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Abstract: Ka-band frequencies are becoming increasingly popular due to their application potential in
high-data-rate wireless communications relevant to 5G applications, satellite link establishment, etc.
High-power amplifiers in this frequency band, offering several tens of watts of output RF power, are
one of the main enabling components of these communication systems. This article reports the design
studies and analysis of the radio frequency (RF) section of a multiple beam-extended interaction
klystron (MB-EIK). The proposed multiple beam RF section with a ladder-type EIK structure offers
several crucial features, such as a low-voltage operation, moderate operational bandwidth, and high
output power. Starting from the design of the intermediate cavities, the input and output sections and
the overall RF section are presented. The proposed RF section supports the operation at 28.5 GHz
center frequency with about a 500 MHz 3 dB bandwidth employing four electron beams with a 4 kV
DC accelerating field.

Keywords: extended interaction klystron (EIK); Ka-band; multibeam klystron (MBK); multi-gap;
quality factor; RF cavity resonator; shunt impedance

1. Introduction

Conventional klystrons are single-beam amplifiers where only one electron beam
is employed for the RF amplification [1–3]. In single-beam klystrons, generally with a
low-to-medium perveance, a high-voltage beam is used to obtain a high output power.
In these cases, obtaining a higher output power is constrained by the possibilities of the
voltage breakdown—in the electron gun region or the RF section. The usage of a very high
perveance and the low-voltage electron beam is not a feasible option for obtaining a higher
power. This will demand a very high magnetic field for focusing the electron beam.

These reasons necessitate the use of multiple beam klystrons (MBKs), in which multiple
numbers of electron beams are used. In these devices, the currents of the individual beams
and the operating voltage are not high, but the total current of the device becomes high [4].

Although there are several attractive features of the MBKs, the design of these devices
is challenging. The main components of the MBK, i.e., the electron gun, focusing scheme,
RF interaction structure with appropriate input/output sections, etc., require meticulous
design and optimization. The design of the RF interaction structure, which mainly dictates
the interaction between the electron beam and the RF wave, is one of the challenging
tasks. The RF cavities with a high shunt impedance are required for an effective beam–
wave interaction. In the case of MBKs (or any other type of klystrons) operating at higher
frequencies, achieving higher shunt impedances in the gain cavities and symmetric coupling
in the input/output cavities is challenging. One of the ways to increase the shunt impedance
of the RF cavities is to use the extended interaction type of cavities [5–9]
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Klystrons with extended interaction RF cavities (EIKs) are designed with multiple
gaps to achieve larger shunt impedances for an efficient beam–wave energy transfer and
the proper synchronization of the electron beam with the RF field [10–14].

The MBKs with microfabrication-compatible extended interaction cavities, a lower
operating voltage, and a (few hundred mA) beam current can provide a moderate operating
bandwidth and RF output power in Ka-band frequencies. These characteristics offer
cherished alternatives to solid-state-based RF amplifiers in this frequency range, which may
be applied for long-distance high-data-rate wireless communications, such as 5G wireless
back-haul/front-haul, wireless middle-mile connectivity reconfigurable 5G deployments,
etc. Because the usage of these amplifiers enables achieving a high data rate without
the deployment of fibers, it is suitable for difficult terrains and/or sparsely located rural
populations where fiber laying is commercially not viable [15,16].

In this work, we report a compact, low-voltage-operated (~4kV) MBK employing a
microfabrication-compatible novel ladder-type interaction structure operating at a 28.5 GHz
frequency. An axial magnetic field of 0.35T is employed for focusing the electron beams,
and a 500 MHz (−3 dB) bandwidth has been obtained, with a peak power level of 375 W.
Some other klystrons (single beam or multiple beams) reported in this frequency band
offer higher output powers—but the operating voltages are higher (9.5 kV to 500 kV), form
factors are larger, and offered bandwidths are less [17–19].

Although the estimated bandwidth of the device is less than that of the traveling wave
tubes operating in these frequency bands, the lower operating voltage and relatively simple
(than the TWTs) fabrication possibilities make these devices attractive for high-data-rate
communication applications [20,21].

In comparison with the state-of-the-art semiconductor power amplifiers, the output
power and efficiency of the proposed device are far superior, but the available bandwidth
is less. Although there have been remarkable advancements in the solid-state technology in
recent times (especially the GaN technology), the output power level provided by a single
microwave monolithic integrated circuit (MMIC) around 28 GHz is still limited to around
16 watts (Max). The output power level of about 100 W with an efficiency of 19% can be
achieved using power-combining techniques [22,23].

Besides the communication applications, a similar concept may be adopted to design
the devices operating in other frequency bands and/or power levels. The applications of
such devices include particle accelerators, industrial and plasma heating, RADARs and
active denial technologies, deep space communication, etc. [24–28]. A number of amplifiers
and oscillators operating in the Ka-Band and other higher-frequency bands employing
multiple beams and extended interaction structures are being explored globally [19,29–33].

The arrangement of this paper is as follows: In Section 1, a short introduction of
multiple beam klystrons and their application scopes are stated; the design approach of the
RF section of the proposed ladder-type multibeam EIK is provided in Section 2; in Section 3,
the simulation results of the intermediate cavities, input/output cavities, and beam–wave
interaction are presented; and the conclusion of this work is given in Section 4, followed by
the references.

2. Design Approach

The targeted design specification of the proposed multiple beam klystron is given
in Table 1. Targeted nominal bandwidth has been taken as 500 MHz because similar
bandwidths are being considered for 5G systems envisaged in the Ka-band frequency
range. The total beam current (therefore individual current of beamlets) has been kept in a
range such that the required focusing magnetic field can be obtained by using permanent
magnets, therefore avoiding complexity and requirement for magnet power supply. RF
performance of a klystron, such as its gain, bandwidth, efficiency, etc., depends on the RF
section’s design. Because the RF section is an ensemble of RF cavities joined together by
the drift tubes at particular distances, the design of the RF section involves the extraction of
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RF cavity parameters and the drift tube dimensions. The approach followed for design of
the proposed device is given in Figure 1.

Table 1. Design specification of proposed multiple beam klystron.

Parameter Specifications

Operating Frequency 28.5 GHz
Bandwidth 500 MHz (min)

Beam Voltage 4 kV
Beam Current 0.196 A
No. of beams 4
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Figure 1. Flowchart of RF section design procedure.

The energy exchange between the accelerated electron beam and the RF signal takes
place at the cavity gap. There are conflicting requirements in deciding the gap diameter and
spacing. For efficient beam–wave interaction, both parameters should be small compared
with electron transit time through the gap. However, very small gap diameter imposes
severe complications in electron gun and magnetic focusing system design. Moreover, the
small gap spacing increases the gap capacitance resulting in a reduced gain-bandwidth
product. For small gap spacings, there are possibilities of voltage breakdown and resultant
beam loss. Therefore, both parameters are optimized to achieve a compromised value of
the same, keeping the set specification in mind. Moreover, proper coupling irises (or loops)
are required for input and output cavities so that the device will have good matching at the
input to the RF driver to the load at the output port. The analytical approach [24,25,27,34,35]
used for designing for expression required to design the RF section is presented in the
following section.

Ladder-shaped resonant cavities have been considered for larger shunt impedances
(with extended interaction configuration), and multiple numbers of beams have been
considered for low operating voltage (and individual beamlet current) and microfabrication
and 3D fabrication compatibility. Initial cavity dimensions (height and width) have been
determined using the conventional analytical formula [11,25,27,35–38].

fmn =
c

2
√

µrεr

√(m
a

)2
+
(n

b

)2
(1)

where resonant frequency is denoted by fmm of TEmn or TMmn mode of a resonator with
sides a and b. Light velocity in free space is represented by c. The relative permeability and
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permittivity of the medium are represented by µr and εr. It may be noted that TM mode has
been considered where the electric field inside the gaps does not vary much in the beam
propagation direction. For efficient RF amplification in the extended interaction cavity,
different configurations of the operating mode are possible. Among these modes, the 2π
mode of operation has been focused on because this mode generally provides maximum
coupling between the RF signal and beam. The pitch length (p) and gap length (G) of the
EIK cavities can be obtained using the Floquet theorem of periodicity. Phase velocity vp of
the space harmonics is presented by

vp =
ω

βe
(2)

where ω = angular frequency, βe = Beam propagation constant. Considering length of the
pitch as p and 2π mode of operation, one may have

βe p = 2π (3)

Length of the gap (G) may be determined using the relation

GAP =
θ

βe
(4)

and considering a gap transit angle (θ) of 1.5 radian. Initial dimensions of the RF sec-
tion have been determined using the following conventional analytical formulae. When
electrons are accelerated by DC voltage V0 before entering the input cavity is called DC
electrons velocity (U0) in m/s

U0 =

√
2eV0

m
= 0.593× 106

√
V0 (5)

where e = charge of electron = 1.602 × 10−19 C and m = mass of electron = 9.109 × 10−31 kg.
Angular frequency (ω) may be determined using the relation

ω = 2π f (6)

where f is the linear frequency. Electron wave number (k) and drift tube radius (a) may be
determined using the relation

k =
ω

U0
(7)

a =
1
k

(8)

The beam radius (b) can be determined using a beam fill factor of 70%, which is
conventionally of the drift tube radius (a) for proper beam transmission through the drift
section without interception. Therefore,

b = 0.7× a (9)

and charge density

ρ =
I

πb2U0
(10)

If the electron beam continues beyond the axial position (λp), the electrons would
continue to oscillate. The frequency at which they would oscillate is the electron plasma
frequency (ωp).

ωp =

√
eρ

mε0
(11)
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where ε0 = 8.854 × 10−12 farad/m and (e/m) = 1.758 × 1011 C/kg. The equation shows
that the plasma frequency is a function of the density of electron beam and DC velocity of
the electrons. The reduced plasma frequency ωq is given by the expression

ωq = R×ωp (12)

where R = 0.36784 is the plasma reduction factor. R can be found from standard curves or
table. The reduced plasma wavelength (λq) and drift tube length (L) can be calculated as

λq =
2πU0

ωq
(13)

L =
λq

4
(14)

The magnetic field, which exactly balances the space-charge force of the electrons,
is called the Brillouin field. The resulting electron motion immersed in Brillouin field in
form of a smooth rotating beam is called Brillouin flow [2]. The magnetic flux density to be
provided by the focusing system in the case of Brillouin flow is

BB
2 =

69Ib

Vb
1
2 rb

2
(15)

where BB is the Brillouin field value in Gauss, Ib is beam current in Amperes, Vb is the beam
voltage in volts, and rb is the beam radius in meters.

3. Simulation Results

This section discusses the simulation results of the ladder-shaped multibeam extended
interaction resonant cavities (with four drift tubes) and the RF section using commercial
electromagnetic simulators [39,40]. The initial geometrical design parameters, such as the
dimensions of the cavity, gap lengths, drift tube parameters, and intercavity distances,
are obtained from the analytical approach presented in the previous section. The cavity
geometry and the RF section are then modeled and simulated in the three-dimensional
electromagnetic simulation tools. The electromagnetic simulations regarding the device
performance have been validated via the overall agreement between two well-established
commercial software using two different computational methods for electromagnetic simu-
lations. The CST studio tool uses the hexahedral volumetric meshing scheme together with
a finite integration technique (similar to the finite difference technique) while the HFSS
employs a triangular surface meshing with a finite element method for the simulations.
The agreement between the simulation results obtained using these two simulation tools
employing different numerical techniques represents the accuracy of the simulation. The
small variation in the results can be attributed to the different meshing schemes employed
in the two simulation tools. In the different meshing schemes, the dimensions (the area
and volume) of the unit mesh cells are approximated differently. Therefore, the calculated
resonant frequencies, electromagnetic fields inside the cells, and RF losses come out to
be slightly different. Consequently, the quality factor (which depends upon the resonant
frequency and RF losses) and the R over Q (which depends upon the developed electric
field across the accelerating gaps and quality factor) also become slightly different.

Besides the electromagnetic field of the operating mode of the RF cavities and their
resonant frequencies, the shunt impedance and R over Q have also been obtained. The
intermediate cavities, input and output cavities, and full RF section have been modeled
and simulated for the beam–wave interaction studies. The simulation results are given in
the following sections.
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3.1. Design of the Intermediate Cavity

The intermediate cavity has been designed with the initial dimensions from the ana-
lytical formulas provided in Section II. The dimensions of the cavity have been optimized
using electromagnetic simulation tools (eigenmode solver) to achieve the cavity parameters
(the operating frequency and mode of operation matching the specification) for the desired
performance of the klystron. A schematic diagram showing the geometrical parameters of
the cavity used for optimization is shown in Figure 2.
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Figure 2. RF cavity considered for simulation: ladder-type multibeam EIK intermediate cavity.

Figure 3 shows the cut-plane view of the electric field distribution of the operating
mode inside the proposed intermediate cavity while Figure 4 shows the cut-plane view of
the magnetic field pattern of the same. The frequency of the operating mode is found to be
28.53 GHz from the CST Microwave studio simulations, when taking the gap as 0.27 mm
and the drift tube radius as 0.18 mm. Moreover, the shunt impedance of the operating mode
is obtained to be 35.07 MΩ, Q = 720 and the R over Q is 48.7 according to the microwave
studio calculations.
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Figure 4. Magnetic field distribution of the 2π mode (cut-plane view) for the intermediate cavities
with CST.

To validate the simulation results, the cavity has been simulated using ANSOFT
HFSS. All the parameters, e.g., the resonant frequency, Q, and electric and magnetic field
distribution of the operating mode of the proposed RF cavity, have been obtained from the
HFSS simulation.

Figure 5a shows the electric field distribution of the cavity, and Figure 5b shows the
magnetic field distribution of the proposed cavity. The frequency of the mode is found to
be 28.52 GHz, and the quality factor is also found to be 708 from the HFSS simulations. The
final optimized geometrical design parameters of the intermediate cavity for the Ka-band
are given in Table 2, and the simulated results are shown in Table 3.
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Table 2. Optimized design parameters (intermediate cavity).

Parameter Value (mm)

X 5.8
Y 7.96
Z 4.83
H 5.5
D 0.36

GAP 0.27
P 1.14

Table 3. Comparison of the simulated cavity parameters (intermediate cavity).

Parameters Values from CST Values from HFSS

Resonant Frequency (GHz) 28.53 28.52
Q 720 708

R (MΩ) 35.07 35.09
R/Q 48.7 49.56

3.2. Design of the Input/Output Cavities

The input and output cavities are the essential parts of the RF section of a klystron. In
this section, the design and simulation of the input and output cavities have been discussed.

This step introduces a coupler in the output RF cavity to extract the power from the
bunched electron beams. In addition, a coupler is introduced in the input RF cavity to
introduce the RF signal for the modulation with the electron beams.

The designed input and output cavities with the slot coupling and attaching the WR28
waveguide for the standard Ka-band are shown in Figure 6. The optimized geometrical
design parameters of the input/output cavities for the Ka-band are given in Table 4, and
the simulated results are presented in Table 5.
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Table 4. Optimized design parameters (input/ output cavities).

Parameters Value (mm)

X 5.5
Y 9.9
Z 4.83
H 5.1
D 0.36

GAP 0.27
P 1.14
A 5.5
B 2.5
h 1

Table 5. Comparison of the simulated cavity parameters (input/ output cavities).

Parameters Values from CST Values from HFSS

Resonant Frequency (GHz) 28.53 28.52
Q 720 702

R (MΩ) 31.85 34.04
R/Q 44.2 48.5

Figure 7 shows the cutting plane view of the electric field distribution of the proposed
input and output cavities while Figure 8 shows a cutting plane view of the magnetic field
pattern of the proposed input and output cavities. The mode frequency is found to be
28.53 GHz from the CST simulations, considering the gap and drift tube radius to be the
same as those of the intermediate cavities. The quality factor of the cavities has been
obtained as 720, and the calculated shunt impedance of the operating mode across the gaps
is 31.85 MΩ. According to the CST calculations, the R over Q is estimated to be 44.2.
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For the validation of the results, the same simulation has been performed using
ANSOFT HFSS, considering the exact geometrical cavity dimensions considered for the
CST simulation. Figure 9a,b show the electric and magnetic field distribution of the cavity.
The operating-mode frequency and quality factor are 28.52 GHz and 702, respectively.
The input and output cavities have an external Q factor (Qe) of about 38, dictated by the
coupling of the cavity with the waveguide.
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During the computation of the Q factor (using the eigenmode computation) of the
operating mode, the standard material properties of copper (with an electrical conductivity
of 5.96 × 107 S/m) were considered. Because there are several metallic walls inserted
within the cavity (the walls of the ladder structure), the wall losses are higher in the case of
these cavities compared to the Ka-band cavities with a conventional structure. Therefore,
the Q factor is lower compared to the conventional Ka-band cavities.
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Figure 10 shows the geometry used for the time-domain simulation of the input and
output cavities. In this step, a rectangular port (port 1) on the output waveguide coupler
and a set of discrete ports (port 2 to 9) at the gap centers of different beamlets have been
considered, as shown in Figure 10. The time-domain simulation has been carried out using a
CST studio time-domain solver, and the obtained reflection and transmission coefficients are
shown in Figure 11. The almost identical transmission parameters in Figure 11 clearly show
a symmetric field distribution among the four beamlets’ gaps. The reflection parameter dip
suggests a significant coupling of the electromagnetic energy through the coupling slot at
the operating frequency.
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3.3. Design of the RF Section

Figure 12 shows the cut-plane view of the RF section of the proposed four-beams EIK.
The simulation geometry has been modeled and simulated using the CST PIC simulation
tool. In this structure, six cavities (including the input and output cavities) have been
considered. In this model, the center-to-center distance between the cavities has been taken
as 5.83 mm and the length of the beam tunnel has been taken as 34.98 mm. The input signal
used is a single-frequency sinusoidal signal with a constant amplitude. An axial magnetic
field of 0.33 T (calculated according to Equation (15)) has been applied to maintain the
focusing of the electron beam throughout the RF section. The frequency of the input signal
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has been swept in the complete frequency band of operation (i.e., 27.95 GHz to 28.95 GHz)
to obtain the steady-state gain of the device. It may be noted that for each frequency point,
the PIC simulation takes about 40 h to attain the steady state. A snapshot of the beam
trajectory representing the bunching of the electrons at the output cavity and the phase
space plot at 32 ns are shown in Figures 13 and 14. The details of the input signal for one
particular frequency point are shown in Figures 15 and 16.
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A snapshot of the electron beam trajectory of the PIC simulation is shown in Figure 12.
The velocity modulation of the electron beam, which is the main indication of the RF
amplification, is clearly visible at the output cavity of the device. Figure 14 shows the
combined view of the input and output signals from the RF section. The signals have been
recorded after the beam–wave interactions in the RF section.

Figure 15 shows the input RF signal. This signal has been applied at the input port of
the RF section. Figure 14 shows the output signal from the RF section. The output signal
has been recorded at the output waveguide port after the beam–wave interactions in the
RF section. From Figure 14, it can be observed that the maximum amplitude of the output
signal is 19.39

√
(watt), corresponding to an input signal of 2.0

√
(watt) (peak). The peak

output power calculated from the output signal is more than 375.97 W and the RMS output



Electronics 2022, 11, 3781 14 of 17

power is 187.98 W. The frequency spectrum of the output signal is shown in Figure 17.
Figure 17 clearly shows the peak of the spectrum at 28.5 GHz.
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The gain of the RF section for different frequencies has been plotted in Figure 18, and
the efficiency of the device in different frequencies is plotted in Figure 19. From this plot,
the higher (fh) and lower (fl) −3 dB frequency points are found to be fh = 28.66 GHz and
fl = 28.15 GHz. Therefore, the−3 dB bandwidth of the device can be calculated as 510 MHz.
Similarly, the −1 dB bandwidth of the device comes out to be 180 MHz. The operating
bandwidth of the device can be further increased by employing the stagger tuning of the
intermediate cavities, i.e., tuning each individual cavity at slightly different frequencies.
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The simulation results of the RF section have been provided in Table 6. The slight
variation in the gain in the operating band (28.15 GHz to 28.66 GHz) can be managed by
gain-equalizing schemes, where the input signal amplitude and beam voltages are adjusted
to achieve a flatness of the gain at desired frequency band/sub-bands. This scheme is
widely used in travelling wave tube (TWT)-based communication systems, especially in
satellite communication.

Table 6. Results of proposed multiple beam klystron.

SIGNAL Port-1 Port-2

Amplitude (sqrt(W)) 2.0 19.39

Peak Power (W) 4.00 375.97

RMS Power (W) 2.0 187.98

Beam Voltage (kV) 4.00

Beam Current (A) 0.196

Gain in Db 19.73

Bandwidth (−3 dB) 510 MHz

Bandwidth (−1 dB) 180 MHz

Efficiency in % 23.98%

The fabrication of the RF section (with a 34.98 mm total length, gap length of 0.27 mm,
ladder wall height of 5.5 mm, and cavity height of 7.96 mm) can be conducted using the
wire-cut Electric Discharge Machining (EDM) technique, where the upper and lower walls
(top and bottom) of the cavity may be fabricated separately. This fabrication possibility is
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currently being explored through advanced precision tool room centers because we do not
have in-house precision fabrication facilities.

4. Conclusions

The design of the RF section of a ladder-shaped multibeam extended interaction
klystron operating at 4 kV has been presented. The ladder-type intermediate and in-
put/output resonant cavities operating at the Ka-band are compatible with 3D printing
or microfabrication techniques. The RF section has been designed and analyzed using the
commercially available 3D electromagnetic simulation software. The dimensions of the RF
cavity have been optimized, and the dimensions of the RF cavity have been optimized for
getting different cavity parameters, such as the resonant frequency and the R over Q. The
3D PIC code simulation results of the proposed RF section have been reported with the
estimation of the bandwidth, output power, and gain. The bandwidth of the device is found
to be 510 MHz with a stable output power of 375.97 W. These devices can be utilized in
high-data-rate wireless communications, such as airborne RADAR, 5G communication, etc.
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