in dielectric sheets,”
Proc. IRE, vol. 42, pp. 1565-1568; October, 1954.

y=0

Fig. 1—Cross section of the dielectric loaded trough line. The positive
2 direction is out of the paper.

plane waveguide consists of two dielectric loaded trough
waveguides lying back to back along the x=0 plane
with the common conducting plate removed. The above
mentioned analysis has shown that the dielectric loaded
parallel plane waveguide can support a class of TE
modes, whose field structure is similar to the TE modes
of rectangular waveguide. These TE modes display
either even or odd symmetry about the geometrical
plane of symmetry (x=0). The even symmetry modes
correspond to m being an odd integer and vice versa.
It was further shown that if a conducting wall is placed
at the x =0 plane, all of the even TE modes will be sup-
pressed, but the odd modes will be unaffected. The dom-
inant mode of the resulting trough line (half of the orig-
inal line) will be the TE 9y mode.

The purpose of this extension to the previous work is
to present a series of design curves applicable to the
trough line. It is recommended that the reader refer to
the earlier work for a derivation of the properties of the
odd symmetry TE modes.

A dielectric loaded trough line has been built and
measurements have been made of the guide wavelength,
rate of field decay in the transverse direction and at-



