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Suppression of Third-Order Intermodulation in a Klystron by Third-Order Injection
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The first observations and measurements are reported on suppression of the third-order intermodu-
lation (IM3) product arising from nonlinear mixing of two drive frequencies in a klystron, by
externally injecting a wave at the IM3 product frequency. Optimum amplitude and phase of the
injected wave for maximum suppression are examined. Results indicate that suppression of the IM3
product by as much as 30 dB can be achieved. Experimental results compare favorably with predictions
of a 1D simulation code that takes into account all kinematical and dynamical effects including charge
overtaking and space charge forces.
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tortion suppression [9] in a TWT. However, harmonic
injection is not practical in a klystron because most often

the injected and the fundamental waves, and a variable
attenuator for variation of the injected wave amplitude.
Klystrons have been conventionally operated at single
frequencies because of their limited bandwidth [1–4].
With the advancements in deep space and interplanetary
exploration, there has been a growing interest in the
possibility of multifrequency operation in a klystron.
For example, the U.S. National Aeronautics and Space
Administration’s Jet Propulsion Laboratory has consid-
ered plans for simultaneous communication with three
space probes in Martian orbit using a klystron amplifier
[5]. To date, traveling wave tubes (TWTs) are more com-
mon choices for multifrequency operation due to their
wider bandwidths. However, klystrons are preferred for
the above applications where high powers are a major
requirement.With two or more closely spaced frequencies
within the available bandwidth of a typical klystron, it is
a major challenge for wave amplification with minimal
distortion, owing to the deleterious effects of several
intermodulation products (IMPs) arising from nonlinear
mixing of the drive waves. For example, with simulta-
neous excitation at frequencies f1 and f2, third-order
intermodulation products (IM3s) arise at 2f1 � f2 and
2f2 � f1, whereas fifth-order intermodulation products
(IM5s) with nearby frequencies arise from 3f1 � 2f2
and 3f2 � 2f1. These intermodulation products pose a
significant problem, because of their proximity to the
fundamental waves being amplified [6]. As a result,
they can experience a large amount of gain, eventually
reaching unacceptable levels, distorting the informa-
tion being transmitted, and limiting the useful data rate
of the amplifier. The subject of intermodulation suppres-
sion has therefore received heightened attention in the
recent past [6–15].

Injection techniques are one of the most important
tools for improving amplifier linearity. For example,
harmonic frequency injection has been successfully ap-
plied for both harmonic [7,8] and intermodulation dis-
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the harmonic frequencies cannot be coupled to the input
cavity of the klystron. In this Letter, we describe a
method for the first time to suppress the IM3 by the
injection of an external wave at the exact frequency of
the IM3. When the injected wave is of proper phase and
amplitude, a significant suppression in the distortion
product IM3 is observed. The experimental results and
their prediction by a simulation code [6,16] are presented.

The experiment employs a 1 kW CW Varian 4K3SL,
4-cavity klystron amplifier (KLA). The KLA operating
voltage and current are approximately 6 kV and 0.6 A,
respectively. It is designed to amplify signals between 1.7
and 2.4 GHz, depending upon the mechanical tuning of
the cavities. The KLA was synchronously tuned to a
center frequency of 1849 MHz with a 3 dB bandwidth
of approximately 2.1 MHz. The tuned 4-cavity KLA
provides a gain of about 45 dB at the center frequency,
with saturation emerging above 79 mW input power
(19 dBm). Figures 1 and 2 show the gain versus frequency
and the drive curve of the klystron, respectively.

Intermodulation suppression is studied by injecting a
wave at the IM3 frequency with an amplitude and phase
so as to cancel the IM3 inherently produced in the tube. A
design (Fig. 3) incorporating the use of a frequency
doubler and a mixer was found to be most suitable for
generating the required IM3 signal. Two synthesizers at
f1 (1848 MHz) and f2 (1848.5 MHz) were referenced to a
common 10 MHz internal generator. A portion of the
signal from f2 was frequency doubled (2f2) so that it
was phase locked to f2. The mixer produced the 2f2 � f1
(1849 MHz IM3) wave by mixing 2f2 with f1. Thus the
mixer output was phase locked to both f2 and f1 and
therefore to the IM3 produced inherently in the klystron
by the two fundamental drive frequencies.

The IM3 signal from the mixer was then sent through a
phase shifter, allowing adjustment of the phase between
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FIG. 1 (color online). Klystron small signal gain versus
frequency.

P H Y S I C A L R E V I E W L E T T E R S week ending
7 MARCH 2003VOLUME 90, NUMBER 9
Finally, if required, the injected wave was amplified
before being combined with the 1848 and 1848.5 MHz
fundamental drive waves using a combiner. Additional
amplifiers were used in the paths of the f2 and f1 signals,
respectively. The combined waves were injected into the
klystron as shown in Fig. 3.

For the results presented here, the fundamental drive
frequencies were independently set to approximately
158 mW (22 dBm) at the klystron input and the output
spectrum was captured on an Agilent E4407B digital
spectrum analyzer and a computer. The klystron output
with only the drive frequencies is shown in Fig. 4. It is
seen that the inherently generated IM3 product at
1849 MHz has a power level of 0.22 mW (�6:5 dBm).
Next, an external 1849 MHz signal was injected at the
KLA input and its phase with respect to the fundamentals
was varied using the phase shifter. Figure 5 shows the
sensitivity of the net 1849 MHz IM3 suppression with
variation in phase of the injected IM3 signal with respect
to the fundamentals. The injected IM3 amplitude level
FIG. 2 (color online). Klystron drive curve (input power
versus output power).
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was kept fixed at a value of 0.22 mW (�6:5 dBm). The
expanded view of the region around the suppression is
shown in Fig. 5(b). It is noted that maximum suppression
is obtained at an injected IM3 phase angle of about 35�

with respect to the fundamentals and the power level of
the IM3 at the output is reduced to 7:1� 10�4 mW
(�31:5 dBm). The relative suppression of the generated
IM3 by the injected IM3 for these power and phase
settings is therefore 25 dB. In subsequent studies, the
phase angle was kept constant at 35� with respect to the
fundamentals and the sensitivity of the IM3 output to
changes in power level of the injected IM3 was studied.
The result of the amplitude variation is shown in Fig. 6.
The suppression was found to be quite sensitive to the
injected IM3 input power and the optimum injected
power for bringing about maximum suppression
(�28:9 dB) is 0.275 mW (�5:6 dBm).

For an accurate determination of the power levels, it is
critical to examine the percentage of wave reflection from
the klystron input cavity to have an indication of the
coupled input power. Measurements reveal that with the
beam present, power reflection from the input cavity is
less than 1% for frequencies within the gain bandwidth of
the KLA.

The intermodulation theory of [6,16] is used to model
the multifrequency excitation of the klystron. In brief, the
algorithm is as follows. An rf signal consisting of an
arbitrary number of drive tones, each of independent
amplitude and phase, is applied to the input cavity of
the klystron. An electron in the gap of the input cavity (at
z � 0) is subject to the velocity modulation
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FIG. 3. Schematic of the experimental circuit.

098303-2



FIG. 4 (color online). Output spectra of the klystron with the
two fundamental drive waves and the self generated IM3.
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��t0� � �1 sin�!1t0 � �1� � �2 sin�!2t0 � �2� � . . . :

(1)

Here �j, !j, and �j are, respectively, the ac gap volt-
age (normalized to the beam voltage), the frequency,
and the phase of the jth frequency component, with
j � 1; 2; 3 . . . . We assume that each input frequency is
an integer multiple of some base frequency !0, i.e.,
!j � Nj!0. Then all nonlinear and intermodulation
products will be integer multiples of !0. In the absence
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FIG. 5 (color online). (a) Sensitivity of the IM3 suppression
to variation in injected IM3 phase with respect to the funda-
mentals; (b) Expanded view of the region around maximum
suppression.
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of perturbation, an electron entering the input gap at
z � 0 at t � t0 will arrive at distance z � L1 downstream
at a later time t1 � t0 � L1=v0, where v0 is the electron
drift velocity. The presence of perturbations, e.g., the
multifrequency signal, the intermodulation products, the
beam’s ac space charge effects, and the induced gap
voltage at the intervening cavities, all of which have
been included in [6,16] modifies the arrival time t1 by
�1, and we may write the arrival time as

t1 � t1�t0� � t0 �
L1

v0
� �1�t0�: (2)

�1 can be calculated iteratively to any desired degree of
accuracy [6,16].

The total (dc� ac) current I1�t1� at z � L1 at time t1
subject to the orbit Eq. (2) is

I1�t1� �
X1

n��1

I1�n�e
in!0t1 ; (3)

I1�n� � I0e
in!0L1=v0

!0

2�

Z 2�=!0

0
ein!0t0�in!0�1�t0�dt0: (4)

Equation (4) describes the current modulation exactly,
including intermodulation products and harmonics to
all orders. It is also valid even if charge overtaking occurs
[16,17].

The algorithm given above computes the modulated
beam current at the output cavity in response to the
velocity modulation at the input cavity. In contrast, in
the physical measurement it is the input and output
powers that are observed. Comparison of the computed
and measured spectra requires the following calibration
procedure [16].

The klystron is excited by a two-tone signal and the
ratio of the fundamental frequency to the third-order
intermodulation product frequency (C=IM3) is measured.
The drive amplitudes should be equal and weak enough to
ensure small-signal operation. The code is then used to
calculate the transfer (input cavity velocity modulation
versus output current modulation) curves at the funda-
mental C and IM3 frequencies. From the experimental
 L
og

10
 (P

IM
3/

10
-3

 W
) d

B
m

 

Computed

Measured

-10 -8 -6 -4 -2 0

0
-5

-10
-15
-20
-25
-30
-35
-40

-12
Log10 (PIM3/10-3 W) dBm (Injected IM3 wave)

FIG. 6 (color online). Sensitivity of the IM3 suppression to
variation in injected IM3 amplitude.
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TABLE I. Dimensionless parameters used in the simulation.
!p is the reduced plasma frequency of the electron beam, L is
the separation between neighboring gaps. N1 and N2 represent
fundamental drive waves (f1 and f2), and N3 represents the
injected wave at the upper IM3 frequency 2f2 � f1.

�1 � �2 1:1491� 10�4

�1 � �2 0
N1 � !1=!0 7392
N2 � !2=!0 7394
N3 � !3=!0 7396

!p=!1 0.1
!pL=v0 0.9834
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measurement of C=IM3, the calibration operating point
can be located on these curves. In this way, the relation
between the measured input power Pin and the input
cavity velocity modulation, �, is determined. The con-
version from the measured output power Pout to the
computed modulated current is revealed at the same time.

For comparison with the experiment, the calibration
procedure adjusts the input velocity modulation to match
the experimental input power Pin of interest. Simulating
the experiment, three excitation frequencies (f1, f2, and
2f2 � f1) are applied. For fixed amplitude and phases at
f1 and f2 the amplitude and phase of the 2f2 � f1 input
excitation is varied. The effect of the variation on the
output spectrum (i.e., intermodulation suppression) is
studied and compared to the experimental measurements.
The values of the dimensionless parameters utilized in
the code are shown in Table I. The results of the simula-
tion are shown in Figs. 5 and 6 along with those of the
experiment. It is noted that excellent agreement is ob-
tained between the two.

In conclusion, for two-tone excitation of a klystron
amplifier operating near 2 GHz with a separation of
0.5 MHz, a significant reduction in the amplitude of the
third-order intermodulation product results from inject-
ing a wave at the third-order intermodulation frequency
itself with an optimum amplitude and phase. Reduction
of the output third-order intermodulation product power
by 28.9 dB was observed for fundamental drive waves of
22 dBm=tone. While this experiment focused on the
reduction of the upper third-order intermodulation prod-
uct, it is expected that adding the other tone with the
appropriate amplitude and phase at the lower third-order
intermodulation frequency may reduce both.
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