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Preface to ”High-Frequency Vacuum Electron
Devices”

Vacuum electron devices at frequencies of millimeter waves and terahertz play highly important

roles in the modern high-data rate and broadband communication systems, high-resolution detection

and imaging, medical diagnostics, magnetically confined nuclear fusion, etc. For the fast motion

velocity of electrons in the vacuum medium, they have the advantages of high power and high

efficiency, as well as compactness, compared with other present radiation sources, such as solid-state

devices.

We established the Special Issue of “High-Frequency Vacuum Electron Devices” with the aim

of enhancing the exchange of research information on the theory, design, simulation, processes, and

development of these devices to promote their applications, and to attract young researchers and

engineers starting out in this important field, which is still vital on the basis of modern electronic

science and information technology.
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High-Frequency Vacuum Electron Devices
Jinjun Feng 1,* , Yubin Gong 2,*, Chaohai Du 3,* and Adrian Cross 4,*

1 National Key Laboratory of Science and Technology on Vacuum Electronics, Beijing Vacuum Electronics
Research Institute, Beijing 100015, China

2 School of Electronic Science and Engineering, University of Electronic Science and Technology of China,
Chengdu 610054, China

3 School of Electronics Engineering and Computer Science, Peking University, Beijing 100871, China
4 Department of Physics, University of Strathclyde, Glasgow G1 1XQ, UK
* Correspondence: fengjinjun@tsinghua.org.cn (J.F.); ybgong@uestc.edu.cn (Y.G.);

duchaohai@pku.edu.cn (C.D.); a.w.cross@strath.ac.uk (A.C.)

Vacuum electron devices at frequencies of millimeter waves and terahertz play highly
important roles in the modern high-data rate and broadband communication system,
high-resolution detection and imaging, medical diagnostics, magnetically confined nuclear
fusion, etc. For the fast motion velocity of electrons in the vacuum medium, they have
the advantages of high power and high efficiency, as well as compactness, compared with
other present radiation sources, such as solid-state devices.

We established the Special Issue of “High-Frequency Vacuum Electron Devices” with
the aim of enhancing the exchange of research information on the theory, design, simulation,
processes, and development of these devices to promote their applications, and to attract
young researchers and engineers starting out in this important field, which is still vital on
the basis of modern electronic science and information technology.

There are many kinds of vacuum electronic RF power devices, including linear-beam
devices, cross-field devices, and fast-wave devices. At high frequencies up to terahertz,
klystrons, TWTs, BWOs, and gyrotrons are widely studied either for their high power, or
for their broad instant or tuning bandwidth. In order to obtain high-quality performances
at millimeter wave and terahertz frequencies, novel technologies and processes have
emerged in the past decade, including microfabrication using MEMS and 3D printing, new
diamond-related materials for windows and attenuators. At the same time, new slow-
wave structures and resonant structures have also been studied, such as meta-structures,
high-order mode operation and sheet electron beams, which are used to obtain high
power; spurious depression; and the mitigation of manufacturing difficulties, specifically
in high-frequency regimes. Revolutionary technologies in the components and parts of
the devices, including cathodes, electron guns, I/O structures, magnetic focusing systems,
and collectors, have played critical roles in the development of high-frequency vacuum
electron devices.

This Special Issue consists of fifteen papers covering a broad range of topics related
to the design, simulation, manufacturing, and testing of high-frequency vacuum devices
with a wide range of frequencies up to 340 GHz, and devices including gyrotrons, TWTs,
and EIKs, together with beam-forming and confining cathodes, slow-wave structures, and
mode converters, etc.

High-frequency gyrotrons are core devices for Dynamic Nuclear Polarization Nuclear
Magnetic Resonation (DNP-NMR) applications to significantly improve the sensitivity and
resolution of high-field NMR in medical systems and scientific research. In [1], entitled “Lin-
early Polarized High-Purity Gaussian Beam Shaping and Coupling for 330 GHz/500 MHz
DNP-NMR Application”, from Beijing University, the design and calculation of a corrugated
TE11-HE11 mode converter and a three-port directional coupler for a 330 GHz/500 MHz
DNP-NMR system are proposed. The output mode of the mode converter presents a highly
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linear polarization of 98.8% at 330 GHz for subsequent low loss transmission. Gyrotron-
TWTs have the advantages of high power and a broad bandwidth at a millimeter wave
frequency band for long-distance accurate detection and high-resolution imaging. In [2]
of this issue of “Design of a Dual-Mode Input Structure for K/Ka-Band Gyrotron TWT”,
the structure for the input coupling, which is composed of two different types of input
couplers, with the coaxial input coupler for the Ka-band TE2,1 mode and the Y-type input
coupler for the K-band TE1,1 mode, is described. The designed dual-mode input coupler
has the advantages of a broad bandwidth and low loss and can be used effectively in
dual-band Gyro-TWTs.

TWTs are widely investigated at high frequencies for their advantages of a high band-
width, high power, and compactness for applications in high-date rate communication and
high-resolution imaging. In this issue, there are eight papers dealing with the research and
development of TWTs with novel integrated slow-wave structures (SWSs) and meander-
line structures, as well as whole tubes. Three papers focus on meander-line SWSs but
with varied supporting structures and materials. One paper [3] is based on the design of
multiple Dielectric-Supported Ridge-Loaded Rhombus-Shaped Wideband Meander-Line
Slow-Wave Structures for a V-Band TWT; the simulations show that the structure has a
larger bandwidth, higher gain, more stable structure, and better heat dissipation ability.
For high-power TWTs with meander-line SWSs, a staggered-ring micro-strip line (SRML)
structure [4] is proposed and designed in the paper of “Broadband-Printed Traveling-Wave
Tube Based on a Staggered Rings Micro-strip Line Slow-Wave Structure”, and the input
and output structures with micro-strip probes and transition sections are also shown. The
particle-in-cell (PIC) simulation results indicate that the SRML TWT has a maximum output
of 322 W at 32.5 GHz under a beam voltage of 9.7 kV and a beam current of 380 mA, and
the output power is over 100 W in the frequency range of 27 GHz to 38 GHz.

Two new methods for the analysis of meander-line SWSs are presented in the issue.
As we know, machine learning (ML) and deep learning (DL) are widely investigated
and applied in many fields, while in one paper [5] in this Special Issue, ML and DL are
introduced in the design of vacuum devices, where exact numerical simulation data are
used in the training as a form of supervised learning to obtain the geometric dimensions.
They are also used for the design of D-band meander-line TWTs with 160 GHz central
frequency. Another paper [6] proposes a new method for solving the dyadic Green’s
functions (DGF) and scalar Green’s functions (SGF) of multi-layered plane media, in which
the DGF and SGF are considered to be suitable for arbitrary boundary conditions and for
the electromagnetic analysis of complicated structures, including meander-line SWSs.

For other novel SWSs for millimeter wave structures, a cosine-vane folded waveg-
uide [7] is used for a miniaturized E-Band TWT for wireless communication, and an
over-moded flat-roofed sine waveguide is designed for high-power multi-beam TWTs. The
E-band TWT has the properties of 9 W with a low voltage of 9 kV and compactness; this
investigation is performed by the team from BVERI. For the higher frequency of 340 GHz,
a flat-roofed sine waveguide [8] with over-mode operation and multiple electron beams
is designed, and the PIC simulation results show that 50 w power can be obtained with a
−3 dB bandwidth of 13 GHz.

Sheet electron beams used in vacuum devices can significantly increase the output
power; there are two papers in this issue focusing on beam forming and transport, which is
critical for the success of the whole tubes. In one paper [9], a periodic cusped magnet (PCM)
is used for the design and evaluation of a G-Band TWT. A high beam-current density of
285 A/cm2 and a voltage of 24.5 kV are successfully verified through a beamstick tube with
over 81% transmission and a distance of 37.5 mm, which has compactness and light-weight
beneficial properties. In another paper [10], a new electron beam method is proposed using
both a periodic magnetic field and an electrostatic field (PM-E), which has the ability to
resist the influence of the assembly error in the practical tubes, and the electric field can be
conveniently changed to correct the deflection of the beam trajectory.
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The integration of tubes for phase array systems has the advantages of high power
and high efficiency. One paper [11] in this issue proposes the design of a Ka band using
double parallel-connecting micro-strip meander-line SWSs, realizing power output through
2 × 2 ports. For each output port of one channel, the simulation results reveal that the
output power can reach a high power of 566 W and a broad −3 dB bandwidth of 7 GHz.

Klystrons often have a higher power, higher gain and higher efficiency than TWTs,
which is addressed two papers in this issue. One paper [12] performs an investigation of
the high efficiency of a coaxial multi-beam relativistic klystron. PIC simulation is used
to analyze the beam–wave interaction physical process and optimize the high-frequency
parameters. The calculation shows that the klystron with 14 electron beams and a 4.2 kA
bam current can deliver 1.02 GW power and 48.7% efficiency at 500 kV beam voltage.
Another paper [13] is based on the G-Band klystron, which operates in high-order mode
and in klystron TM31 mode, and a barbell six-gap cavity is selected. The interaction
calculation shows that there is no risk of mode competition resulting from the big mode
separation, and the power of 650 W with a 3 dB-bandwidth of 700 MHz can be obtained at
16.5 kV voltage and 0.5 A beam current.

Processing is critical for practical devices, ref. [14] of this special issue supplies a new
structure for the assembly of the meander line SWS, in which an attenuator is employed to
support the meander line on the bottom of the enclosure rather than welding them together
on the sides. The three-dimension Particle-in-cell (PIC) simulation results show that with
a 4.4-kV, 200-mA sheet electron beam, a maximum output power of 126 W is obtained at
38 GHz with electronic efficiency of 14.3%.

Finally, one of the most promising fields in vacuum electronics is the combination of
microelectronics and modern 2D materials for high-performance electron emission sources
and transistors. One paper [15] is based on vacuum transistors using carbon nanotubes
(CNT) as electron sources. In the vacuum triode, multi-walled CNTs are used, with the
principle of field-assisted thermal emission, which is fabricated using microfabrication
technologies and has the advantages of improving the stability and uniformity of the
devices. The experiment shows that the CNT transistor exhibits an ON/OFF current ratio
as high as 104, and the surface of the emitters shows much lower gas molecule absorption
than cold field emitters.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Design of a Dual-Mode Input Structure for K/Ka-Band
Gyrotron TWT
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Guilin 541004, China; m1654259600@163.com (M.M.); mokunshan@126.com (K.M.);
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* Correspondence: zxqi@guet.edu.cn; Tel.: +86-13-708-182-612

Abstract: A dual-band gyrotron traveling wave amplifier (Gyro-TWT) can reduce the size, cost, and
weight of a transmitter in dual-band radar and communication systems. In this paper, a dual-mode
input coupler for K/Ka dual-band gyrotron traveling wave amplifier (Gyro-TWT) is designed. This
structure is composed of two different types of input couplers, one is the coaxial input coupler for the
Ka-band TE2,1 Gyro-TWT and the other is a Y-type input coupler for the K-band TE1,1 Gyro-TWT. For
reducing the backward wave of the TE2,1 mode reflecting into the Y-type input coupler to influence
the operating bandwidth, a Bragg reflector with a strong mode selective characteristic is inserted
between these two couplers, which can make the reflection coefficient of the TE2,1 mode better than
−1 dB and the phase matched in the whole bandwidth, and the transmission coefficient of the TE1,1

mode can reach better than −1 dB. Based on the simulation results, the −1 dB bandwidth of the
Ka-band TE�

1,0-TE#
2,1 mode input coupler reaches 3.32 GHz and the −1 dB bandwidth of K-band

TE�
1,0-TE#

1,1 mode input coupler reaches 3.15 GHz. The designed dual-mode input coupler has the
advantages of broad bandwidth and low loss and can be well used in dual-band Gyro-TWTs.

Keywords: dual-band; Gyro-TWT; input coupler; coaxial cavity; Bragg reflector

1. Introduction

Gyrotron traveling wave amplifiers (Gyro-TWTs) utilize the relativistic electron cy-
clotron maser instability to realize a high-power microwave source with high conversion
efficiency [1]. Compared with solid-state devices, such as diode and semiconductor de-
vices, which are the main microwave source in communications, low-power radar, and
the field of satellite communication [2,3], Gyro-TWTs are widely used in high-power and
high-resolution radar, plasma heating and electronic countermeasure [4–7]. Because of
using a nonresonant fast wave structure, the Gyro-TWT features the capabilities of high-
power and broad bandwidth from millimeter to submillimeter, even to terahertz band.
In recent years, significant progress has been made in the development of Gyro-TWTs
that are even higher power and more stable. The National Tsing Hua University reported
a Ka-band TE11 Gyro-TWT with off-axis electrons, which can produce 93 kW saturated
peak output power at 70 dB stable gain and 26.5% efficiency with a 3 dB bandwidth of
8.6% [8]. Distributed wall losses are employed in the experiment to suppress the spurious
oscillations. A Q-band TE01 Gyro-TWT with an output power of 152 kW at 41 dB saturated
gain was developed in the University of Electronics Science and Technology of China [9].
High harmonic large orbit Gyro-TWT amplifiers can operate at higher beam currents and
have good mode selection characteristics, therefore, producing higher power [10–12]. The
Institute of Applied Physics (IAP) reported a second harmonic large orbit Gyro-TWT in the
Ka-band. A spiral corrugated waveguide interaction circuit was adopted to suppress mode
competition. The continuous wave power can reach 7.7 kW, the 3 dB bandwidth is 2.6 GHz,
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the gain is 26 dB, and the peak power reaches 180 kW [10]. Moreover, the University of
Strathclyde reported a large orbit Gyro-TWT in W-band, the corresponding peak power is
3.4 kW, the gain and bandwidth are 37 dB and 5.8 GHz [12], respectively.

With the development of radar technology, advanced radar and communication sys-
tems are aiming to work in a dual-frequency band, which requires the amplifier providing
the dual-band amplification to reduce in size, cost and weight in the radar transmitter
system. Therefore, studying a Gyro-TWT operating at dual-band is very meaningful. As
an important component of Gyro-TWTs, the input coupler that couples the EM radiation
into the Gyro-TWT interaction cavity should be studied [13–19]. There are many kinds of
input couplers, such as single-slit side-wall coupler, coaxial coupler, and couplers based on
power splitter type. Most of the input couplers only can operate at single-mode and single
frequency bands. The University of Electronic Science and Technology of China designed
a Ku/Ka-band dual-frequency Gyro-TWT input coupler, but its −1 dB bandwidth is only
2 GHz [19].

In this paper, a dual-mode large bandwidth input coupler for K/Ka Gyro-TWT is
theoretically designed. This structure is composed of two different types of input couplers,
one is the coaxial input coupler for Ka-band TE2,1 Gyro-TWT and the other is a Y-type
input coupler for K-band TE1,1 Gyro-TWT. For reducing the backward wave of the TE2,1
mode reflecting into the Y-type input coupler to influence the operating bandwidth, a Bragg
reflector with a strong mode selective characteristic is inserted between these two couplers.
The −1 dB bandwidth of the Ka-band TE�

1,0-TE#
2,1 mode input coupler is broadened to

3.32 GHz with the center operating frequency of 19 GHz and the −1 dB bandwidth of
the K-band TE�

1,0-TE#
1,1 mode input coupler can reach 3.15 GHz with the center operating

frequency of 34 GHz. The designed input coupler could be well used in the dual-band
Gyro-TWTs.

The organization of the paper is such that the single designs of coaxial and Y-type
input couplers are discussed in Section 2. The Bragg reflector is also described in detail.
The design of a dual-band input coupler is presented in Section 3, including the isolation
between these two couplers. The summary is given in Section 4.

2. Design of Input Coupler

Two types of input couplers are discussed in this section, one is based on coaxial
coupling [20], which converts the TE�

1,0 mode of the rectangular waveguide to the TE#
2,1

mode of circular waveguide in the Ka-band and the other is based on Y-shape input
couplers [21], which can transform the TE�

1,0 to TE#
1,1 in the K-band.

2.1. Input Coupler Based on Coaxial Coupling Cavity

Figure 1 shows the schematic diagram of the coaxial input couple, where ra is the
inner radius of the coaxial resonator, rb is the outer radius of the coaxial resonator, rc is the
radius of the cut-off waveguide. Generally, rc is about 0.7–0.8 times the size of r, which is
the output waveguide radius. Port 1 is the standard rectangular waveguide port where
TE�

1,0 is feed into, port 4 is the output port where TE#
2,1 is transmitted to the interaction

cavity, port 3 is the cut-off port to prevent the EM radiation into the gun section. When
TE�

1,0 is coupled to the coaxial resonator cavity, the TE4,1,1 mode is excited in the coupled
cavity [22]. There are four coupling rectangular slits between the coaxial resonator and the
cylindrical cavity. Therefore, the TE4,1,1 mode can be coupled to TE#

2,1 .
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Figure 1. Schematic diagram of the coaxial input coupler.

It is necessary to study the Eigenvalue equation and propagation characteristics of
the TE mode before designing the coupler, where the TE mode is only considered in the
coaxial resonator. The longitudinal field component of the TE mode propagating in the
axial waveguide is [13]:

Hz = K2
c [Cm Jm(Kcr) + DmYm(Kcr)] sin mϕ e−jβz (1)

where Kc is the cut-off wave number, m is the angular index of TEm,n, Jm(x) and Ym(x) are
the mth order Bessel function and Neumann function, Cm and Dm are the mode amplitude.

From the boundary condition ∂Hz
∂r | r=a,b = 0, a homogeneous linear system of equa-

tions about Cm and Dm is obtained as:
{

C1 J ′m(Kcra) + D1Y′m(Kcra) = 0
C2 J ′m(Kcrb) + D2Y′m(Kcrb) = 0

(2)

If there exists a non-zero solution of (2), the determinant is equal to zero, so the
Eigenvalue equation of the TEm,n mode can be obtained as below

J′m(χm,n)Y′m(αχm,n)− J′m(αχm,n)Y′m(χm,n) = 0 (3)

where χm,n = Kcra is the root of the Eigenvalue equation, α = rb/ra is the ratio of the
inner and outer radius of the coaxial cavity. The propagation constant βmn and resonance
conditions of the TEmn modes in coaxial waveguides are obtained as shown in (4) and (5):

βmn =
√

K2 − K2
c =

√
ω2εµ− (χmn/ra)

2 (4)

βmnL = pπ(p = 1, 2, 3 . . .) (5)

where L is the length of the coaxial resonator. By solving the Eigenvalue Equation (3)
numerically, the relationship between the eigenvalue and the ratio of the inner and outer
radius of the coaxial waveguide is obtained.

As shown in Figure 2, the Eigenvalue reduces with the rise of the ratio. To increase
the coupling between the inner and outer cavity and reduce the size of the coupler, the
thickness of the coupling silt is always 0.3~0.5 mm. Based on the results from a beam–wave
interaction and the results in Figure 2, the geometric configuration of the input coupler is
preliminary determined. Then, with the help of CST (in the simulation, the resolution is
set as −40 dB), the structure of the input coupler is optimized and the field distribution
at the frequency of 34 GHz is plotted in Figure 3. It is obvious that TE#

2,1 is excited at the
circular cavity.
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Figure 2. The relationship between the Eigenvalue root χm,n and the inner coaxial cavity and outer
coaxial cavity radii ratio a.

Figure 3. Coupler structure and field distribution diagram.

The influence of the width of the coupling rectangular gap on the transmission and
reflection of the input coupler is plotted in Figure 4. It is found that the reflection coefficient
increases slightly with the rise of the coupling gap width. Whereas the transmission is
almost unchanged in the frequency range of 33–38 GHz. Figure 5 shows the influence of
the coupling rectangular gap length on the performance of the input coupler. It can be seen
that the transmission remains unchanged in the frequency range of 33–38 GHz when the
gap length is increased. From the above analysis, the −1 dB bandwidth of the transmission
can reach 4.30 GHz, and the reflection in the bandwidth are all below −15 dB. For reducing
the reflection between the input rectangular and the coaxial cavity, a smooth variation
section with a length of 10 mm is designed.

Figure 4. The influence of the coupling rectangle gap width on transmission and reflection of the
input coupler.
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Figure 5. The influence of the coupling rectangle gap length on transmission and reflection of the
input coupler.

2.2. Input Coupler Based on Side Wall COUPLING Mode

Mode TE#
1,1 is selected as the operating mode for Gyro-TWT in the K-band. We adopt

the input coupler based on sidewall coupling, as shown in Figure 6. As we know, the
circularly polarized TE11 mode can be synthesized from two same amplitude linearly
polarized TE11 modes with a 90-degree phase difference [21]. Therefore, the coupler has
two rectangular branches to generate two linearly polarized TE11 modes. The simulated
electric field is shown in Figure 6. It is shown that TE#

1,1 can be excited in the circular cavity.
The input rectangular waveguide is the waveguide standard BJ180. The circular waveguide
is 5.1 mm, which is the same as the radius of the output cavity of the coaxial coupler. In
addition, a tapered geometry with a length of 4 mm is used between the output rectangular
waveguide and the circular waveguide to effectively reduce the reflection. The transmission
and reflection are plotted in Figure 7. The frequency range of −1 dB bandwidth can reach
17.5~21.4 GHz, the bandwidth is 3.9 GHz.

Figure 6. Geometric structure of the Y-type input coupler.

Figure 7. Simulation results of the Y-type input coupler.
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2.3. Bragg Reflector

The cut-off waveguide is a general solution to improve the transmission coefficient for
the input coupler. The only requirement is the radius of the cut-off waveguide needs to be
sufficiently small. Thus, the radius of the cut-off waveguide in the coaxial cavity is 3.50 mm,
which is smaller than the radius of the output cavity. To solve this problem, a Bragg reflector
with a strong mode selection feature is adopted to connect the output end of the Y-type
input coupler and the cut-off port of the coaxial input coupler [23–26]. The function of the
Bragg reflector is to allow the TE#

1,1 mode transmission with no reflection and prevent the
TE#

2,1 mode transmitting into the Y-type coupler. The Bragg reflectors can be constructed
in a variety of ways, among the various axial periodic structures, the simplest structure is
the periodic rectangular-corrugation waveguide, which includes two circular waveguide
sections with different radii in one period. According to the Bragg resonance conditions
given in [23] (2k = kb, where k is the axial propagation constant of the wave, kb = 2π/l,
l is the corrugation period), the geometric structure of the Bragg reflector is determined
and a strong mode-selective reflection that scatters the incident wave coherently into
a backward wave can be achieved. It was shown that the bandwidth of the Bragg reflector
can be improved by varying the corrugation profile. As shown in Figure 8, a seven-section
reflector was designed to operate in the frequency range of 33~38 GHz and 17.5~21.4 GHz.
The minimum radius of the reflector Rin is the same as the radius of the interaction zone.
Based on the joint simulation of CST and MATLAB, the length of each section is shown in
Table 1. The outer radius Rout is 11.63 mm. Figure 9 shows the reflection coefficient and
phase of the TE#

2,1 mode. The results show that the reflector achieves total reflection in the
frequency range of 33~38 GHz, the phase spread can be even smaller, and the transmission
S21 in the frequency range of 17.5~21.4 GHz is close to 0 dB and the corresponding reflection
S11 is below −10 dB. The designed reflector satisfies the dual-band input coupler.

Figure 8. Structure diagram of the Bragg reflector.

Table 1. Dimensions of the Bragg reflector.

Section Number Length (mm)

1 3
2 4
3 1.6
4 4.3
5 1.5
6 4.3
7 2

10
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Figure 9. (a) Reflection amplitude (the black-dot curve) and phase (the blue-dot curve) of S11 of
TE#

1,1 mode, (b) the reflection and transmission of TE#
1,1 mode.

3. Simulation of Dual-Mode Input Couplers

Based on the front studies, a dual-mode input coupler for K/Ka dual-band Gyro-TWT
is designed, as shown in Figure 10. Port 1 is the input port for TE�

1,0 in the K-band, port 2 is
the input port for TE�

1,0 in the Ka-band, port 3 is the output port with a radius of 5.1 mm,
Section 4 is the Bragg reflector, and port 5 is the cut-off port. Figure 11 shows the electric
field distribution of the input coupler when the operating mode is TE#

1,1 at a frequency
of 18 GHz and the TE#

2,1 at a frequency of 34 GHz. It can be seen that the electric field is
blocked in the Bragg reflector and no field is transmitting into the Y-type input coupler
when the dual-mode input coupler is operating at TE#

2,1, and the Bragg reflector has no
influence on the transmission of TE#

1,1. Figures 12 and 13 plot the S-parameter and phase
of the designed dual-mode input coupler in the K/Ka-band. It is shown that the reflection
coefficient in the frequency range of 18.3~21 GHz is below−10 dB when the output mode is
TE#

1,1, the −1 dB bandwidth of transmission can reach 3.15 GHz. Meanwhile, the reflection
coefficient in the frequency range of 33.7~37.2GHz is below −10 dB when the output mode
is TE#

2,1, and the −1 dB bandwidth is 3.32 GHz. The comparison between the presented
input coupler and that in [19] is shown in Table 2. It can be seen that the input coupler
bandwidth is relatively broadened to wide. The designed input coupler can be used as
a dual-band large bandwidth Gyro-TWT.

Figure 10. Structure diagram of dual-frequency input coupler (1 is the input port for TE�
1,1 in K-band,

2 is the input port for TE�
1,1 in Ka-band, 3 is the output port, 4 is the Bragg reflector, 5 is the cut-off port).
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Figure 11. The electric field diagram of input coupler, (a) the output mode is TE#
1,1 , (b) the output

mode is TE#
1,1 .

Figure 12. The S-parameter for the designed dual-mode input coupler, (a) the S-parameter when the
output mode is TE#

1,1 , (b) the S-parameter when the output mode is TE#
2,1.

Figure 13. The phase of S21 for the designed dual-mode input coupler, (a) the phase of S21 when the
output mode is TE#

1,1, (b) the phase of S21 when the output mode is TE#
2,1.
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Table 2. The dual-band input coupler parameters.

Parameters This Article Reference [19]

Operating Frequency 19/34GHz 17/33GHz

Operating Mode
TE�

1,0-TE#
2,1 @ Ka-band

and TE�
1,0-TE#

1,1 @ K-band
TE�

1,0-TE#
0,1 @ Ka-band

and TE�
1,0-TE#

1,1 @ K-band
−1 dB Bandwidth 3.15 GHz @ K-band,3.32 GHz@ Ka-band 1.9 GHz @ K-band, 2 GHz@ Ka-band

Figure 14 plots the isolation between the two input rectangular waveguides when the
designed dual-mode input coupler is operating at K-band and Ka-band, respectively. When
the coupler is operating in the K-band, the isolation of the TE#

1,1 mode is below −40 dB in
the 17~22GHz frequency range. When operating in the Ka-band, the isolation of the TE#

2,1
mode is below −20 dB in the frequency range of 33~38 GHz. Through these analyses, it is
proved that the designed input coupler has good properties for single-mode operating.

Figure 14. The isolation between the input rectangular (a) port 1 and (b) port 2 (ports 1 and 2 are
labeled in Figure 10).

4. Conclusions

Dual-band Gyro-TWTs can be used in new radars, communication systems and other
fields to achieve cross-band operation requirements. In this paper, a Gyro-TWT input
coupler for dual-band operation is presented. The coupler realizes the transition from the
rectangular waveguide mode to the circular waveguide mode in different wavebands. The
designed structure is composed of two different types of input couplers, one is the coaxial
input coupler for the Ka-band TE2,1 Gyro-TWT and the other is a Y-type input coupler for
the K-band TE1,1 Gyro-TWT. For reducing the reflection wave from TE2,1 reflecting into the
Y-type input coupler to influence the operating bandwidth, a Bragg reflector is inserted to
connect these two couplers. Through optimization, the −1 dB bandwidth of the dual-band
input coupler can achieve 3.15 GHz in the K-band with the output mode of TE#

1,1 and
3.32 GHz in the Ka-band with the output mode of TE#

2,1. Meanwhile, the isolation degree
of the two input rectangular ports is below −20 dB. The designed dual-mode input coupler
can be well used for dual-band Gyro-TWTs.
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Abstract: Vacuum triodes have been scaled down to the microscale on a chip by microfabrication
technologies to be vacuum transistors. Most of the reported devices are based on field electron
emission, which suffer from the problems of unstable electron emission, poor uniformity, and high
requirement for operating vacuum. Here, to overcome these problems, a vacuum transistor based
on field-assisted thermionic emission from individual carbon nanotubes is proposed and fabricated
using microfabrication technologies. The carbon nanotube vacuum transistor exhibits an ON/OFF
current ratio as high as 104 and a subthreshold slope of ~4 V·dec−1. The gate controllability is found
to be strongly dependent on the distance between the collector electrodes and electron emitter, and
a device with the distance of 1.5 µm shows a better gate controllability than that with the distance
of 0.5 µm. Benefiting from field-assisted thermionic emission mechanism, electric field required in
our devices is about one order of magnitude smaller than that in the devices based on field electron
emission, and the surface of the emitters shows much less gas molecule absorption than cold field
emitters. These are expected to be helpful for improving the stability and uniformity of the devices.

Keywords: vacuum transistors; field-assisted thermionic emission; carbon nanotubes; gate controllability

1. Introduction

Vacuum tubes emerged in the early 20th century and were the central of the original
electronic devices [1]. However, solid-state devices took over their roles in most areas in
the past 60 years because of the advantages of integrability, miniaturization, lower power
consumption, reduced costs, etc. Recently, vacuum transistors, miniature vacuum triodes
fabricated on a chip by microfabrication technologies, have rekindled many researchers’
interest because of the advantages associated with vacuum devices. Vacuum as a medium
for electron transport is more immune to radiation damage than conventional semicon-
ductors. Thus, vacuum devices are stable under harsh environment [2]. Furthermore,
the velocity of electrons transporting in a vacuum is higher than that in semiconductors,
because electrons in a vacuum are free of scattering with a theoretical velocity approaching
3 × 108 m·s−1. Meanwhile, vacuum devices are more reliable and efficient than solid-state
devices for high-power and high-frequency devices [3]. Up to now, the functionality of
vacuum devices has been demonstrated in a wide range of applications, such as deep
space communications [2], premier sound system [4], high-frequency and high-power
devices [5], terahertz laser [6] and military defense. Combining vacuum triodes and micro-
fabrication technologies leads to the creation of a new area called “vacuum transistors”,
which is expected to possess the advantages of both conventional vacuum devices and
solid-state devices, such as high carrier velocity, reliable performances in high temperature
and extreme environment, miniaturization and easy integration [7].

In recent years, as many researchers have put their efforts into this field, various vacuum
transistors fabricated by microfabrication technologies have been reported [7–17]. Miniatur-
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ization of vacuum triodes can lead to higher integration, lower working voltages and lower
power consumption. For instance, Shruti Nirantar et al. proposed a semiconductor-free field
emission nanoscale channel transistor, where the gap between field emission electrodes is
about 35 nm [8]. As the gap is less than the mean free path of electrons in the air pressure (~60
nm), electrons encounter fewer collisions with air molecules even in air pressure [9]. Jin-Woo
Han et al. fabricated a surround gate nanoscale vacuum channel transistor by using ion
implantation and ion etching, achieving a low operating voltage (<5 V) and good immunity to
various types of radiation [10]. In addition, Jin-Woo Han et al. reported vertical surround-gate
nanoscale vacuum transistors that can be fabricated on silicon carbide wafers with stable
electron emission and long-term stability of emitters [7]. The extended gate structure enhances
the gate-to-emitter controllability and reduces the leakage current. A fully integrated, on-chip
vacuum transistor based on field emission from carbon nanotubes via silicon micromachining
processes was proposed by C. Bower et al. [11], achieving high frequency (10 GHz) and low
control voltage (50–100 V) operation but still suffering from complex fabrication processes and
inadequate emission stability and reliability of the carbon nanotubes emitters.

Intense research over the past decades has mainly focused on field emission vacuum
transistors. Nevertheless, an intense local electric field with a typical magnitude of several
volts per nanometer is required to induce field emission, which makes sharp tips preferred
for field emitters with a large field enhancement factor and field emission quite sensitive to
the microstructures of emitters. In addition, the electrons can ionize ambient gases such
as oxygen and nitrogen with an enough high kinetic energy. Being accelerated along the
electric field due to the cathode voltage, the positive ions will collide with the emitters
and cause mechanical degradation of emitters leading to an unstable electron emission [8].
Moreover, field emission is quite sensitive to the absorption of ambient molecules onto
emitters, which can change the work function of the emitters [18]. Therefore, an ultrahigh
vacuum is required for stable field emission. As a result, field emission vacuum tran-
sistors still encounter the problems of unstable electron emission, poor uniformity and
repeatability, and complex processing. Compared to field emission, thermionic electron
emission is much less sensitive to the microstructures of the emitter and molecule absorp-
tion, indicating much more controllable and stable electron emission. A few years ago, a
graphene-based vacuum transistor (GVT) was demonstrated by employing an electrically
biased graphene as the thermionic electron emitter [19]. The GVT exhibits promising
performances in several aspects, such as high ON/OFF ratio, small subthreshold slope,
and low operating voltages. Importantly, this device provides a feasible way to achieving
vacuum channel transistors based on thermionic electron emission. However, the GVT
shows disadvantages of large leakage current and a high-power consumption.

In this paper, we report the scaling down of vacuum triodes to the microscale on a chip
by employing a single Joule-heated multiwalled carbon nanotube (CNT) as the filament for
thermionic electron emission. The CNT-based vacuum transistor (CVT) can be switched by
tuning the bias voltage applied to the heavily doped silicon substrate (bottom gate) with
an ON/OFF current ratio up to 104, and a subthreshold slope of ~4 V·dec−1. We also study
the dependence of gate controllability on the distance between collector electrodes and
emitter. The simulation of the electric field at the surface of CNTs indicates that the electric
field in our devices is about one order of magnitude smaller than that in the devices based
on field electron emission.

2. Materials and Methods

The schematic structure of a CVT is shown in Figure 1a, where a multiwalled CNT,
acting as a filament, is freely suspended above a heavily doped Si substrate and pressed
between Au/Cr electrodes. To excite thermionic electron emission from the CNT, a bias
voltage (VDriven) is applied to the suspended CNT, thus an electrical current (ID) will pass
through and heat it by self-Joule heating. A pair of Au/Cr electrodes with a collecting
voltage (VC) of 50 V are beside the CNT acting as the collector electrodes. As demonstrated
in pervious works, thermionic electrons emit from a Joule-heated carbon nanotube while
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a bias voltage applied to it is larger than a threshold value, and the emission current
increases exponentially with the bias voltage [20–22]. To switch emission current collected
by the collector electrodes (IC), the heavily doped Si substrate underneath the suspended
CNT works as the gate electrode with a bias voltage (VG) of −10–40 V. Figure 1b shows
a scanning electron microscope (SEM) image of a CVT, and the magnified SEM image of
the center area of the CVT is shown in Figure 1c, in which the distance between collector
electrodes and electron emitter is approximately 1.5 µm.
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Figure 1. (a) A schematic illustration and working principles of a CNT-based vacuum transistor;
(b) an SEM image of a global CVT; (c) an SEM image of the framed area in image (b).

CNT-based vacuum transistors are fabricated on SiO2/Si wafer substrates by microfab-
rication technologies, where the SiO2 layer thickness is 300 nm. The metallic multiwalled
carbon nanotubes fabricated by arc discharge with a smooth surface and a perfect structure
are dispersed on the substrate in alcohol solution. A proper carbon nanotube is selected first
for device fabrication via SEM observation. The average diameter of selected carbon nan-
otubes is about 10 nm. Next, a pair of Au/Cr (80 nm/10 nm) driven electrodes and collector
electrodes are fabricated by electron-beam lithography (EBL), electron-beam evaporator
deposition, and a standard lift-off process, successively. To enhance the electron emission
from a Joule-heated CNT [23,24], the SiO2 layer underneath CNT must be removed by
chemical etching to make the multiwalled CNT suspended over the Si substrate. A layer of
polymethyl methacrylate (PMMA) is first used as a mask and the area for etching is defined
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by EBL. Second, the sample is plunged into buffered hydrofluoric acid for 330 s to remove
the SiO2 layer. After washing off the PMMA mask in acetone and drying the sample in hot
isopropanol, a CNT-based vacuum transistor as shown in Figure 1 is finally obtained.

3. Results and Discussion
3.1. Thermionic Emission from a Multiwalled Carbon Nanotube

The performances of CVTs are measured on a probe station at room temperature
with the vacuum level of about 1 × 10−2 Pa utilizing a Keithley 4200 semiconductor
characterization system. The emission current of a multiwalled CNT electron emitter is
measured repeatedly with collector electrodes applied with 50 V and gate electrode vacant.
The device exhibits repeatable electron emission for five different measurements, as shown
in Figure 2a. There is no emission current collected by collector electrode until VDriven
is larger than ~3.6 V, and the maximum emission current can reach up to 10 nA when
VDriven is ~4.4 V. It can be seen from Figure 2a that IC increases exponentially with VDriven,
in good agreement with previous observation of thermionic emission from a suspended
CNT [20–22]. As the collecting voltage is fixed at 50 V and thus electric field at the surface of
the CNT is almost unchanged during the measurements, electron emission is not governed
by electric field. The electron emission from a Joule-heated CNT is attributed to thermionic
emission mechanism with non-thermal equilibrium electron distribution [20,21].
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Figure 2. The performances of CVTs with distance between collector electrode and CNT emitter of
1.5 µm measured at room temperature and ~1 × 10−2 Pa. (a) The emission performance of a CNT
emitter is measured repeatedly for five times when VC is fixed at 50 V; (b) output characteristic
(IC−VDriven curves) and (c) transfer characteristic (IC−VG curves) of a CVT at various gate voltages
and driven voltages. The dashed lines and solid lines in (b) are in exponential and linear scale,
respectively; (d) transfer characteristic of the same device in (c) when VC is 50 V and VDriven is 4.2 V,
which indicates an ON/OFF current ratio up to 104. The black line shows the relationship between
IG and VG.
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3.2. Output Characteristic and Transfer Characteristic of a CNT-Based Vacuum Transistor

Figure 2b shows the output characteristic (IC−VDriven curves) of a CVT at different gate
voltages of 5 V, 10 V, 30 V, respectively. It can be seen from the curves plotted in exponential
scale that the emission current increases exponentially with VDriven and gate voltage also
has a significant influence on emission current, implying a gate controllability. The transfer
characteristic (IC−VG curves) of a CVT with distance between collector electrode and
emitter (D) of 1.5 µm under different driven voltages (VDriven) applied to the multiwalled
CNT is shown in Figure 2c when the collecting voltage is fixed at 50 V. It can be seen from
the group curves that, when the gate voltage (VG) is lower than a threshold voltage of ~0
V, the emission current is at a noise level and the CVT is in the OFF state. When VG is
larger than the threshold value, there is an obvious electron emission from the CNT emitter,
indicating the CVT is switched to the ON state. The IC−VG curves plotted in exponential
scale demonstrate that the IC increases exponentially with VG above the threshold voltage.
As is shown in the transfer characteristic curves, the threshold voltage decreases to a slight
extent with the increase of VDriven.

The bottom gate about 300 nm underneath the suspended CNT with a bias voltage
enhances the strength of electric field around the CNT, thus lowering the surface barrier
of the CNT, which enhances thermionic electron emission from the CNT. Comparing to
pure thermionic emission, field-assisted thermionic emission can be well controlled by
tuning electric field [25]. Therefore, we can control the states of a CVT through tuning the
gate voltage. It can be seen obviously from Figure 2d that, the emission current increases
fast with gate voltage at the low voltage regime (space charge regime), and then increases
slowly with the gate voltage at high voltage regime (accelerating field regime). The gate
controllability of CVTs is therefore attributed to the space charge effect and Schottky effect.

A single transfer characteristic curve together with a simultaneously measured gate
current versus gate voltage curve is shown in Figure 2d. An ON/OFF current ratio as
high as 104 and a subthreshold slope of ~4 V·dec−1 are observed. The subthreshold
slope of the carbon nanotube vacuum transistors is not very satisfactory at present. The
distance between the CNT emitter and gate electrode is ~300 nm. To maintain the same
level of electric field, the shorter the distance, the lower the voltage required. In addition,
the nanoscale curvature radius of CNTs surface induces a substantially larger local field
enhancement. The field enhancement factor of a CNT will increase inversely with average
diameter, and the field enhancement factor of a single-walled carbon nanotube can reach
up to ~1404 [26]. On the other hand, the larger the coverage area of gate electrode to
electron emitter, the stronger the gate controllability. The subthreshold slope of CVTs is
not very satisfactory at present. In the future, limiting the distance between the electron
emitter and gate electrode, using surround gate structure and decreasing the diameter of
individual carbon nanotubes will be tried to improve the performance of the devices. It
can be seen that the maximum leakage current collected by bottom gate is ~40 pA. This is
approximately seven orders of magnitude smaller than that (~0.7 mA) of graphene-based
vacuum transistor [16]. Importantly, the gate leakage current is much smaller than the
collector current, which is important for a vacuum transistor.

3.3. Gate Controllability and Electric Field Strength Distribution

In order to optimize gate controllability, the dependence of gate controllability on the
distance between collector electrodes and electron emitter is explored. Experimental data
reveal that the distance (D) has an important influence on the bottom gate controllability.
Figure 3a shows the transfer characteristic curves of CVTs with different distances of
D = 0.5 µm and D = 1.5 µm, respectively, at VC = 50 V and VDriven = 4.0 V. When the
distance is 1.5 µm, the emission current of the CVT increases rapidly with VC in ON state
and the ON/OFF current ratio is ~103. When the distance is 0.5 µm, however, the OFF
current is so large that the slope of the IC−VG curve is smaller than that of the former with
a ON/OFF current ratio of ~10. Namely, the device with D of 0.5 µm is hard to be switched
OFF. In addition, the emission current decreases slightly with the increase of VG larger than
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30 V, which is attributed to gate electrode-capturing electrons. Consequently, the longer the
distance of collectors is, the higher performance in bottom gate controllability.
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Figure 3. (a) Transfer characteristic of two CVTs with different distances between collector electrodes
and CNT emitter: 0.5 µm and 1.5 µm. Inset: a scanning electron microscope image of a CVT with
D = 0.5 µm; (b) simultaneously measured IC−VG curve and IG−VG curve of a CVT with the heavily
doped Si substrate as the collector and side electrodes as the side-gate.

The transfer characteristic is also measured when the bottom Si substrate is set as the
collector electrode (designated as bottom collector) and the side electrodes are set as the
gate electrode (designated as side gate). Figure 3b shows the curve of bottom-collector
current (IC-bottom) versus side-gate voltage (VG-side) curve and that of side-gate current
(IG-side) versus side-gate voltage (VG-side) of a CVT. It can be clearly seen that the leakage
current collected by side gate (IG-side) increases rapidly with the side-gate voltage. However,
the emission current collected by the bottom collector (IC-bottom) maintains stable roughly
with the side-gate voltage, indicating a weak gate controllability. The device configuration
with the side electrodes as the collector and the bottom electrode as the gate therefore show
much better gate controllability than the device configuration with the side electrodes as
the gate and the bottom electrode as the collector.

To get further insights into the gate controllability of the devices, electric field in a CVT
is calculated by COMSOL. The simulated CVT uses the same parameters as those of the CVT
in experiments, including the thickness (90 nm) of metal electrodes, the thickness (300 nm)
of SiO2 layer, and the diameter (10 nm) and length (1 µm) of a CNT. To simulate the devices
with different distance between the collector electrodes and CNT emitter, we calculated
the electric field in the devices with D = 0.5 µm, 1 µm, and 1.5 µm, respectively. Figure 4a
shows the distribution of electric field strength of a simulated device with D = 1.5 µm when
VG is fixed at 40 V. The distribution of electric field strength along the axis of a CNT emitter
is shown in Figure 4b, where the strength of electric field at each axial position is obtained
by averaging electric field strength along the circumference of the CNT. The distribution of
electric field strength along the CNT axis can be well fitted by a curve of Gauss function.
The maximum value of the fitting curve is regarded as the maximum electric field strength
(|Emax|) in the CNT surface.
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Figure 4. Electric field distribution simulations of a CNT-based vacuum transistor. (a) Electric field
strength distribution in a simulation model with VDriven = 4.0 V, VC = 50 V, VG = 40 V; (b) the
distribution of electric field strength around the CNT surface along the axis of the carbon nanotube
when D is 0.5 µm, VDriven = 4.0 V, VC = 50 V, VG = 0 V; (c) |Emax|−VG curves for the devices with
the side electrodes as the collector and D of 0.5 µm, 1 µm, 1.5 µm; (d) |Emax |−VG curves for the
devices (D = 1.5 µm) with the bottom gate and side gate, respectively.

Figure 4c shows the dependence of |Emax| on VG for the devices with different D. It
can be seen that |Emax| increases from 1.63 × 107 V·m−1 to 5.60 × 108 V·m−1 by more
than 30 times with the increase of VG from 0 V to 40 V when D is 1.5 µm. In contrast,
|Emax| only increases by 2.99 and 17.26 times with the same increase of VG from 0 V to
40 V corresponding to a D of 0.5 µm and 1.0 µm. The CVT with D of 1.5 µm therefore has
a stronger gate controllability of |Emax| by VG than that of other CVTs with shorter D,
which is in good agreement with the experimental results in Figure 3a. The poorer gate-to-
emitter controllability for shorter collector-to-emitter distance can well be understood, by
considering the fact that the electric field at the surface of CNT emitter is mainly governed
by the collector but not the gate in the case of short collector-to-emitter distance.

We also calculate |Emax|−VG curves for different device configurations (the device
with the side gate and bottom collector, and the device with the bottom gate and side
collector). It can be seen from Figure 4d that, when the distance between CNT and side
electrode is 1.5 µm and the distance between CNT and bottom electrode is 300 nm, the
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device with the side gate and bottom collector shows much less controllability of |Emax|
by VG than the device with the bottom gate and side collector, in agreement with the
experimental results in Figure 3b. The stronger gate controllability for device with the
bottom gate is attributed to the dominance of electric field at CNT surface by the bottom
electrode that is closer to the CNT emitter than the side electrodes.

Considering a gate voltage of 10 V for switching on a CVT, as shown in Figure 2c, an
electric field with the maximum magnitude of as small as ~1 × 108 V·m−1 is needed to
switch on a CVT according to Figure 4c. This is about one order of magnitude smaller than
that needed for the vacuum transistors based on field emission, which requires a typical
local threshold electric field of more than 1 × 109 V·m−1. Compared with field emission that
is quite sensitive to the microstructures of the emitter, field-assisted thermionic emission
shows much less sensitivity to the microstructures of the emitter due to the much smaller
threshold electric field [18]. Moreover, according to our previous works, the temperature of
CNT emitter in a CVT can reach up to more than 2000 K [22]. The absorption of ambient
molecules, which is thought to be the main reason for the instability of field emission, can
be effectively prevented in such a hot electron emitter. The higher the temperature, the
shorter the desorption time of the residual gas molecules. Our CVTs based on field-assisted
thermionic emission are therefore expected to show better stability and uniformity than the
vacuum transistors based on field emission.

4. Conclusions

In conclusion, we report a new structure of vacuum transistor based on field-assisted
thermionic emission with individual CNTs as the filaments, fabricated by microfabrication
technologies. The emission current can be controlled by tuning the bias voltage applied to
the heavily doped Si substrate with an ON/OFF current ratio up to 104 and a subthreshold
slope of ~4 V·dec−1. Furthermore, we explore the influence of distance between collector
electrodes and electron emitter on gate controllability and find that the longer the distance
is, the stronger the gate controllability to electron emission is. Benefiting from field-
assisted thermionic emission, the emission current of CVTs is much less sensitive to the
microstructures of emitter and absorption of ambient molecules. The CVTs are therefore
expected to show better stability and uniformity than the vacuum transistors based on
field emission.
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Abstract: A multiple dielectric-supported ridge-loaded rhombus-shaped meander-line (MDSRL-
RSML) slow-wave structure (SWS) is proposed for a V-band wideband traveling wave tube (TWT).
The high-frequency and transmission characteristics of the SWS are investigated. The proposed
structure can realize stable output via attenuator and special phase-velocity jumping. Particle-in-cell
(PIC) results indicate that, for a 7 kV, 0.1 A sheet-beam, the average output power can reach 60 W
at 60 GHz and a 3 dB bandwidth of 9 GHz, with the corresponding gain and electron efficiency of
30.8 dB and 17.2%, respectively. Compared with the dielectric-supported rhombus-shape meander-
line (DS-RSML) SWS, the proposed structure has a wider bandwidth, higher gain, more stable
structure, and better heat dissipation ability, which make it a good candidate source in millimeter-
wave communications.

Keywords: meander-line; phase-velocity jumping; thermal analysis; slow-wave structure; traveling
wave tube

1. Introduction

The traveling wave tube (TWT) is an important type of vacuum electronic device,
which is widely used in radar, satellite communication, medical imaging electronic coun-
termeasures, and other fields because of its excellent characteristics of high power, wide
band, low noise, and high gain [1]. The traditional TWTs mainly include helix TWTs
and coupled cavity TWTs. However, when the operation frequency is increased to the
millimeter-wave or terahertz band, the traditional helix traveling wave tube faces great
challenges during fabrication due to its small size [2]. At this time, there is an urgent de-
mand for high-efficiency and high-power TWTs, and the planar TWT which is compatible
with higher-precision microelectronics machine system (MEMS) technology has become a
new research hotpot [3–5]. The planar TWT mainly refers to planar slow-wave structures
(SWSs), including rectangular spiral SWSs [6–9], microstrip meander-line SWSs [10–12],
staggered double-gate SWSs [13,14], and folded waveguide (FWG) SWSs [15].

Microstrip meander-line SWSs have been studied intensively for years, because of
their advantages of easy integration, easy processing, and suitability for sheet-beam opera-
tion [16–19]. For instance, a V-band microstrip meander-line SWS, which was proposed
in [19], could achieve rapid production using magnetron sputtering and laser ablation
micromachining techniques. However, this kind of traditional microstrip meander-line
usually uses a dielectric substrate to support the SWS, which is not resistant to electron
bombardment and has the problem of charge accumulation and short-circuit.

In order to solve these problems, a new type of meander-line supported by dielectric
rods was proposed in [20–23], in which the dielectric substrate was replaced by side
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rods. The so-called dielectric-rod-supported metallic meander-line SWS is suitable for a
dual-sheet electron beam, thus having large power capability. For example, the Ka-band
meander-line SWS supported by dielectric rods mentioned in [21] can achieve a gain of
23.4 dB at a voltage of 10.6 kV and a bandwidth of 6 GHz; the Ka-band ring-bar SWS
supported by dielectric rods proposed in [22] can achieve a gain of 22.6 dB at 9.7 kV and a
bandwidth of 2 GHz.

A dual-beam rhombus-shaped meander-line (DS-RSML) SWS supported from both
sides by dielectric rods was proposed in [24], as shown in Figure 1a. This SWS can operate at
a higher frequency with a wider lateral dimension compared to the dielectric-rod-supported
metallic meander-line SWS. The particle-in-cell simulation showed that it can reach 83 W
average output power at 58 GHz with a sheet electron beam of 7.7 kV, 0.1 A. However, its
3 dB bandwidth was only 6.5 GHz, and it struggled with heat dissipation. It was found that
the ridge loading method can effectively broaden the bandwidth and reduce the operating
voltage of the microstrip meander line [25]. Therefore, a multiple dielectric-supported
ridge-loaded rhombus-shaped meander-line (MDSRL-RSML) SWS is proposed in this
paper, as shown in Figure 1b.
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Figure 1. Single period of (a) DS-RSML SWS and (b) MDSRL-RSML SWS models.

The proposed structure of the DS-RSML SWS weakens the dispersion intensity of the
TWT by employing metal ridges on the inner surface of the metal shell, so as to reduce the
operation voltage and improve the working bandwidth of the TWT. Meanwhile, multiple
dielectric rods embedded in the metal shell and ridge are applied on both sides and the
bottom of the meander line, effectively solving the heat dissipation problem of the SWS and
making the structure more stable. In addition, upon increasing the thickness of the dielectric
substrate I along the propagation direction, the structural phase velocity is changed, which
suppresses the backward wave oscillation and reduces the design difficulty. A glossary of
abbreviations in the article is presented in Table 1.

Table 1. Glossary of abbreviations.

Abbreviations The Full Name

SWS Slow-wave structure

TWT Traveling wave tube

MDSRL-RSML Multiple dielectric-supported ridge-loaded
rhombus-shaped meander-line

DS-RSML
PIC

MEMS
FWG
ML

Dielectric-supported rhombus-shape meander line
Particle-in-cell

Microelectronics machine system
Folded waveguide

Meander-line

The structure design and settings of the MDSRL-RSML, including the eigenmode
structure, input and output coupling structure, and thermal analysis structure, are described
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in Section 2. Section 3 presents the high-frequency characteristics, cold and hot simulation
results, and thermal analysis results. In Section 4, the results are analyzed and discussed. A
short conclusion is presented in Section 5.

2. Materials and Structures
2.1. Single-Period Model of the MDSRL-RSML TWT

As shown in Figure 1b, the proposed structure consists of a metal enclosure with a
ridge on the bottom edge, a rhombus-shaped meander-line, a pair of side supporting rods,
and three bottom supporting dielectric rods. Taking processing into consideration, it is
easier to achieve the clamping between the dielectric rods and the meander-line, as well
as the connection between different periods of the meander-line, using a circular arc or
straight line instead of inner and outer corners.

In the simulation, the material of the ridge-loaded metal enclosure and the rhombus-
shaped meander-line is copper with a conductivity of 3 × 107 S/m, which was achieved by
magnetron sputtering on a molybdenum surface (conductivity of 2 × 107 S/m) with a 3 µm
thick copper layer (conductivity of 5.8 × 107 S/m) [26]. The dielectric rods are made from
boron nitride (BN, relative dielectric constant of 5.12 and loss tangent of 0.005). The side
supporting dielectric rods mainly play the role of clamping and stabilization. The bottom
supporting dielectric rods are fixed in the ridge, supporting the meander-line from bottom
up; they are used for support, phase-velocity taper, and heat dissipation.

The configuration of a single period of the proposed SWS with labeled dimensional pa-
rameters is presented in Figure 2a, and the specific shape of the rhombus-shaped meander-
line is given in Figure 2b.
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Figure 2. (a) Dimensional parameters of the MDSRL-RSML SWS; (b) rhombus-shaped meander-line.

The periodic length and the transverse length of the meander-line are represented by p and
h, respectively. Table 2 shows the main dimensional parameters of the MDSRL-RSML SWS.

Table 2. Optimized dimensional parameters of the MDSRL-RSML SWS.

Parameters Value (mm) Parameters Value (mm)

h 2 s 1
t 0.02 s1 0.078
p 0.23 s2 0.08
hr 1.6 ts 0.08
tr 0.07 ts1 0.19

2.2. Complete Transmission and Interaction Model of the MDSRL-RSML TWT

Figure 3a shows a schematic diagram of the overall MDSRL-RSML SWS. The entire
SWS can be divided into five segments exclusive of the input and output parts, and each
segment adopts different s2 parameters (the thickness of the dielectric rods I) to suppress
the backward-wave oscillation of the structure instead of pitch tapering. In addition, the
geometry of the attenuator is described in Figure 3b, where the two dielectric rods and
dielectric rods II are coated with attenuating material for a 15-period length, while the
material of the attenuator is beryllium oxide with a dielectric constant of 6.5 and loss
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tangent of 0.5. In Figure 3c, the structures at both ends of the slow-wave line include three
periods of gradient with a height ratio of R to reduce reflection. Furthermore, in order
to connect the meander-line SWS to a WR-15 rectangular waveguide port with reduced
reflection, a stepped single-ridge waveguide is used, as shown in Figure 3d.
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The optimized thickness of the dielectric rod I (s2) varies with the number of axial
periods as shown in Figure 4.
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2.3. Thermal Analysis Model of the MDSRL-RSML TWT

The tapered-S2 SWS with a length of 29.97 mm was used for the thermal analysis. The
background temperature was 300 K, while the thermal conductivity of the material was as
described in Table 3.

Table 3. Material properties in the simulation.

Material Thermal Conductivity (W/K/m)

Copper 401
BN 60

BEO 250

In order to calculate thermal loss, we divided the whole SWS into 17 sections. The
input and output parts were in one section each, with a length of 1.185 mm. The middle
part contained 15 sections; the attenuator part had a length of 3.45 mm, 13 sections all had
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a length of 2.3 mm, and the last section had a length of 1.15 mm. The power flow curve in
the PIC simulation was segmented to calculate the transmitted power of each part. Since
S21 was −12.07 dB at 60 GHz without an attenuator, its section was about 0.4027 dB/mm.
The power loss of each section could be calculated as follows [27]:

Ploss =
Ptransmitted

100.1×S21_section
− Ptransmitted. (1)

The calculated power loss for each section is listed in Table 4 with a total loss of
35.34 W. Then, the power lost in each segment was set to be the heat source, and the shell
was set to convection with a convective coefficient of 50 W/mm2·K.

Table 4. Power loss for each section.

No. 1 2 3 4 5 6 7

Ploss(W) 0.0139 0.0241 0.0261 0.0491 0.1177 0.1855 0.2456
No. 8 9 10 11 12 13 14

Ploss(W) 0.7748 1.8581 3.9044 7.8145 13.4085 6.7522 0.1656

3. Simulation Results
3.1. High-Frequency Characteristics of the MDSRL-RSML TWT

The CST Eigenmode Solver was adopted to obtain the high-frequency characteristics
of the MDSRL-RSML fundamental mode. For the dimension values in Table 2, the dis-
persion and coupling impedance curves of the DS-RSML and MDSRL-RSML are shown
in Figure 5a,b. Although the former structure showed a higher coupling impedance in
the low-frequency band, the latter structure had a lower normalized phase velocity and
flatter dispersion characteristics, indicating a lower operating voltage and broader cold
bandwidth, respectively.
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Figure 6 shows the electric field axial-component distributions of the fundamental
mode and the higher-order mode along the transverse direction, both of which were
strong in the middle and weak at both ends, indicating that the electric fields were suit-
able for the work of sheet-beam. However, this also suggests that, when the position
of the electron beam was in the middle, the higher-order mode could compete with the
fundamental mode.
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Figure 7a,b show the ω–β diagram and normalized phase velocity for the different
values of s2, respectively. When s2 = 0.08 mm, the beam line, as shown in Figure 7a,
intersected with each eigenmode at the following frequencies: mode 1 in the forward-wave
region of 60 GHz, which could realize wave amplification; the intersection points with
the higher-order modes 3 and 5 were located at 93 GHz and 175 GHz, respectively, in the
backward-wave region, facilitating backward-wave oscillations.

Electronics 2022, 11, x FOR PEER REVIEW 6 of 12 
 

 

Figure 6 shows the electric field axial-component distributions of the fundamental 
mode and the higher-order mode along the transverse direction, both of which were 
strong in the middle and weak at both ends, indicating that the electric fields were suitable 
for the work of sheet-beam. However, this also suggests that, when the position of the 
electron beam was in the middle, the higher-order mode could compete with the 
fundamental mode. 

 
Figure 6. Transverse electric field distribution of fundamental mode and higher-order mode. 

Figure 7a,b show the ω–β diagram and normalized phase velocity for the different 
values of s2, respectively. When s2 = 0.08 mm, the beam line, as shown in Figure 7a, 
intersected with each eigenmode at the following frequencies: mode 1 in the forward-
wave region of 60 GHz, which could realize wave amplification; the intersection points 
with the higher-order modes 3 and 5 were located at 93 GHz and 175 GHz, respectively, 
in the backward-wave region, facilitating backward-wave oscillations. 

In Figure 7a, it can also be clearly seen that, as s2 increased, the eigenfrequency of the 
fundamental mode decreased much more slowly than the higher-order modes, which 
could effectively separate the operation voltages between the fundamental mode and 
higher-order modes and destroy their synchronization. Figure 7b gives a more intuitive 
description; as s2 changed, the normalized phase velocity of higher-order modes became 
more sensitive, and the corresponding voltage changed more than the fundamental mode. 
As a result, changing the rod width can be used as an effective method to suppress 
backward-wave oscillation. 

  
(a) (b) 

Figure 7. (a) ω–β diagram and (b) normalized phase-velocity characteristics with different s2 (in 
mm). 
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In Figure 7a, it can also be clearly seen that, as s2 increased, the eigenfrequency of the
fundamental mode decreased much more slowly than the higher-order modes, which could
effectively separate the operation voltages between the fundamental mode and higher-order
modes and destroy their synchronization. Figure 7b gives a more intuitive description; as s2
changed, the normalized phase velocity of higher-order modes became more sensitive, and
the corresponding voltage changed more than the fundamental mode. As a result, changing
the rod width can be used as an effective method to suppress backward-wave oscillation.

3.2. Transmission Characteristics of the MDSRL-RSML TWT

The transmission characteristics of the 120-period MDSRL-RSML SWS together with
the input–output couplers were determined using CST Microwave Studio [28]. The sim-
ulation results with and without attenuator are compared in Figure 8. Obviously, the
attenuator only slightly changed S11, which was below −15 dB over the frequency range of
54–65 GHz, while S21 decreased about −15 dB across the whole frequency band, indicating
that the attenuator effectively absorbed the wave energy.
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3.3. “Hot” Performance of the MDSRL-RSML TWT

In order to study the “hot” performance of the MDSRL-RSML SWS TWT, PIC simula-
tions were conducted using CST Particle Studio [28]. An electron beam with a voltage of
7000 V and current of 0.1 A (current density of 143 A/cm2) was employed, and the height
and width of the sheet-beam were 1 mm and 0.07 mm, respectively. In addition, a solenoid
focusing magnetic field of 0.6 T was used to maintain the beam shape, and the number of
periods of the TWT was 120 with a whole length of 31 mm.

For an input signal of 0.05 W, the corresponding signal diagram and spectrum diagram
at 60 GHz were obtained as shown in Figure 9a,b, respectively. Due to the combination of
attenuator and phase-velocity jumping techniques, a stable output was achieved, and the
signal was effectively amplified. Meanwhile, it can be seen from Figure 9b that the spectrum
was pure; the harmonic components were about −50 dB smaller than the fundamental
frequency, and the oscillation risk was effectively suppressed.
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output signal.

Figure 10 shows the electron beam bunching, as well as the phase space diagram of
the electron beam, with most particles losing energy and a few electrons gaining energy,
showing a sufficient beam wave energy transfer.
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Figure 10. Phase space diagram.

The variation of average output powers of the DS-RSML and MDSRL-RSML at 60 GHz
with the input power is depicted in Figure 11a,b. It can be seen that the maximum average
output power of the former was 83 W at 0.17 W input power, with the corresponding
saturation gain of 27 dB, while the saturation input power of the latter was reduced to
0.05 W, with the corresponding gain of 30.8 dB. Since the simulation was performed at
the optimal operating voltages of both structures, the reduction in output power was to
be expected. The former structure had an operating working voltage of 7700 V, while the
optimal operating voltage of the latter structure was reduced to 7000 V.
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A comparison of DS-RSML and MDSRL-RSML in terms of the average output power
and gain versus frequency is shown in Figure 12a,b. When the voltage was 7000 V, the
maximum average output power of the MDSRL-RSML structure was 60 W at a frequency
of 60 GHz, with an average gain of 30.8 dB and a 3 dB bandwidth of 9 GHz (53.5–62.5 GHz).
The electron efficiency was 17.2%. The 3 dB bandwidth of MDSRL-RSML was about
1.5 times that of the DS-RSML; although the output power was reduced compared with the
DS-RSML, it could achieve a higher gain.
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3.4. Thermal Distribution of the MDSRL-RSML TWT

For a traveling wave tube, good heat dissipation capability is a necessary condition
for normal operation. To verify the heat-handling capacity of the proposed SWS, thermal
analysis [29] of these two structures was performed using the CST thermal solver with
the structure and settings described in Section 2.3. Here, we assumed that the flow rate
of the electron beam was 100%, and only the heat loss due to ohmic loss was considered.
Meanwhile, to simplify the thermal analysis, the thermal contact resistance (TCR) between
different materials was not taken into consideration.

Figure 13 shows the temperature distribution of the two structures. In the DS-RSML,
the maximum temperature distribution of each section was in the center of the meander
line, because this section did not come into contact with the dielectric rods; thus, the
maximum temperature could reach about 793.85 ◦C. On the other hand, the MDSRL-RSML
had several supporting rods to help heat dissipation; thus, the maximum temperature
could be maintained at 130.85 ◦C.
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RSML SWS.

Figure 14 shows the temperature distribution along the axis of the DS-RSML SWS
and MDSRL-RSML SWS. The proposed structure had better heat dissipation character-
istics; accordingly, it would not suffer from excessively high temperature under a high-
frequency power of tens of watts, effectively solving the heat dissipation problem in the
previous structure.
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4. Discussions

From the results presented in Section 3, it can be seen that the MDSRL-RSML SWS has
the advantages of wide bandwidth and high gain. Furthermore, it offers a special method
to suppress the backward-wave oscillation. Additionally, the problems of heat dissipation
and stability of the SWS are solved in this structure.

Table 5 lists the key operation parameters of meander-line SWSs in the literature, as
well as those of the proposed SWS; as it can be seen, compared with the specific parameters
of the meander-line SWSs supported by dielectric rods [21,22,26], the gain of the proposed
structure can exceed 30 dB while keeping a miniaturized structure. Compared with the
structure in [18], the proposed structure has a lower operating voltage while maintaining a
wide relative bandwidth. Compared with the structures in [19,23], the relative bandwidth
of MSDRL-RSML was 2–3 times higher at a low operating voltage.

Table 5. Performance comparison of dielectric-supported meander-line SWSs.

Model Frequency
Band

Voltage
(kV)

Gain
(dB)

Bandwidth
(GHz)

Relative
Bandwidth

[21] Ka 10.6 23.4 6 15.8%
[22] Ka 9.7 22.6 2 5.3%
[26] Ka 4.4 24.1 2.5 6.6%

MDSRL-RSML V 7 30.8 9 15%

In addition, the main results presented in Section 3 were correlated using equations in
MATLAB. For instance, the normalized phase velocity (Vpc) and s2 of mode 1 (Vpc1) and
mode 3 (Vpc3) in Figure 7b approximately satisfied the following relationships:

Vpc1 = 0.1757 − 0.1497s2, (2)

Vpc3 = 0.12189 + 0.2667s2. (3)

As shown in Figure 11a, the relationship of output power and gain with input power
of the DS-RSML structure could be approximately expressed as follows:

Pout = −23.84 + 1579Pin − 7727P2
in + 11970P3

in, (4)

Gain = 27.79 + 36.65Pin − 384.8P2
in + 776.4P3

in. (5)

As shown in Figure 11b, the relationship of output power and gain with input power
of the MDSRL-RSML structure could be approximately expressed as follows:

Pout = −74.59 + 2958Pin − 22900P2
in + 73410P3

in − 83830P4
in, (6)

Gain = 34.33 + 329.2P2
in − 13180P3

in + 9180P4
in − 187700P5

in. (7)
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5. Conclusions

An MDSRL-RSML SWS for V-band TWTs was proposed and investigated in this paper.
The dispersion characteristics and coupling impedance were studied, revealing that the
proposed structure has flatter dispersion characteristics and a lower beam voltage than
DS-RSML. The proposed structure has good transmission characteristics, with S11 below
−15 dB over the frequency range of 54–65 GHz. Stable output can be realized by adding an
attenuator and using special phase-velocity jumping. The PIC result indicated a maximum
average output power of 60 W at 60 GHz for a beam voltage of 7000 V and beam current
of 0.1 A with a bandwidth of 9 GHz, with a corresponding gain and electron efficiency of
30.8 dB and 17.2%, respectively. Compared with DS-RSML, the MDSRL-RSML has a wider
bandwidth and higher gain; furthermore, this structure solves the heat dissipation problem
and improves the stability of the whole structure.
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Abstract: To increase the output power of microstrip line traveling-wave tubes, a staggered rings
microstrip line (SRML) slow-wave structure (SWS) based on a U-shaped mender line (U-shaped ML)
SWS and a ring-shaped microstrip line (RML) SWS has been proposed in this paper. Compared with
U-shaped ML SWS and RML SWS, SRML SWS has a wider transverse width, which means SRML
SWS has a larger area for beam–wave interaction. The simulation results show that SRML SWS has a
wider bandwidth than U-shaped ML SWS and a lower phase velocity than RML SWS. Input/output
couplers, which consist of microstrip probes and transition sections, have been designed to transmit
signals from a rectangular waveguide to the SWS; the simulation results present that the designed
input/output structure has good transmission characteristics. Particle-in-cell (PIC) simulation results
indicate that the SRML TWT has a maximum output of 322 W at 32.5 GHz under a beam voltage of
9.7 kV and a beam current of 380 mA, and the corresponding electronic efficiency is around 8.74%.
The output power is over 100 W in the frequency range of 27 GHz to 38 GHz.

Keywords: microstrip line; slow-wave structure (SWS); traveling-wave tube (TWT); Ka-band

1. Introduction

High average power at millimeter-wave frequency, which is lightweight, low voltage,
compact, and broadband, is demanded in many significant applications such as electronic
counter measures, radar, and communications [1]. Solid-state amplifiers are lightweight and
compact, but the output power, bandwidth, and efficiency struggle to meet the requirements.
Traveling-wave tubes (TWTs) such as helix TWT [2], coupled-cavity TWT (CC-TWT) [3], and
folded-waveguide TWT (FW-TWT) [4] show great potential in this frequency range due to
high-power output or broadband. However, the conventional traveling-wave tubes are heavy,
high voltage, or hard to fabricate at millimeter-wave frequency.

Planar TWT has become an attractive interaction structure because it is lightweight,
compact, and can be mass fabricated. Numerous investigations have been conducted on
meander-line slow-wave structure (ML-SWS) [5–9] and its deformed structure [10–18] in re-
cent years. As planar SWS is a 2D structure, the fabrication problem that conventional SWS
such as helix, coupled-cavity, and folded-waveguide met when the operating frequency
was Ka-band or above can be solved using micro-electromechanical systems (MEMS).

The conventional microstrip line SWSs have the advantage of miniaturization and low
voltage, but these are also their flaws. This feature of miniaturization leads to the small
electron beam current used by the microstrip TWT, which causes the output power of the
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microstrip TWT to be relatively low. As the force exerted by the high-frequency field on the
sheet electron beam in the microstrip TWT is not symmetrical, and the beam voltage of the
microstrip TWT is usually very low, focusing the sheet electron beam was a huge challenge.

To obtain a higher output power, a staggered rings microstrip line slow-wave structure
(SRML SWS) based on a ring-shaped microstrip line slow-wave structure [18] (RML SWS)
has been designed. By staggered placement of adjacent rings, the area for beam–wave
interaction was increased, which resulted in an increased beam current with the same
current density.

The content of this paper is arranged as follow. Firstly, the dispersion characteristics
of SRML SWS are analyzed and discussed in Section 2. In Section 3, the transmission
characteristics of SRML SWS with input/output couplers are presented. Section 4 shows the
particle-in-cell (PIC) simulation results of the designed SRML TWT. Finally, the fabrication
of SRML SWS and the results are discussed and concluded in Sections 5 and 6.

2. Dispersion Characteristics of SRML SWS

Figure 1a is the traditional U-shaped meander line slow-wave structure (ML SWS);
by overlapping two U-shaped metal lines of the ML SWS with the opposite phases, a ring-
shaped microstrip line slow-wave structure (RML SWS) [18], as shown in Figure 1b, was
obtained. Additionally, as shown in Figure 1c, a staggered rings microstrip line slow-wave
structure (SRML SWS) was constructed through periodically interlacing adjacent rings of
the RML SWS. The SWS consisted of dielectric substrate and the metal line placed on the
surface of the substrate. The staggered distance of the two rings is δ, the width of the ring
is wr, the period length is p, the inner gap of the ring is s, the width of the metal line is w,
the thickness of the metal line is t, the width of the shielding box and substrate is a, the
height of the shielding box is ha, and the thickness of the dielectric substrate is hd. The
material of the dielectric substrate was quartz glass, and the metal line was copper made.
The microstrip line SWS was placed in a metal-shielding cavity to maintain a vacuum state,
and copper was the material used.

Figure 1. The diagram of (a) U-shaped ML SWS, (b) RML SWS, and (c) SRML SWS.

The phase velocity and interaction impedance are defined by the following:

vp =
ω

βn
(1)

Kcn =
|Ezn|2
2β2

nPω
(2)

βn = β0 +
2nπ

p
n = 0,±1,±2, · · · (3)

Here, ω is the angular frequency,Pω is the transmission power along the longitudinal
direction, Ezn is the amplitude of the longitudinal electrical field, p is the period length of
the SWS and β0 is the phase constant of fundamental wave, which equals φ/p, and φ is the
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phase shift in one period. By compiling and solving the above formulas in a field calculator
of HFSS, the phase velocity and the interaction impedance of the SWS can be obtained.

Figure 2 presents the simulation results of the normalized phase velocity and the
interaction impedance of the U-shaped ML SWS, RML SWS, and SRML SWS with the same
ring width and period length. As shown in Figure 2a, the RML SWS and SRML SWS have
larger bandwidths than that of the U-shaped ML SWS, but their phase velocity is far higher
than that of the ML SWS. Additionally, by staggering the adjacent rings, the normalized
phase velocity of the SRML SWS was significantly decreased when compared with the
RML SWS. Additionally, the SRML SWS had a smaller change rate of normalized phase
velocity, which means the SRML TWT had a wider working-frequency band. Figure 2b is a
comparison diagram of the interaction impedance of the three structures. The interaction
impedance was calculated 0.1 mm away from the upper face of the metal line. Figure 2b
shows that the U-shaped ML SWS had a larger interaction impedance at the lower frequency
band, but the interaction impedance of the SRML SWS and the RML SWS were larger at
the Ka-band.

Figure 2. The comparisons between ML SWS, RML SWS, and SRML SWS. (a) Normalized phase
velocity, (b) interaction impedance.

Additionally, Figure 3 shows that the interaction impedance varied with the position
of the calculation line of coupling impedance at 32.5 GHz. It is obvious that the SRML SWS
had a larger coupling area than the RML SWS, which means a wider electron beam can be
used for the beam–wave interaction of SRML TWT. In other words, an SRML TWT can be
driven by an electron beam with a higher beam current than that of an RML TWT at the
same current density, and the SRML TWT would have a higher output power.

Figure 3. The variation of the interaction impedance with x position of the interaction impedance
calculation line.
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Figure 4 presents the curves of the normalized phase velocity and the interaction
impedance with different values for the staggered distance of the rings. As the degree
of interleaving of the rings increased, the normalized phase velocity and the coupling
impedance decreased in the frequency band of 30 GHz to 40 GHz. Figure 5 shows the
influence of the ring width on the normalized phase velocity and the coupling impedance
of the SRML SWS. As the wr increased, the normalized phase velocity and the bandwidth
of the SRML SWS decreased. However, the interaction impedance slightly increased below
the frequency of 40 GHz.

Figure 4. (a) Normalized phase velocity with different δ, (b) interaction impedance with different δ.

Figure 5. (a) Normalized phase velocity with different wr, (b) interaction impedance with different wr.

Figure 4 presents the curves of the normalized phase velocity and the interaction impedance
with different values for the staggered distance of the rings. As the degree of interleaving of
rings increased, the normalized phase velocity and the coupling impedance decreased in the
frequency band of 30GHz to 40GHz. Figure 5 shows the influence of the ring width on the
normalized phase velocity and the coupling impedance of the SRML SWS. As the wr increased,
the normalized phase velocity and the bandwidth of SRML SWS decreased. However, the
interaction impedance slightly increased below the frequency of 40 GHz.

Through a series of simulation and optimizations, the value parameters of the SRML
SWS were obtained, as shown in Table 1.

Table 1. The parameters of the SRML SWS.

Parameter Value (mm)

p 0.128
wr 1.494
w 0.04
s 0.034
δ 0.5
hd 0.254
t 0.005
a 4
ha 1.254
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3. The Transmission Characteristics of the SRML SWS

The model of SRML SWS used for the transmission characteristics simulation was es-
tablished in CST Microwave Studio, as shown in Figure 6. The model consists of 100 periods
of SRML SWSs, 6 periods of transition section, microstrip probes, rectangular waveguides,
and a metal shielding box. Through the microstrip probes, the input signal was converted
from the TE10 mode in the rectangular waveguide to the quasi-TEM mode in the microstrip
line. The material of the shielding box was copper. In the simulation, the conductivity of
the copper was set as 2.8 × 107 S/m, the relative permittivity of the quartz glass was 3.75,
and the loss tangent was 4 × 10−4.

Figure 6. Schematic diagram of SRML SWS transmission model.

Figure 7 shows the reflection loss and the insertion loss of the SRML SWS with
input/output waveguides. The reflection coefficient of the SRML SWS is less than −15 dB
in the frequency range of 26 GHz to 40 GHz, and the insertion loss is around 12.5 dB at the
center frequency of 32.5 GHz. The simulation results suggest that the designed SRML SWS
has good transmission characteristics.

Figure 7. S-parameters of SRML SWS with input/output waveguide.

4. PIC Simulation of the SRML TWT

To reduce the simulation time, a model of the SRML SWS without input/output
waveguide was established in CST Particle studio, as shown in Figure 8. The model
consisted of 250 periods of the SRML SWS, whose length was around 32 mm. As analyzed
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in Section 2, since the adjacent rings of the SRML SWS were staggered placed, the metal line
of the SRML SWS had a wider transverse width. So, a wider sheet electron beam could be
used to feed DC energy for the beam–wave interaction process. In this simulation, the cross
section of the sheet electron beam was 1.9 mm × 0.1 mm, and the beam current was 0.38 A,
whose corresponding current density was 200 A/cm2. The beam voltage was 9.7 kV, and
the focusing magnetic field was a uniform magnetic field, whose amplitude was 0.8 Tesla.

Figure 8. Schematic diagram of SRML TWT model for PIC simulation.

Figure 9 shows the output signal in the time domain at 32.5 GHz, and the input power
is 1 W. After around 1.2 ns, the output power becomes stable with an amplitude of 25.4 V;
the corresponding power and gain are 322.58 W and 25.09 dB, respectively. Additionally,
from Figure 9, the output signal stayed stable in the simulation time of 10 ns, which means
that no oscillation occurred.

Figure 9. Output signals of the SRML TWT in time domain.

The electron beam trajectories and the phase space diagram after beam–wave inter-
action has been shown in Figure 10. It shows that the electron beam was well modulated,
and there was an obvious transcendence phenomenon at the end of the TWT, indicating
that the wave received plenty of energy from the electron beam. Figure 10 also shows that
the electron beam smoothly passed through the entire SWS without hitting the dielectric
substrate under the constraint of the magnetic field.

Figure 10. Electron beam bunching and phase space diagram.
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Figure 11 shows the output power varied with frequency. The maximum output
power was around 322.58 W with an electronic efficiency of 8.74% at 32.5 GHz. By slightly
decreasing the working voltage, the SRML TWT could have an amplified output power of
26 GHz to 39 GHz; the output power was over 100 W in the frequency range of 27 GHz to
38 GHz and 200 W in the frequency range of 29 GHz to 37 GHz, which means the SRML
TWT was a broadband TWT.

Figure 11. Spectrogram of output signal and reflected signal.

What is more, the output power of the U-shaped ML TWT, which had almost the same
phase velocity as the SRML SWS at 32.5 GHz, was obtained, as shown by the green line in
Figure 11. Although the 3 dB bandwidth of the SRML TWT was slightly narrower than
that of the U-shaped ML TWT, the output power of the SRML TWT was far higher than
that of the U-shaped ML TWT. The explanation for this is that the SRML SWS had a wider
interaction area, which was almost 3.73 times that of the U-shaped ML SWS, so the SRML
TWT could be driven by an electron beam with a higher beam current when the current
density was the same.

5. Discussions

As a kind of structure that has been well studied in recent years, PCB (printed circuit
board) [19], UV-LIGA [6,9], and DRIE [6] technologies have been used to obtain ML SWS
successfully. This means SRML SWSs can be fabricated conveniently.

Taking UV-LIGA technology as an example, the processing of SRML SWSs is shown
in Figure 12. The first step was to coat a layer of photoresist on the dielectric substrate,
and then the cured photoresist was shielded with the specific mask and exposed under
ultraviolet light, as shown in Figure 12b. Next, the exposed dielectric substrate was baked
and developed to obtain a photoresist mold, as shown in Figure 12c. Finally, the dielectric
substrate was metalized, and the required SRML SWS was obtained after removing the
photoresist mold, as shown in Figure 12e.

For a TWT, the optical electron system was also very important. In this design, the
electron beam adopted in the SRML TWT had a large aspect ratio, which was equal to 19.
However, since the perveance and the beam current density were around 0.398 uA/V3/2

and 200 A/cm2, respectively, which are not very high, it could be realized through the
common sheet beam electron gun. As the length of the slow-wave circuit was around
44 mm, to maintain the electron beam passing through the slow-wave circuit successfully, a
uniform magnetic field will be designed; a uniform magnetic field with an amplitude of
around 0.8 Tesla is not very hard to achieve. As shown in Figure 13, a uniform magnetic-
focusing system was designed. The simulation result of the uniform magnetic is presented
in Figure 14. The magnitude of the uniform magnetic field was around 0.81 Tesla, the
length of the rising edge of the magnetic field was around 6.8 mm, and the length of the
uniform magnetic field was more than 44.4 mm.
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Figure 12. Diagram of processing SRML SWS by UV-LIGA technology. (a) covering photoresist
on dielectric substrate, (b) lithography, (c) photoresist mold after developing, (d) metallization and
(e) SRML SWS after removing photoresist.

Figure 13. Schematic diagram of uniform magnetic field-focusing system and magnetization direction.

Figure 14. Variation of Z-component of the magnetic field.

6. Conclusions

To obtain a higher output power with a microstrip SWS, a SRML SWS has been
designed and simulated based on RML SWS. By staggering the adjacent rings of a RML
SWS, the transverse of the metal line was enlarged, which means that the SRML SWS had
a larger area than the RML SWS for the beam–wave interaction. This feature caused the
SRML TWT to have a higher electron beam current than that of the RML TWT when the
current density remained the same. So, the output power will be higher. The simulation
results of the interaction impedance show that the SRML SWS had a larger value in a wider
area, which also indicates that a SRML can have a higher output power. The particle-in-cell
simulation results show the designed SRML TWT had a maximum output power of 322.5 W
at 38 GHz with an electronic efficiency of 8.74%, and the 3 dB bandwidth was over 7 GHz.
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Abstract: To significantly improve the electronic efficiency of coaxial multi-beam relativistic klystron
amplifier (CMB-RKA), the physical process of beam-wave interaction and parameters that affect
efficiency was studied. First, the high efficiency of beam-wave interaction was discussed by simulating
the efficiency versus the parameters (frequency of cavity, drift tube length between cavities, and
external quality factor of output cavity), in the one-dimensional (1-D) large-signal simulation software.
Moreover, the further physical process of beam-wave interaction was analyzed through simulating
the current modulation factor and the number of particles at the entrance of the output cavity, in the
three-dimensional (3-D) particle in cell simulation software. Last, with the optimal parameters in 3-D
simulations, the CMB-RKA, which has 14 electron beams with a total current of 4.2 kA (14 × 300 A),
can generate an output power of 1.02 GW with a saturation gain of 55.6 dB and an efficiency of
48.7%, when beam voltage is 500 kV, which indicated the CMB-RKA can achieve high efficiency for
high-power microwave radiation.

Keywords: high-power microwave; relativistic klystron amplifier; high efficiency; multi-beam; beam-
wave interaction

1. Introduction

Relativistic klystron amplifier (RKA) is one of the promising high-power microwave
(HPM) sources and is widely used in high-power radars, new accelerators, and new
communication systems, because of its advantages in high-power, high-efficiency, stable-
phase, and stable-amplitude of output power [1–3]. It has achieved an output power of
100 MW to several GW from the L-band to the Ka-band [4–10], and it is easy to obtain high
radiation power in the low-frequency band, such as the 15-GW L-band RKA developed by
Friedman et al. at the US Naval Laboratory [4].

After decades of development, RKA no longer pursues power improvement but
focuses on miniaturization, high efficiency and low power consumption [11]. The high
efficiency of RKA can reduce the volume and consumption of pulsed power sources, which
is conducive to the miniaturization, stability, and reliability of the HPM system. There-
fore, theoretical and experimental research on the physical mechanism of high-efficiency
beam-wave interaction is regarded as a high priority in the future. At the same time, High-
Efficiency International Klystron Activity (HEIKA) was established internationally driven
by the next generation of large particle accelerators, such as Compact Linear Collider [12],
Future Circular Collider [13], and International Linear Collider. Under the promotion of
HEIKA, a series of methods to improve efficiency was proposed, such as Core Oscillation
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Method (COM) [14], Bunching-Alignment-Collecting (BAC) [15], Cluster Center Stabiliza-
tion Method (CSM) [16], Two-Stage Structure [17], etc. The essence of these methods is to
achieve a core of the electron beam whose electron phases are the same, which leads to
improvement in the efficiency of beam-wave interaction. Baikov A. Y. predicted that the RF
electronic efficiency can be 90% by the COM method in theory [14], and the efficiency in
MAGIC 2D simulation increased from the original 82.7% up to 84.6% by the COM method
in high-power klystron amplifier [18]. However, for a relativistic klystron amplifier driven
by intense electron beams, its electronic efficiency is limited to about 40%, because of strong
space-charge forces [19,20].

In this paper, we investigate the physical mechanism of high-efficiency beam-wave
interaction based on a five cavities coaxial multi-beam relativistic klystron amplifier (CMB-
RKA), in which (i) the perveance is reduced by the multi-beam to improve efficiency;
(ii) the fundamental-mode coaxial cavity enhances the characteristic impedance (R/Q)
and coupling coefficient (M) to achieve high-efficiency beam-wave interaction. Moreover,
the parameters affecting the beam-wave interaction, which are high-frequency parameters,
structural parameters, and operating parameters of CMB-RKA, are studied through one-
dimensional (1-D) and three-dimensional (3-D) simulations. They are adopted to the design
of the CMB-RKA. As a result, the 1.02 GW output power is achieved, corresponding with
an efficiency of 48.7% and a saturation gain of 55.6 dB. It is believed that the presented
results would be of great interest to the design and development of high-efficiency RKA.

2. Physical Design

The structure of CMB-RKA is shown in Figure 1, and its operating principle can be
described as follows. An RF input signal injects into the input cavity to excite an operating
mode. The intense relativistic electron beams are slightly velocity modulated across the
gap of the input cavity. Then, the beams are density-modulated in the drift tubes to present
bunching core and peripheral electrons. In addition, the velocity is modulated again by the
idler cavities, which benefits to push peripheral electrons into the bunch. Last, as the beams
travel down the drift tubes and the idler cavities to the output cavity, the electrons are
decelerated with converting their kinetic power into RF power. The efficiency depends on
the modulated current exciting, which is closely related to the electron beams and cavities.
Thus, the physical design is developed first, including the parameters of electron beam
and cavities.
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Figure 1. y-z sectional view of the S-band CMB-RKA.

2.1. Design of Electron Beam Parameters

In klystron, the electronic efficiency is defined as [21]

η =
1
2

Pn

P0
=

1
2

Vn

V0

In

I0
(1)
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In Equation (1), P0, V0, I0 are the power, voltage, current of the electron beam, respec-
tively; Pn, Vn, In are the nth harmonic power, voltage, current of the modulated electron
beam, respectively. Vn and In can be expanded by a cosine function, and the factor 1/2
comes from the time average of the square of the cosine function in an RF cycle. Usually,
the current modulation factor is defined as mn = In/I0. When mn is 2, the efficiency is
100%, which means the density of modulated beam is well represented as a δ function.
However, other factors should be considered, such as space-charge force, to counteract
the beam bunching, which leads that the efficiency cannot reach a theoretical 100%. Gen-
erally, the space-charge force is characterized directly by perveance (P = I0V−3/2

0 ) [14],
and Ref. [22] indicates that the efficiency is growing with a reduction of perveance. Thus,
to obtain high efficiency, perveance should be small for a single electron beam.

Additionally, the multi-beam klystron uses several metal wall-separated channels
to prevent communication between electron beams so that the operating voltage can be
reduced significantly [23]. This means low perveance and miniaturized devices. Conse-
quently, the structure of the multi-beam is the best option for high efficiency. The efficiency
was calculated by perveance in MBK, as shown in the equation (η = 0.78 − 0.16P) [24],
where the unit of perveance P is µK, and the maximum efficiency can be 78%. Here, we
propose a CMB-RKA with 14 beamlets of 500 kV and 300 A. The perveance of a beamlet
is 0.85 µK and the total perveance of the multi-beam electron beam is 11.9 µK, where the
theoretical efficiency of the CMB-RKA is 64.4%.

2.2. Design of Cavity Parameter

Multiple cavities are adopted to achieve high gain and high efficiency. In addition,
Ref [14] researched the maximal efficiency of two multi-beam klystrons (7-beams and
42-beams) that their efficiency all increased non-linearly as the number of cavities increased.
When the number of cavities is greater than 5, the efficiency increases slowly. Therefore, we
set the number of cavities to be 5. The fundamental mode of the coaxial resonant cavity
is adopted in the CMB-RKA, as shown in Figure 1. The effects of structural parameters
(Lcavity, Lgap, Rout, and Rin) of the cavity on high-frequency parameters (M, f , and R/Q) are
simulated in 3-D EM analysis software(CST Studio Suite) [25], and the results are shown in
Figure 2. We can adjust the structural parameters to obtain the appropriate high-frequency
parameters, which can be used in 1-D and 3-D simulations.

In addition, the equivalent circuit of the coaxial resonant cavity is an RLC circuit,
as shown in Figure 3a. L and C represent the high-frequency characteristics of the toroidal
and parallel-plate portion in the cavity, R represents the electronic beam load, external load,
and cavity wall loss. When the operating frequency is smaller than the frequency of the
cavity, the circuit is inductive, therefore the phase of V will lag behind the phase of Ii [26].
Figure 3b shows the situation where the phase difference (∆ϕ = ϕ(V)− ϕ(Ii)) between
the gap voltage of cavity (V) and the electron current (Ii) is 90°, whose electron beams is
under a sinusoidal perturbation. In this case, fast-velocity electrons are decelerated, and
slow-velocity electrons are accelerated by gap voltage (V) so that the peripheral electrons
can be pushed into the bunching core. Thus, the detuning cavity operating in fundamental
mode is applied to bunch peripheral electrons and obtain the high efficiency of the device.
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Figure 2. Frequency ( f ), coupling coefficient (M), and characteristic impedance (R/Q) of the cavity
as functions of (a) axial length of the cavity (Lcavity), (b) gap length of the cavity (Lgap), and (c) Rout
when Rin/Rout is a constant.
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Figure 3. (a) Equivalent circuit of the fundamental-mode coaxial cavity. (b) Electron current (Ii) and
gap voltage of cavity (V) under a sinusoidal perturbation (Electrons in point A is in the electron
bunching core, Electrons in point B is fast-velocity electrons, and Electrons in point C is slow-
velocity electrons.).

3. Beam-Wave Interaction

The efficiency of a klystron is determined by a set of parameters that can be divided
into two groups. The parameters in the first group are beam voltage, beam current, number
of beams, injection power, and operating frequency. The parameters in the second group
are R/Q, M, and frequency of the cavity ( fn), external quality factors of the input and
output cavities (Qext), number of the cavity and drift tube length between the cavities
(ln). In this section, the high-efficiency of beam-wave interaction was discussed by some
parameters of these, in 1-D large-signal numerical simulation software (AJDISK) and 3-D
particle in cell (PIC) simulation software (CHIPIC).
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3.1. 1-D Large-Signal Research on the Physical Process of Beam-Wave Interaction

AJDISK is a 1-D large-signal numerical simulation software developed at SLAC and
based on the disc model, which is adapted to simulate klystrons with a single cylindrical
and sheet beam [27]. Thus, when it was used to analyze the high-efficiency beam-wave
interaction of CMB-RKA, the equivalent must be done. In AJDISK simulation, the R/Q
is 14 times the CMB-RKA and the beam current is 300 A that 1/14 times the CMB-RKA,
the other parameters, such as M, beam voltage, fn, beam radius, drift tube radius, input
power, Qext, and ln, keep the same with the CMB-RKA. Moreover, the single variable
method was taken in the whole process of the research. It means that only one parameter
was changed whereas the others were fixed.

3.1.1. Effect of Cavity Frequency on Beam-Wave Interaction

According to Section 2.2, the detuning cavities can help the peripheral electrons move
into the bunching core. That is because the phase difference between the gap voltage of
the cavity and the modulation electron current increases with the frequency of the cavity.
As a result, a weak velocity modulation of electrons within the bunching core can be,
but the antibunching electrons. And the bunching core will oscillate for the space-charge
force and the weak velocity modulation so that the antibunching electrons will be kicked
into the bunching core due to a stronger velocity modulation. Thus, for high efficiency,
the initial bunching core must be generated first, by the cavities that their frequency are
near the operating frequency, and the collecting with the peripheral electrons is later by
the detuning cavities. As shown in Figure 4, f1 and f2 are near the operation frequency,
f3 and f4 obviously increases, especially, f4 increase to hundreds of MHz comparing the
operating frequency. It indicates that the input cavity and cavity 2 play the main role
on producing the initial bunching core, and the peripheral electrons are gathered at the
bunching core by cavity 3 and 4 dominantly. Moreover, the frequency of the output cavity
acting a decelerated structure is near the operating frequency.

Furthermore, the effective range of cavity frequency is different. As shown in Figure 4,
the frequency range of the cavity 2 is minimum, and the frequency range of the cavity 4
is maximum. Therefore, the frequency of the cavity 2 cannot deviate too much in design
and experiment. On the other hand, the frequency of the input cavity should be stabilized
at the design frequency of 2.88 GHz because the electron beams entering the input cavity
are uniform.
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Figure 4. Efficiency versus frequency of the cavity fn ( f1, f2, f3, f4, f5 are frequency of the input
cavity, cavity 2, cavity 3, cavity 4, and output cavity, respectively.).
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3.1.2. Effect of the Drift Tube Length between Cavities on Beam-Wave Interaction

According to Section 3.1.1, the input cavity and cavity 2 play the main role in producing
the initial bunching core, thus drift tube length I (l1) and II (l2) are relatively short (Figure 5).
Furthermore, as the generation of the initial bunching core, the density of charge within the
bunching core increases, and the space-charge force will start to push the electrons away
from the bunching core. Results that the bunch electrons will travel non-monotonic toward
the bunching core, and the antibunching electrons without the debunching space-charge
force will travel monotonic toward the bunch. This is beneficial to high efficiency, but it
requires a substantial increase in the drift tube length of the later stage. As shown in
Figure 5, drift tube length III (l3) and IV (l4) is longer. In particular, when drift tube length
III (l3) is 550 mm, the efficiency can be close to 60%.
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Figure 5. Efficiency versus drift tube length ln (l1, l2, l3 and l4, are the drift tube length I, II, III,
IV, respectively.).

3.1.3. Effect of the Qext of the Output Cavity on Beam-Wave Interaction

In the output cavity, the Qext was used to describe its coupling with the external
coupler waveguide, and relate closely to its gap voltage to decelerate the modulated
electrons sufficiently. Generally, the gap voltage of the output cavity is roughly equivalent
to the beam voltage when the electron beam is well-modulated. If the gap voltage is too
high the partial beams will turn around, resulting in a decline in the efficiency. Therefore,
it is necessary to find an appropriate Qext of the output cavity to obtain a high efficiency.
As shown in Figure 6, the best Qext of the output cavity is 10, and its range is very limited.

3.2. 3-D Pic Research on the Physical Process of Beam-Wave Interaction

In Section 3.1, we obtain the key parameters that affect the efficiency; however, the fur-
ther physical process is not present from those parameters. The 3-D PIC simulation is more
in line with the actual model of CMB-RKA and the software we used is CHIPIC which was
developed at the University of Electronic Science and Technology of China and was proved
a validity electromagnetic PIC code [28]. It can clearly analyze the bunching process of the
electron beam and the physical nature of the high-efficiency beam-wave interaction. In this
section, we investigate the effect of the frequency of cavity 2 ( f2) and the drift tube length
III (l3) on the beam bunching, by observing and analyzing the nth (n = 1, 2, 3) harmonic
current (I1, I2, I3) of modulated beam and the number of particles at the entrance of the
output cavity.
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3.2.1. Effect of the Frequency of the Cavity 2 on Beam-Wave Interaction

From Section 3.1, it is known that the frequency of the cavity 2 ( f2) should be near the
operating frequency, and its range is very limited. In this section, we simulated the modu-
lation current (In, n = 1, 2, 3) and the number of particles (N) at the entrance of the output
cavity in 3-D PIC. It should be noted that N is physical particles within each macroparticle
in CHIPIC. Additionally, the analysis of Inmax/I0 (n = 1, 2, 3) and N is illustrated in Figure 7.
In Figure 7a, the first harmonic maximum current modulation factor (I1max/I0) is over 1.6
as f2 increases from 2.885 to 2.893 GHz, and the changes in Inmax/I0 (n = 2, 3) coincide well
with I1max/I0. This suggests that the beam-wave interaction efficiency is high within this
range of f2. In Figure 7b, N is largest when f2 is 2.889 GHz, proving that the peripheral
electrons kicked into the bunching core is the most. Consequently, for the CMB-RKA,
the frequency of the cavity 2 is 2.889 GHz and I1max/I0 is 1.78 respectively.
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Figure 7. (a) Maximum current modulation factor versus frequency of the cavity 2 (Inmax/I0 is the
maximum modulation current of the nth harmonic, n = 1, 2, 3.). (b) Number of particles at the
entrance of the output cavity ( f2 of short dash dot line is 2.885 GHz, f2 of solid line is 2.889 GHz,
f2 of short dot line f2 is 2.893 GHz.).

3.2.2. Effect of the Drift Tube Length III on Beam-Wave Interaction

After the velocity modulation in the first of three cavities and the density modulation
in the drift tube, the bunching core has been formed. To improve beam-wave interaction
efficiency, the drift tube length III (l3) should be long enough to collect the peripheral
electrons. When l3 is from 180 to 240 mm, I1max/I0 is over 1.75, and the changes in
Inmax/I0 (n = 2, 3) coincide well with I1max/I0 (Figure 8a). In addition, N is largest when
l3 is 210 mm (Figure 8b). Therefore, the drift tube length III (l3) is 210 mm and I1max/I0 is
1.81, respectively. Figure 8c shows the distribution of the modulation current along the
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z-axis. When Z = 591 mm, In (n = 1, 2, 3) is the largest. Hence, we can set the output cavity
at Z = 591 mm to obtain the highest RF power.
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Figure 8. (a) Maximum current modulation factor versus drift tube length III (Inmax is the maximum
modulation current of the nth harmonic, n = 1, 2, 3). (b) Number of particles at the entrance of the
output cavity (l3 of short dash dot line is 180 mm, l3 of solid line is 210 mm, l3 of short dot line is
240 mm). (c) Current modulation factor along the length of the CMB-RKA.

4. Application in S-Band CMB-RKA

After 1-D and 3-D calculations, we select some high-efficiency parameters which
are shown in Table 1, and the corresponding efficiency in 1-D is 52%. According to the
parameters, the 3-D model of CMB-RKA was established in the CHIPIC (Figure 1), and the
operation mode of its cavity is TM01. In the simulation, we validate the application of the
above investigations and design a high-efficiency CMB-RKA for HPM radiation at S-band.

Table 1. Parameters of 1-D calculation.

Parameters Input Cavity Cavity 2 Cavity 3 Cavity 4 Output Cavity

R/Q 265 240 199 201 228
M 0.8556 0.8686 0.8826 0.851 0.8753

Qext 25 95,000 95,000 95,000 9
fn (MHz) 2880 2889 2944 3287 2865
Z (mm) 0 95 215 425 591

The Qext of the output cavity is closely related to the extraction of output microwave
energy, and there is an optimal value (Figure 9). As Qext of the output cavity increases,
the number of electrons that run back towards the negative z-axis increases, leading to a
decrease in output power. Consequently, the Qext of the output cavity is set as 8.

Due to the difference in the algorithms adopted by AJDISK and CHIPIC, the saturation
gain of the device will be different. It is necessary to simulate the saturation gain of S-band
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CMB-RKA at different input power through CHIPIC. As shown in Figure 10, the output
power becomes saturated when the input power is 2.8 kW. If the input power increases,
electrons turn around seriously in the output cavity, causing a decrease in the output
power (Figure 10). Thus, the input power is taken as 2.8 kW, corresponding saturation gain
of 55.6 dB, and the efficiency of 48.7%. Comparing the efficiency between 1-D and 3-D,
the difference is only 3%, which proves that the results of the 1-D large-signal simulation
are credible.
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Figure 9. (a) Output power versus the Qext of the output cavity. (b) Axial momentum of the electrons
along the length of the CMB−RKA.

1 2 3 4 5 6
0 . 6

0 . 8

1 . 0

 O u t p u t  p o w e r
 G a i n

I n p u t  p o w e r  ( k W )

Ou
tpu

t p
ow

er 
(G

W)

5 1
5 2
5 3
5 4
5 5
5 6
5 7
5 8

 G
ain

(a) (b)

Figure 10. (a) Output power and gain versus input power. (b) Axial momentum of the electrons
along the length of the CMB−RKA.

After optimization, the waveform of output power is shown in Figure 11. The output
power and efficiency are 1.02 GW and 48.7%, respectively, indicating that the S-band
CMB-RKA can operate stably with high efficiency.
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Figure 11. Output power waveform.
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5. Conclusions

For high electronic efficiency, the 1-D software AJDISK and the 3-D software CHIPIC
are adopted to study the beam-wave interaction mechanism of the S-band CMB-RKA. It
is found that the essence of improving efficiency is to allow as many peripheral electrons
as possible to enter the bunching core so that the phase of all the electrons is the same.
In other words, when the mn is 2, the theoretical efficiency is up to 100%. In the physical
design, we adopt multi-beam, multi-cavity, and detuning cavity for high efficiency. In the
study of high-efficiency beam-wave interaction, we systematically calculated the electronic
efficiency versus the parameters which are frequency of the cavity, drift tube length between
the cavities, and external quality factor of the output cavity in 1-D. Furtherly, we simulated
the mn (n = 1, 2, 3) and the number of particles at the entrance of output cavity in 3-D.
From these simulations and studies, some conclusions are as follows: a. To achieve high
efficiency, the frequency of the idler cavity should gradually increase from the first one to
the last one, and the frequency range of the cavity 2 should be very small. b. A longer drift
tube length can be beneficial to gain higher efficiency. c. The external quality factor of the
output cavity should be the best. Finally, when the input power is 2.8 kW, the saturation
gain and efficiency of S-band CMB-RKA are 55.6 dB and 48.7% respectively with 1.02 GW
output power, and the bunching length is 591 mm.
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Abstract: The successful transport of a sheet electron beam under the periodic cusped magnet (PCM)
focusing at the terahertz frequencies is reported. The sheet beam with a current density of 285 A/cm2

is intended for the developing G-band sheet-beam traveling-wave tube (TWT) whose operating
voltage is nominally 24.5 kV. A beamstick was developed to validate the design of the electron optics
system, which is considered as the most challenging part for developing a sheet-beam device. A beam
transmission ratio of 81% is achieved over a distance of 37.5 mm at a cathode voltage of −25.0 kV.
The total current and the collector current were measured to be 125 and 102 mA, respectively. The
experimental results are promising, demonstrating that the PCM scheme is capable of focusing a high-
current-density sheet beam and hence can find use in the terahertz TWTs, offering the advantages of
compact size and light weight.

Keywords: Terahertz TWTs; sheet electron beam; PCM focusing; transmission of the sheet beam;
vacuum electronic devices

1. Introduction

The sheet electron beam has been long considered for enhancing the performance
of vacuum electronic devices (VEDs). However, the development of a sheet-beam device
has been hindered for decades due to the difficulties in transport known as the “diocotron
instability” [1,2]. Significant breakthroughs have been made in the last ten years. Several
prototype devices have been successfully developed [3–7], which demonstrates the great
potential of the sheet-beam technology, especially in power enhancement. Those inventions
in many ways represent state-of-the-art technologies of developing VEDs except that most
of them are based on solenoidal magnetic fields generated by the permanent magnets [8,9]
whose volume and weight increase dramatically as the magnetic field peak and the trans-
port distance increased. This is a major concern for using the sheet beam in a practical
scenario such as the airborne radars and communication applications. Therefore, the
periodic permanent magnet (PPM) focusing of the sheet beam is still attractive, although
its application is found to be limited to transporting a sheet beam with low voltage and
high current density [9].

The PCM focused sheet-beam TWT was first demonstrated at Ka band with beam
transmission of 93% with a voltage of 24.3 kV [10]. At the same frequency band, a PCM-
focused high-power sheet-beam TWT was recently reported [11] with a CW power output
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of up to 3 kW, along with a transmission of 97% at a voltage of 30.9 kV and a current of 0.82
A. In addition, a W-band PCM-focused sheet-beam extended-interaction oscillator (EIO)
was demonstrated with a transport of 94.4% at a high operating voltage of ~47 kV [12].
However, it remains a challenge for the PCM scheme to transport a low-voltage high-
current-density sheet beam for the terahertz TWTs. The reasons come from both the
insufficient capacity of the magnet material itself and the structural limitations from the
reduced size of the circuit. Thus, compromises have to be made between the desired the
high current and the achievable magnetic fields. We recently performed a theoretical review
of the PCM focusing, along with the design of a magnetic field system [13]. As a key step
of developing the sheet-beam TWT, a beamstick was developed. This paper presents a
complete design of the electron optical system. The experimental results are also reported
for the first time.

2. Design of the Electron Gun

The design of the electron gun was based on the CST (Computer Simulation Tech-
nology) Particle Tracking Solver. The nominal design parameters are listed in Table 1.
The simulation model is shown in Figure 1. Basically, this is a Pierce-type gun with the
exception that the cross sections of the cathode and the focusing electrode are conformal
ellipses, as shown in Figure 1b. To facilitate the assembly, the shape of the electrodes is
designed as simply as possible. Consequently, both the cathode emission surface and the
anode entrance are planar. In the tracking simulation, we enable the gun iteration option
to ensure the convergence of the emitting current. The effects of the space-charge field and
the self-magnetic field of the beam are also considered in the simulation. The 2D particle
monitors were deployed along the beam transport direction with an interval of 0.1 mm.
As a result, the position and other statistical information of the particles can be derived by
these monitors.

Table 1. Design parameters of the sheet-beam electron gun.

Parameters Value (Unit)

Cathode voltage V0 24.5 kV
Emission current I0 0.135 A

Cathode size 0.85 × 0.65 mm2

Beam waist size 1 0.6 × 0.11 mm2

Tunnel size 0.8 × 0.2 mm2

1 The cross section of the beam is an ellipse. Thus, the dimension of beam is determined by the major axis and the
minor axis of the ellipse.

Figure 1. The CST model of the sheet-beam electron gun: (a) the cross section of the model, (b) the
front view of the cathode and focus electrode, and (c) the beam formation with the elliptical focus
electrode.
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Figure 2 shows the convergence of the emitting current. The simulation predicted
a current of 135 mA at a cathode voltage of 24.5 kV. The resulting cathode loading is
31.1 A/cm2, which exceeds the capacity of the ordinary M-type cathodes. Thus, the
scandate cathode is used.

Figure 2. The convergence of the emitting current.

Figure 3 shows the electrostatic trajectory envelopes of the sheet beam. We can see
that the gun provides an excellent laminar property for the sheet beam. The electron beam
is compressed in both directions. However, the major contribution to the compression
ratio comes from the vertical direction (Y). The position of the beam waist in the vertical
direction is basically the same as that in the horizontal direction, which is about 7.8 mm. The
compression ratios of the horizontal and vertical directions are 1.37 and 6.5, respectively,
corresponding to an overall area compression ratio of 8.9. Figure 4 demonstrates the phase
space of the compressing process where the two cross sections correspond to the emission
surface and the beam waist, respectively. We can see that the sheet beam maintains its shape
well during the compressing process, and no over-compressed phenomenon is observed at
the edges of the beam.

Figure 3. The envelopes of the electrostatic trajectories of the sheet beam.
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Figure 4. Compression of the sheet beam from emission surface to the waist.

3. Design of the PCM Focusing System

The stable transmission of the sheet beam under the periodically focusing magnetic
fields requires the two-plane focusing, i.e., both the vertical and the horizontal directions
need to be considered. Several focusing schemes can realize that. Here, a modified
offset-pole-piece PCM scheme [13] is used. The model of the focusing system is shown in
Figure 5. The arrows in the magnets denote the direction of the magnetization. The CST
Magnetostatic Solver was used for the design of the magnet system. The parameters of the
magnetic system are listed in Table 2. In the simulation, the iron material is assumed for
the pole pieces with a nonlinear B–H relationship.

Figure 5. Schematic diagram of the PCM focusing system.

Table 2. Parameters of the magnet system.

Parameters Value (Unit)

Br 1.09 T
Lm 6.4 mm
h 3.0 mm

wm × hm × dm 15 × 5.5 × 2.0 mm3

wp × hp × dp 6.8 × 5.0 × 1.2 mm3

Figure 6a shows the distribution of the on-axis magnetic field Bz. It can be seen that
a peak of 0.38 T is achieved. Figure 6b plots the distribution of By along the longitudinal
direction at the beam sides X = ±0.3 mm and Y = 0. This magnetic field is denoted as the
side magnetic field By,side. We can see that it is essentially a dc field, which is different
from Bz. Thus, the mechanism for horizontal focusing is different from that of the vertical
focusing. The theory predicted that a value of 10−3 T for By is required to counter the
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space-charge defocusing effect from Esp,x. We can see from Figure 6b that the design meets
the requirement.

Figure 6. Design results of the focusing magnetic fields: (a) the on-axis distribution of Bz, (b) the side
magnetic field By,side at X = ±0.3 mm and Y = 0.

The unique distribution of By,side is highly sensitive to the position, as is illustrated in
Figure 7, where dY denotes the position deviation from the Y = 0 plane with X = 0.3 mm
constant. It can be seen that the distribution of By,side varies dramatically. For this reason, a
means of tuning the side magnetic field is critical in practice.

Figure 7. Sensitivity analysis of the side magnetic field By,side.

By importing the designed magnetic fields into the electron gun model, a complete
electron optical simulation can be achieved. Figure 8 shows the formation and transmission
of the sheet beam under the designed focusing magnetic fields. It can be seen that the sheet
beam is well confined in both directions. Moreover, although the horizontal envelope of
the sheet beam is highly sensitive to the side magnetic field, the vertical focusing is nearly
independent of the side focusing. This is the basis of tuning the side magnetic field in
practice.
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Figure 8. Simulations of the sheet beam transmission under the designed focusing magnetic fields
with the side magnetic field By,side varied: (a) the trajectories envelopes in vertical direction and
(b) the trajectories envelopes in horizontal direction.

In light of the importance of the magnetic field system, efforts have been made to
measure the magnetic field distributions. The measuring platform is demonstrated in
Figure 9a. This is a three-dimensional auto-measuring platform, which can provide a
position-shifted accuracy of 10 µm and a magnetic field measurement accuracy of 10−6 T.
The results are shown in Figure 9b,c with simulation results compared. Note that since
the space between the two magnet arrays is too small to insert the probe in terms of the
design value of h = 3.0 mm, we have to enlarge the space. As a result, the peak of the
magnetic fields was reduced. However, we can see that the measured distribution of Bz is
in good agreement with the simulation. Although discrepancy can be observed in By, the
agreement is fair considering the sensitivity of the side magnetic field.

Figure 9. (a) The magnetic field measurement platform, (b) the measured axial magnetic field
distribution Bz, and (c) the measured side magnetic field By.

4. Experimental Results

Experiments have been carried out to verify the design of the sheet-beam electron
optical system. A beamstick was assembled without the need for RF input/output coupler,
where the interaction circuit is replaced by a rectangular tunnel of 0.75 × 0.2 mm2. The
tunnel size is consistent with that of an actual interaction circuit. The transmission distance
is 37.5 mm from the anode entrance to the collector. Such a distance is sufficient to support
an amplification up to 18 dB.
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Figure 10 demonstrates the beamstick in the testing site. The performance of the
beamstick was measured under the pulse mode with pulse durations of 10–50 µs and
repetition rates of 100 Hz. The body and the collector currents are measured by the
ammeters and simultaneously confirmed with the oscilloscope. Figure 11 shows current
waveforms for different pulse durations.

Figure 10. The beamstick in the testing site.

Figure 11. The current waveforms measured by oscilloscope with (a) pulse durations of 10 µs and (b) pulse durations of
50 µs. Both cases have the same repetition rates of 100 Hz.

Figure 12 plots the measured cathode emission current. At 1050 ◦C, corresponding
to a filament heating power ~4.4 W, the emission current was measured to be 125 mA,
corresponding to a cathode loading of 28.8 A/cm2. The current is slightly lower than
the design value of 135 mA due to the biased voltage applied to the focus electrode. By
reducing the biased voltage, the emission can approach 146 mA. Thus, the scandate cathode
can provides sufficient emission for the sheet-beam gun.
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Figure 12. The emission current of the Scandate cathode as a function of the filament power.

Figure 13 shows the total current It and the collector current Ic as a function of the
cathode voltage. It can be seen that the total current It increases almost linearly with the
increase of the cathode voltage. The collector current Ic is small and rises slowly when the
voltage is less than 18 kV, but it increases fast after that. An optimal transport efficiency over
81% was obtained at a voltage of −25 kV, which is slightly higher than the design value
of −24.5 kV. The corresponding total current and collector current are 125 and 102 mA,
respectively.

Figure 13. The measured currents as a function of the cathode voltage.

From the measured currents, we can estimate that the cutoff voltage of the PCM
system is about 19 kV. Such a high cutoff voltage, which is close to the nominal operating
voltage (24.5 kV), indicates that the PCM system may approach its limit of capacity. That
is why the voltage corresponding to the optimal transport efficiency is higher than the
nominal operating voltage. Due to the difficulty in achieving a higher peak of the magnetic
field system, the voltage has to be increased to achieve the optimal transport efficiency.

Figure 14 shows the effect of the biased focus voltage (BFV) on the currents and the
transport efficiency. It can be seen that both the collector current and the transport efficiency
are significantly increased as the BFV increased before it reaches −85 V. As the BFV goes
further, the increase of the transport efficiency is mainly attributed to the decrease of the
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total current. Due to the thermal expansion effect of the cathode and the inevitable errors
in assembling, the required BFV is found to be much higher than expected. This is also
the reason that the total current is lower than the design value at the nominal voltage of
24.5 kV.

Figure 14. The measured current and the transport efficiency as a function of the biased focus voltage.

Table 3 compared the beam parameters and the transport efficiencies of the sheet-
beam TWTs, which were reported with the experimental results. To make the comparison
meaningful for different frequencies, the normalized transport distance was used, which
is defined as L/λ0, where λ0 = c/f 0, L is the actual transmission distance, f 0 is the central
frequency, and c is the speed of light in vacuum. We specify f 0 as 14, 35, 44, 94, and
220 GHz for the Ku, Ka, Q, W, and G band. It can be seen clearly from the table that
this paper demonstrated the highest level in the cathode emitting capacity, beam current
density, and normalized transport distance among the PCM focused TWTs. In particular,
the transmission current density is nearly five times higher than that of the Ka-band TWT.
Considering the more stringent requirements for tolerance in terahertz frequencies, we can
conclude that a substantial breakthrough has been made in the long-distance transmission
of the PCM focused sheet beam. The focusing with a permanent magnet solenoid allows
a higher current density because a very large magnetic field (0.85~1 T) can be achieved.
However, the disadvantages in volume and weight limit the use of a permanent magnet
solenoid in TWTs.

Table 3. Comparison of the electron optical parameters of the sheet-beam TWTs, which were reported with experimental
results.

Devices Band Focusing
Scheme

Voltage
(kV)

Current
(A)

Beam Size and Cathode
Size

Cathode
Loading
(A/cm2)

Current
Density
(A/cm2)

Normalized
Transport
Distance

Transport
Efficiency

(%)

This paper G PCM 24.5 0.135 0.60 × 0.11 mm2

0.85 × 0.65 mm2 31.1 285 27.5 81

TWT [10] Ka PCM 24.3 0.8 3.2 × 0.6 mm2

3.2 × 1.8 mm2 17.68 53.05 13.16 93

TWT [11] Ka PCM 30.9 0.82 4.0 × 0.4 mm2

1 10:1
6.366 63.66 17 97

TWT [14] Ku PCM 34 4 8.0 × 0.9 mm2

10:1
7.073 70.73 14 81

TWT [14] Q PCM 30 1.2 3.0 × 0.4 mm2

10:1
12.73 127.3 17 92

Beamstick
[3,5,8] W/Ka Solenoid 2 20 4 4 × 0.25 mm2

4 × 10 mm2 10 400 6.27 98.5

TWT [4] G Solenoid 22.88 0.23 0.7 × 0.1 mm2

0.86 × 1.06 mm2 38 438 29.35 78.3

1 The dimensions of the cathode cannot be found but the compression ratios were given. 2 Permanent magnet solenoid.

69



Electronics 2021, 10, 3051

5. Conclusions

Efforts have been made in the design, fabrication, assembly, and measurement to
achieve a PCM-focused sheet electron beam for the terahertz TWTs. A beamstick was
developed and tested. A transport efficiency over 81% was measured with a total current of
125 mA and a collector current of 102 mA. The total current is slightly lower than the design
value due to an increased focus voltage. Although such a current is still at an intermediate
level for a sheet beam, it is two times higher than that of a circular beam with PPM focusing
at the same frequencies. Thus, the performance enhancement of the TWT with a sheet
beam can be expected.
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Abstract: To realize the miniaturization of E-band traveling-wave tubes (TWTs), the size analysis
and optimization design were carried out based on an improved cosine-vane folded waveguide (CV-
FWG) slow-wave structure (SWS) that operates in a low voltage. In addition, a novel miniaturized
T-shaped coupler was proposed to achieve a good voltage standing wave rate (VSWR) in a broad
bandwidth. The coupler length was reduced by as much as 77% relative to an original design. With
higher coupling impedance, the radius and length of the shortened SWS were optimized as 1.3 mm
and 50 mm, respectively. Using microwave tube simulator suit (MTSS) and CST particle studio (PS),
3D beam–wave simulations at 9400 V, 20 mA predicted a gain of 20 dB and a saturated output power
of 9 W. The simulation results for CV-FWG TWTs were compared with conventional FWG TWTs
from 81 GHz to 86 GHz, showing significant performance advantages with excellent flatness for
high-rate wireless communication in the future. The CV-FWG SWS circuit will be fabricated by 3D
printing, and this work is underway.

Keywords: TWT; E-band; wireless communication; cosine-vane; FWG; miniaturization

1. Introduction

The Federal Communications Commission (FCC) opened up the E-band (71–76 GHz
and 81–86 GHz) for millimeter wave frequency microwave communication [1]. It can meet
the demands of high data rate communication with 10 GHz available bandwidth [2]. The
transmission rate of E-band can reach 100 Gbit/s, which enables numerous applications,
such as local area networks, broadband metropolitan links, back-haul interconnects, and
transmissions among next-generation base stations [3–5]. Due to atmospheric and rain
attenuation, a high-power amplifier is required to ensure the transmission distance and
signal coverage area.

Among vacuum electron devices (VEDs), the traveling-wave tube (TWT) is a prefer-
able choice for millimeter waves, which have high power and wide bandwidth [6–8]. There
is much research on E-band TWTs. L-3 Electron Devices division (CA, USA) developed
a CW E-band microwave power module (MPM) to cover 81–86 GHz for communication
applications. The power amplifier in the MPM is a folded waveguide (FWG) TWT, capable
of 80 W saturated output power at 20.8 kV, 220 mA [9]. BVERI developed an E-band TWT
that can produce more than 75 W continuous wave saturated output power over the range
of 81–86 GHz with a voltage of 16.3 kV and a current of 105 mA [10]. UESTC developed an
E-band FWG TWT. The experimental results showed that the prototype tube covers the
bandwidth of 83–86 GHz with an output power above 30 W. The tube is tested when the
electron gun voltage is 17 kV and the beam current is 62 mA [11]. Both of these TWTs have
a large structure size and work at high voltage and high current.

Moreover, the size of the devices is also crucial as TWTs are mounted on the compact
platform with a limited space. A 94 GHz, 25 W compact helical TWT for operating at 9700 V,
13.5 mA is being developed with a size of 66.04 mm × 48.26 mm × 48.26 mm [12]. Utilizing
the same design rules and fabrication technology, an E-band TWT with a saturated output
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power of 8 W will be built [13]. Due to the high technical complexity, no subsequent test
results have been published so far.

Compared to the helix slow-wave structure (SWS), folded waveguide (FWG) SWS is
widely used in millimeter waves. Otherwise, the transverse size of the FWG determines
the cutoff frequency of the waveguide, which is difficult to reduce to realize miniaturiza-
tion. The cosine-vane FWG (CV-FWG) could achieve a significant decrease in the cutoff
frequency, which facilitates a transverse miniaturized design of the SWS [14].

This paper is organized as follows. The introduction is presented in Section 1. Section 2
gives the effects of various structure parameters on the cold characteristics. The design
of a miniaturized high-frequency structure is described in Section 3, which includes a
miniaturized SWS, a miniaturized T-shaped coupler, and the simulation of a beam–wave
interaction. Finally, a conclusion is drawn in Section 4.

2. Analysis of Cold Characteristics

Based on normal CV-FWG [14], a modified CV-FWG was studied to add design
dimensions by changing the height of the waveguide-connecting section and name it as d
as shown in Figure 1. The structural parameter d makes the structural design more flexible.
Figure 1a shows the 3D cut-away of a CV-FWG SWS in a single period, where a is the width
of the waveguide, b is the width of the narrow side, 2p is the geometric period, h is the
height of the straight waveguide, rc is the radius of the electron beam channel, and Ac is
the amplitude of the cosine curve whose value could be chosen from zero (conventional
FWG) to the sum of h/2 and d/2, and Figure 1b shows a cross-sectional view of the CV-FWG.
CV-FWG can be regarded as the combination of FWG and a staggered double vane when
the value of Ac is greater than h/4, the symmetrical profiling in x-axis of CV-FWG can be
seen as a FWG, and the end view of the CV-FWG can be seen as a staggered double vane.
With the increase of Ac, the proportion of staggered double vane increases gradually.
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Figure 1. Schematic of single period CV-FWG: (a) 3D cut-away solid model and (b) cross-sectional
view of the CV-FWG.

To realize the miniaturization of SWS, the influences of structure parameters on cold
characteristics were analyzed. For the CV-FWG, only the Ac and d need to be illustrated,
the influences of the other structure parameters, including a, b, p, and h, are similar to the
conventional FWG.

As shown in Figure 2, the normalized phase velocity of CV-FWG decreases with the
increase of Ac, and the cold bandwidth becomes wider; meanwhile, the cutoff frequency
decreases rapidly. When the Ac is equal to 0, the SWS is a conventional FWG, and the
dispersion is a normal dispersion. As the Ac increases, it becomes an abnormal dispersion.
Figure 3 shows the effect of d on the dispersion. As d increases, the dispersion curves
become flatter with the reduced intrinsic bandwidths. The normalized phase velocity in
the frequency range below 55 GHz increases with the increase of d, while the trend reverses
above 55 GHz. The cutoff frequency is almost constant.
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Figures 4 and 5 show the effects of the variations of Ac and d on the on-axis coupling
impedance, respectively. At the operation frequency from 81–86 GHz, the on-axis coupling
impedance is decreased with the increase of Ac, and the curve is flatter, while it is increased
with the increase of d, and the on-axis coupling impedance flatness are similar to each other.

The loss was calculated with the conductivity of 1.6 × 107 S/m. As shown in Figure 6,
with the increase of the Ac, the loss is decreased. But the effect of the d on the loss is complex
as shown in Figure 7. In the frequency range from 81–86 GHz, the variation of loss is within
0.3 dB/m. Though the change is not obvious, when d and h are adjusted simultaneously,
the loss decreases and the coupling impedance increases, while the dispersion is almost
unchanged, which is important for the optimized design in the next section.
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3. Design of Device
3.1. Design of SWS

Based on the above analysis, the operational parameters are shown in Table 1. Sev-
eral SWS designs were investigated to minimize size and make the SWS operate at the
designated voltage. The final structure parameters are shown in Table 2. To show the
advantages of CV-FWG, a FWG with a similar dispersion in the operation frequency band
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was designed for comparison, and the structure parameters are also shown in Table 2. Two
cross-section structures are compared in Figure 8. The R1 and R2 are the radii of the FWG
and CV-FWG, respectively. Compared to the FWG, the radius of CV-FWG is reduced by
23.5%, and the area of the cross-section is reduced by 41.8%.

Table 1. Operational parameters.

Frequency 81–86 GHz

Beam voltage Less than 10 kV

Beam current Less than 20 mA

Peak output power More than 8 W

RF input/output WR-10

Table 2. Structure parameters and comparison.

Parameter
Dimensions (mm) Reduction

Percentage (%)CV-FWG FWG

a 1.6 2.4 33
b 0.2 0.3 33.33
p 0.45 0.55 18
h 0.6 1 40
rc 0.12 0.12 0
Ac 0.2 - -
d 0.5 - -
R 1.3 1.7 23.5

S (mm2) 5.3 9.1 41.8
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The dispersion curves of CV-FWG and FWG are shown in Figure 9. The dispersions of
the two structures are almost identical in the operation frequency from 81–86 GHz, and the
curve is very flat with the variation of 0.00025. The loss and the on-axis coupling impedance
are compared as shown in Figures 10 and 11. The on-axis coupling impedances for CV-
FWG and FWG are 6.5 Ω and 2.1 Ω, respectively; at 81 GHz, the coupling impedance of the
CV-FWG is about three times higher than that of the FWG. And at 86 GHz, the coupling
impedances are 4.4 Ω and 1.4 Ω, respectively. The coupling impedance of CV-FWG is
about 3.2 times higher than that of FWG. Figure 11 shows the losses of the CV-FWG and
FWG. Compared with FWG, the loss of CV-FWG is increased by 31.6% at 81 GHz and
35.6% at 86 GHz. It can be seen that, compared with the FWG, the increase of the coupling
impedance of CV-FWG is much larger than the increase of the loss. As a result, an increased
interaction can be expected.

75



Electronics 2021, 10, 3054

Electronics 2021, 10, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 8. Cross-sectional view of CV-FWG and FWG. 

The dispersion curves of CV-FWG and FWG are shown in Figure 9. The dispersions 
of the two structures are almost identical in the operation frequency from 81–86 GHz, and 
the curve is very flat with the variation of 0.00025. The loss and the on-axis coupling im-
pedance are compared as shown in Figures 10 and 11. The on-axis coupling impedances 
for CV-FWG and FWG are 6.5 Ω and 2.1 Ω, respectively; at 81 GHz, the coupling imped-
ance of the CV-FWG is about three times higher than that of the FWG. And at 86 GHz, the 
coupling impedances are 4.4 Ω and 1.4 Ω, respectively. The coupling impedance of CV-
FWG is about 3.2 times higher than that of FWG. Figure 11 shows the losses of the CV-
FWG and FWG. Compared with FWG, the loss of CV-FWG is increased by 31.6% at 81 
GHz and 35.6% at 86 GHz. It can be seen that, compared with the FWG, the increase of 
the coupling impedance of CV-FWG is much larger than the increase of the loss. As a 
result, an increased interaction can be expected. 

 
Figure 9. Normalized phase velocity of CV-FWG and conventional FWG. Figure 9. Normalized phase velocity of CV-FWG and conventional FWG.

Electronics 2021, 10, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 10. Transmission loss of CV-FWG and conventional FWG. 

 
Figure 11. Coupling impedance of CV-FWG and conventional FWG. 

It should be pointed out that the on-axis coupling impedance and loss for CV-FWG 
are smaller than those for FWG in [11], which is different from the above simulation re-
sults. The reason is that the comparison is carried out under the same structure parameters 
in [11]. To obtain consistency and good cold characteristics in the operation frequency 
band, the operation point of CV-FWG moves to the left, which leads to the increases of 
loss and on-axis coupling impedance, and the effect of on-axis coupling impedance is 
more apparent. 

3.2. Miniaturized Coupler 
It is impossible for CV-FWG to be directly coupled by a WR-10 standard rectangular 

waveguide. For miniaturization of the tube, a novel coupler named a T-shaped coupler 
was proposed, as shown in Figure 12. 

Figure 10. Transmission loss of CV-FWG and conventional FWG.

Electronics 2021, 10, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 10. Transmission loss of CV-FWG and conventional FWG. 

 
Figure 11. Coupling impedance of CV-FWG and conventional FWG. 

It should be pointed out that the on-axis coupling impedance and loss for CV-FWG 
are smaller than those for FWG in [11], which is different from the above simulation re-
sults. The reason is that the comparison is carried out under the same structure parameters 
in [11]. To obtain consistency and good cold characteristics in the operation frequency 
band, the operation point of CV-FWG moves to the left, which leads to the increases of 
loss and on-axis coupling impedance, and the effect of on-axis coupling impedance is 
more apparent. 

3.2. Miniaturized Coupler 
It is impossible for CV-FWG to be directly coupled by a WR-10 standard rectangular 

waveguide. For miniaturization of the tube, a novel coupler named a T-shaped coupler 
was proposed, as shown in Figure 12. 

Figure 11. Coupling impedance of CV-FWG and conventional FWG.

It should be pointed out that the on-axis coupling impedance and loss for CV-FWG
are smaller than those for FWG in [11], which is different from the above simulation results.
The reason is that the comparison is carried out under the same structure parameters
in [11]. To obtain consistency and good cold characteristics in the operation frequency
band, the operation point of CV-FWG moves to the left, which leads to the increases of
loss and on-axis coupling impedance, and the effect of on-axis coupling impedance is
more apparent.
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3.2. Miniaturized Coupler

It is impossible for CV-FWG to be directly coupled by a WR-10 standard rectangular
waveguide. For miniaturization of the tube, a novel coupler named a T-shaped coupler
was proposed, as shown in Figure 12.
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Figure 12. Schematic of the T-coupler: (a) 3D cut-away solid model, (b) front view of the T-coupler,
and (c) cross-sectional view of the T-coupler.

The coupler can be regarded as the superposition of two rectangular waveguides
with different sizes of length, width, and height. The a1 and a2 are the length of the upper
rectangular waveguide and the lower rectangular waveguide, respectively. The b1 and b2
are the width of the upper rectangular waveguide and the lower rectangular waveguide,
respectively. The h1 and h2 are the height of the upper rectangular waveguide and the
lower rectangular waveguide, respectively.

Using CST Microwave Studio (MWS), the T-shaped coupler was optimized to meet
the requirements of the E-band CV-FWG. Considering the difficulty in machining and
the roughness of the circuit wall, the conductivity was set to 1.6 × 107 S/m. Figure 13
shows the voltage standing wave ratio (VSWR) as a function of frequency. The VSWR is
≤1.25 from 80 GHz to 90 GHz. The miniaturized design was realized because b1 is equal to
0.3 mm, which is much smaller than the width of a WR-10 standard rectangular waveguide.
The coupler length is reduced by as much as 77% relative to an original design.
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3.3. Beam–Wave Interaction

The beam–wave interaction circuit was firstly carried out and optimized by microwave
tube simulator suit (MTSS) software, then the result was verified by CST Particle Studio
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(PS). Figure 14 shows the results of the saturated output power, and the gain for the CV-
FWG and FWG were calculated by MTSS with the same operation voltage, current, and
interaction length. The saturated output power of CV-FWG is greater than 8 W and the
gain is greater than 19 dB, while output power of FWG is less than 2 W and the gain is less
than 13 dB. It was proved that the beam–wave interaction of CV-FWG is stronger compared
to the FWG and facilitates the reduction of the length of SWS.
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Figure 14. The output power (a) and gain (b) of CV-FWG and FWG simulated by MTSS.

3D PIC simulation software was used to predict the whole tube performance. A 3D
model of a single section CV-FWG was built, which included the input and output couplers
and a lossy metal housing (the conductivity was 1.6 × 107 S/m as shown in Figure 15. The
PIC simulations were carried out on a cloud computing platform with about seven million
mesh cells. Then the beam–wave interaction was calculated with a voltage of 9400 V, a
current of 20 mA, and an interaction length of less than 50 mm. The radius of the electron
beam is 0.06 mm, which is half of the radius of the electron beam channel. A sinusoidal
RF-driven signal was applied. A uniform longitudinal magnetic field of 0.28 T was used in
the PIC simulation. The simulation time is 6 ns for the bunching and amplifying. The total
number of particles in the model is related to the model size and the simulation time. There
are more than 1.73 million particles in this model. Figure 16 shows an amplified output
signal at 83 GHz, with saturated power of more than 10 W less than 90 mW. The results of
saturated power and gain are shown in Figure 17.
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It can be seen that the saturated output power of CV-FWG is more than 9 W, and the
saturated output power is 10.83 W in 83 GHz. The gain of the CV-FWG is about 20 dB.
The gain varies within 20 dB from 81 GHz to 86 GHz. It shows that the gain has great
consistency, which means the gain varies very little with frequency. Because the gain is
more than 20 dB, the circuit was designed with 0 mW driven and the result indicated
the single section slow-wave circuit will not oscillate and the performance of CV-FWG
is steady.

4. Conclusions

We introduced a miniaturized CV-FWG SWS that was designed to operate in the
voltage <10 kV from 81 GHz to 86 GHz. The dimensions of the CV-FWG SWS are
1.6 mm × 1.6 mm × 47.75 mm. To couple the CV-FWG, a compact T-shaped coupler was
proposed with a good matching property. Lastly, the beam–wave interaction was simulated,
and the saturated output power is more than 9 W, and the gain has great consistency. This
research laid a foundation for the development of follow-up devices, which can be widely
used in high data rate wireless communication.
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Abstract: A phase shift that is caused by the machining errors of independent circuits would greatly
affect the efficiency of the power combination in traditional multi-beam structures. In this paper,
to reduce the influence of the phase shift and improve the output power, a multi-beam shunted
coupling sine waveguide slow wave structure (MBSC-SWG-SWS) has been proposed, and a multi-
beam overmoded flat-roofed SWG traveling wave tube (TWT) based on the MBSC-SWG-SWS was
designed and analyzed. A TE10-TE30 mode convertor was designed as the input/output coupler
in this TWT. The results of the 3D particle-in-cell (PIC) simulation with CST software show that
more than a 50 W output power can be produced at 342 GHz, and the 3 dB bandwidth is about
13 GHz. Furthermore, the comparison between the single-beam sine waveguide (SWG) TWT and
the multi-beam overmoded SWG TWT indicates that the saturated output power of the multi-beam
overmoded SWG TWT is three times more than that of the single beam SWG TWT.

Keywords: multi-beam; over-mode; 340 GHz; TWT

1. Introduction

Terahertz (THz) technology has a considerable value in medical treatment, device
detection, and many other sectors due to its advantages of high penetrability, low photon
energy, strong absorption, etc. [1,2]. Vacuum electronic devices (VEDs), especially a travel-
ling wave tube (TWT) that has high output power and broadband [3–6], is a main method to
obtain a THz wave. The performance of the TWT is basically determined by the slow wave
structure (SWS), and the sine waveguide (SWG) SWS characterized by low reflection and
insertion loss has previously been explored as a potential THz amplifier [7–10]. However,
the power capacity and the output power decrease significantly as the frequency increases,
and only about ten watts of output power can be generated by 340 GHz TWTs [11–14].
Methods for improving the level of output power in the THz band received particular
attention from researchers; the power combination technology was employed in TWTs that
could distinctly enhance the output power [15,16]. Nevertheless, the inherent problem
with this technology is that the machining errors of independent slow wave circuits would
cause a phase shift, which would greatly affect the efficiency of the power combination.

To solve the problem, a multi-beam shunted coupling sine waveguide slow wave
structure (MBSC-SWG-SWS) in which the energy of each slow wave circuit can be coupled
with the other circuits is proposed in this paper, and an overmoded TWT based on such
SWS has been studied, including the high frequency characteristics and the beam–wave
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interaction property. Since the SWS operates in high mode, a TE10-TE30 mode converter has
been designed as the input/output coupler. The comparison of output power between the
multi-beam overmoded SWG TWT and single beam SWG TWT shows that the presented
TWT can obtain three times the output power of the single beam SWG TWT.

2. High Frequency Characteristics

Figure 1 shows the cross-section view of the structure models, in which the period is p,
the wide side of the waveguide is a, the height of the beam channel is t and the amplitude
of the sine curve is h. The dimensions of the MBSC-SWG-SWS and the single beam SWG
SWS working at 340 GHz were confirmed after optimization. As shown in Table 1, to verify
the performance of the MBSC-SWG-SWS, the dimensions of these two structures are the
same, except that the wide side of the MBSC-SWG-SWS is three times that of the single
beam SWG SWS.
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Table 1. Optimized parameters of MBSC-SWG-SWS and SWG SWS.

Symbol
Value

MBSC-SWG-SWS SWG SWS

a 1.605 0.535
b 0.38 0.38
p 0.29 0.29
h 0.15 0.15
d 0.04 0.04
t 0.11 0.11

The dispersion characteristics have been calculated using CST software. As shown in
Figure 2, all these three modes have a broadband from 315 to 390 GHz. Figure 3 displays
the electric field distribution of the MBSC-SWG-SWS. We found that mode three is the
best choice for the operation mode in the MBSC-SWG-SWS because the electric field is
evenly distributed in all three tunnels. As shown in Figure 4, the interaction impedance at
340 GHz is 1.1 ohm and the interaction impedance of each tunnel is the same. The results
in Figure 5 indicate that both the single beam SWG SWS and the MBSC-SWG-SWS have
the same phase velocity in the whole band, which means they have the same synchronous
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voltage. The normalized phase velocity is 0.281 and the normalized group velocity is 0.197
at 340 GHz.
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3. Transmission Characteristics

To transfer the TE10 mode in the standard rectangular waveguide WR2 to the TE30
mode in the MBSC-SWG-SWS, a TE10-TE30 mode converter was designed as the in-
put/output structure in the SWS circuit. Figure 6 shows the vacuum model of the converter
and the relevant electric field distribution. Five cylindrical metallic columns were used for
mode conversion. The simulation results of the mode convertor are presented in Figure 7.
The S11 of the mode converter is below −20 dB from 320 to 355 GHz, while the S21 is
−0.086 dB at 340 GHz and the associated transfer efficiency is 98%.
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As shown in Figure 8, the multi-beam overmoded SWG TWT circuit model, including
the SWS circuit, electron beam tunnels and mode converters, was built in the CST STUDIO
SUITE. The period number of the main SWS circuit is 120. The equivalent conductivity σ0
can be calculated from the following equations:

σ0 =
σ

(
1 + 2

π arctan
(

1.4
(

R
δ

)2
))2 (1)

δ =

√
2

ωµσ
(2)

where R is the surface roughness and σ is the conductivity of high conductivity oxygen-free
copper. As the surface roughness of the nano-computer numerical control machined model
is about 100 nm [17], the effective conductivity is set to 2 × 107 s/m. The transmission
characteristic is exhibited in Figure 9. The simulation results show that the S11 of the
MBSC-SWG-SWS is below –20 dB ranging from 330 to 350 GHz and the S21 is −13.5 dB at
340 GHz, while the S21 of the single beam SWG SWS is −16.3 dB. We found that the loss of
the MBSC-SWG-SWS is smaller than that of the single-beam SWG SWS, which is due to the
fact that the MBSC-SWG-SWS has a lower power density than the single beam SWG SWS.
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4. Beam–Wave Interaction

The beam–wave interaction process for the multi-beam overmoded SWG TWT and
the single beam SWG TWT were simulated and are compared in this section. Figure 10
shows the models that consisted of 120 periods. According to the aforementioned Brillouin
curve of the MBSC-SWG-SWS, the synchronous voltage is 21.3 kV. To study the output
power and gain of the multi-beam overmoded SWG TWT, input signals with frequencies
between 332 and 350 GHz, an input power of 0.2 W and an operating current of 54 mA were
injected in the waveguide port of the amplifier. A uniform magnetic field of 0.7 T was used
to focus the electron beams. Researchers have reported studies of the multi-beam electron
optics system that indicate that the generation and the focusing of electron beams can be
realized [18,19]. The cross-sectional size of each sheet beam was set to 0.3 mm × 0.06 mm,
and the filling ratio was 35.9%. The number of mesh cells was set at 29,096,144. The
corresponding maximum and minimum mesh steps were 0.017 and 0.008 mm, respectively.
The number of macro particles was fixed at 150, and the time step was 0.003 ns.
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Figure 11 depicts the output power and gain of the multi-beam overmoded SWG TWT
versus the operating frequency, respectively. We found that more than 30 W of the output
power can be produced from 334 to 347 GHz. The maximum output power is 50 W at
342 GHz and the corresponding gain is 24 dB. Figure 12a gives the time-domain simulation
results of the output signal of the multi-beam TWT at 340 GHz, which indicates that the
signal is stable after 0.8 ns with a voltage amplitude of 10 V. The potential reflected wave
and higher harmonic wave are effectively suppressed, as demonstrated in Figure 12b. The
electron bunching effect at the end of the circuit is presented in Figure 13, which illustrates
an effective interaction between the electron beams and the electromagnetic wave.

Electronics 2021, 10, x FOR PEER REVIEW 6 of 9 
 

 

output power and gain of the multi-beam overmoded SWG TWT, input signals with fre-
quencies between 332 and 350 GHz, an input power of 0.2 W and an operating current of 
54 mA were injected in the waveguide port of the amplifier. A uniform magnetic field of 
0.7 T was used to focus the electron beams. Researchers have reported studies of the multi-
beam electron optics system that indicate that the generation and the focusing of electron 
beams can be realized [18,19]. The cross-sectional size of each sheet beam was set to 0.3 
mm × 0.06 mm, and the filling ratio was 35.9%. The number of mesh cells was set at 
29,096,144. The corresponding maximum and minimum mesh steps were 0.017 and 0.008 
mm, respectively. The number of macro particles was fixed at 150, and the time step was 
0.003 ns. 

  
(a) (b) 

Figure 10. Vacuum model for PIC simulation calculation. (a) Single-beam SWG TWT. (b) Multi-beam overmoded SWG 
TWT. 

Figure 11 depicts the output power and gain of the multi-beam overmoded SWG 
TWT versus the operating frequency, respectively. We found that more than 30 W of the 
output power can be produced from 334 to 347 GHz. The maximum output power is 50 
W at 342 GHz and the corresponding gain is 24 dB. Figure 12a gives the time-domain 
simulation results of the output signal of the multi-beam TWT at 340 GHz, which indicates 
that the signal is stable after 0.8 ns with a voltage amplitude of 10 V. The potential reflected 
wave and higher harmonic wave are effectively suppressed, as demonstrated in Figure 
12b. The electron bunching effect at the end of the circuit is presented in Figure 13, which 
illustrates an effective interaction between the electron beams and the electromagnetic 
wave. 

 
Figure 11. The output power and gain of multi-beam overmoded SWG TWT versus the operating 
frequency. 

Figure 11. The output power and gain of multi-beam overmoded SWG TWT versus the operating frequency.

86



Electronics 2021, 10, 3018Electronics 2021, 10, x FOR PEER REVIEW 7 of 9 
 

 

  
(a) (b) 

Figure 12. (a) Input, output and reflection signals for 340 GHz. (a) Time domain. (b) Frequency 
spectrum. 

 

Figure 13. Electrons bunching effect at the end of the circuit. 

Figure 14a shows the output power versus input power with the operating current 
of 36 mA (current density is 200 A/cm2) at 340 GHz. For the single beam SWG TWT, the 
saturated output power can reach 10 W when the input power is 0.1 W. Nevertheless, the 
saturated output power of the multi-beam overmoded SWG TWT is 30 W when the input 
power is 0.3 W. If the operating current is 54 mA (current density is 300 A/cm2), as shown 
in Figure 14b, the saturated output power of the single beam SWG TWT can reach 17 W 
when the input power is 0.2 W, and the saturated output power of the multi-beam over-
moded SWG TWT is 50 W when the input power is 0.3 W. We found that the output power 
of the multi-beam overmoded SWG TWT is three times that of the single beam SWG TWT. 

  
(a) (b) 

Figure 14. The output power versus the input power at 340 GHz. (a) I = 36 mA. (b) I = 54 mA. 

Figure 12. (a) Input, output and reflection signals for 340 GHz. (a) Time domain. (b) Frequency spectrum.

Electronics 2021, 10, x FOR PEER REVIEW 7 of 9 
 

 

  
(a) (b) 

Figure 12. (a) Input, output and reflection signals for 340 GHz. (a) Time domain. (b) Frequency 
spectrum. 

 

Figure 13. Electrons bunching effect at the end of the circuit. 

Figure 14a shows the output power versus input power with the operating current 
of 36 mA (current density is 200 A/cm2) at 340 GHz. For the single beam SWG TWT, the 
saturated output power can reach 10 W when the input power is 0.1 W. Nevertheless, the 
saturated output power of the multi-beam overmoded SWG TWT is 30 W when the input 
power is 0.3 W. If the operating current is 54 mA (current density is 300 A/cm2), as shown 
in Figure 14b, the saturated output power of the single beam SWG TWT can reach 17 W 
when the input power is 0.2 W, and the saturated output power of the multi-beam over-
moded SWG TWT is 50 W when the input power is 0.3 W. We found that the output power 
of the multi-beam overmoded SWG TWT is three times that of the single beam SWG TWT. 

  
(a) (b) 

Figure 14. The output power versus the input power at 340 GHz. (a) I = 36 mA. (b) I = 54 mA. 

Figure 13. Electrons bunching effect at the end of the circuit.

Figure 14a shows the output power versus input power with the operating current
of 36 mA (current density is 200 A/cm2) at 340 GHz. For the single beam SWG TWT, the
saturated output power can reach 10 W when the input power is 0.1 W. Nevertheless,
the saturated output power of the multi-beam overmoded SWG TWT is 30 W when the
input power is 0.3 W. If the operating current is 54 mA (current density is 300 A/cm2), as
shown in Figure 14b, the saturated output power of the single beam SWG TWT can reach
17 W when the input power is 0.2 W, and the saturated output power of the multi-beam
overmoded SWG TWT is 50 W when the input power is 0.3 W. We found that the output
power of the multi-beam overmoded SWG TWT is three times that of the single beam
SWG TWT.
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5. Conclusions

In this paper, an MBSC-SWG-SWS has been proposed to reduce the effect of the phase
shift caused by machining errors of independent slow wave circuits, because the energy of
each slow wave circuit can be coupled with that of the other circuits. We found that the SWS
works in the high order mode through the analysis of its high frequency characteristics;
therefore, a TE10-TE30 mode convertor has been designed as the input/output couplers.
The study of a multi-beam overmoded SWG TWT based on the MBSC-SWG-SWS shows
that an output power of more than 30 W can be obtained in the frequency range from 334
to 346 GHz, and the maximum power and the corresponding gain are 51 W and 24 dB at
342 GHz, respectively. Compared with the single beam SWG TWT, the output power of
the multi-beam overmoded TWT is three times that of the single beam SWG TWT. These
results suggest that the MBSC-SWG-SWS has the ability to enhance the output power.
Consequently, the SWS is a potential and promising structure for the high-power THz
traveling wave amplifier.
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Abstract: A novel power amplifier unit for a phased array radar with 2 × 2 output ports for a vacuum
electron device is proposed. Double parallel connecting microstrip meander-lines are employed
as the slow-wave circuits of a large power traveling wave tube operate in a Ka-band. The high
frequency characteristics, the transmission characteristics, and the beam–wave interaction processes
for this amplifier are simulated and optimized. For each output port of one channel, the simulation
results reveal that the output power, saturated gain, and 3-dB bandwidth can reach 566 W, 27.5 dB,
and 7 GHz, respectively. Additionally, the amplified signals of four output ports have favorable
phase congruency. After fabrication and assembly, transmission tests for the 80-period model are
performed preliminarily. The tested “cold” S-parameters match well with the simulated values. This
type of integratable amplifier combined with a vacuum device has broad application prospects in the
field of high power and broad bandwidth on a millimeter wave phased array radar.

Keywords: 2 × 2 amplifier unit; traveling wave tube (TWT); phase congruency; phased array radar
(PAR); experimental test

1. Introduction

Phased array radar (PAR) has displayed great advantages to users in recent years [1,2].
As the most critical components, transmit/receive (T/R) modules occupy about 70%
percent of the PAR antennas. As the terminal amplification component in the transmit link
of the T/R modules, the power amplifier (PA) always determines the transmit distance
of the PAR. A lightweight, low-voltage, compact and broadband PA with large power at
millimeter-wave frequencies (30~100 GHz) is probably satisfied by the requirements of the
T/R modules in PAR [3,4].

Traditionally, solid-state semiconductors, such as GaAs and even GaN PA, are widely
used in the design of T/R modules [5,6]. For instance, the GaN PA in Ka-band is capable
of tens of watts of output power with a bandwidth up to 2 GHz, which could indicate
potential improvements both on power and bandwidth. In recent years, vacuum electronic
devices have developed rapidly and show great potential at the millimeter wave frequency
range and even on the THz spectrum. Both with high power output and broad bandwidth,
the traveling-wave tube (TWT) has been widely used in electronic counters, transmitters,
and communications [7].

Due to a relatively larger volume and incompatibility to solid-state circuits, TWTs
are always placed separately for each transmit channel in a large power active PAR. This
traditional framework is not only expensive, but also heavy and bulky, so it has many
limitations for application. As we have developed micro-fabrication technologies, the
production requirements for novel slow-wave structures (SWSs) are probably met in the

91



Electronics 2021, 10, 2808

millimeter-wave frequency range [8,9]. Among these SWSs, the microstrip meander-line
(MML) has been proven to be suitable for low-voltage and broadband TWTs [10,11]. It is
also naturally easy to integrate with solid-state circuits and has superiority over the volume.

Motivated by the applications of PARs, a novel broadband 2 × 2 amplifier unit with
a large power TWT is proposed in this paper. This novel framework has potential for
applying the TWT to the terminal PA in the transmit link of the T/R modules. The
simulation results show that these amplifier units are capable of delivering kW-class output
power fully with a 3-dB bandwidth of more than 7 GHz in the Ka-band. Moreover, the
simulation results show that the phase congruency at the four out ports is great.

The remainder of this paper is organized as follows. Section 2 presents the system
model, which includes the novel SWS design and the whole input coupling structure.
Simulation results are presented in Section 3. In Section 4, we present our fabrication and
experimental tests, and compare the results with the simulation. The final conclusions are
presented in Section 5.

2. Structure Description

Easy to be integrated with a solid-state circuit, the MML SWS can be printed with micro
fabrication technologies. Of all the modified and improved MML SWSs, the symmetrical
double V-shaped MML with higher electron efficiency has been investigated in detail in
reference [12]. The schematic of the symmetric double V-shaped MML is shown in Figure 1.
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Figure 1. Sketch of the symmetric double V-shape MML SWS.

Inspired by the above TWTs, we propose a novel SWS by parallel, connecting two
MMLs together, and then symmetrical, placing them on both the top and bottom dielectric
substrates of the cavity to form the four output ports. The two parallel MMLs are connected
to each other by power dividers at the end and the whole input coupling structure is
designed as a double microstrips–rectangular waveguide transition. Four coaxial cable
output ports are connected to the SWS with microstrip lines. Two tapered attenuators are
symmetrically inserted into the SWS to suppress the oscillations. The sketch of the novel
SWS is shown in Figure 2, in which this 2 × 2 unit consists of one rectangular waveguide
input port and four coaxial output ports. One sheet electron beam gun is employed in
the beam–wave interaction processes of the TWT to further reduce the whole volume
and weight.
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The operation principle of the amplifier is based on typical O-type vacuum electronic
devices. To achieve multi-output, the double microstrips–rectangular waveguide transition
and the power divider are employed in the structure. The electron beam is emitted by the
electron gun and focused by the focus magnetic field, and then enters into the interaction
space. Meanwhile, the input signal is imported into the top and bottom MMLs through
the double microstrips and rectangular waveguide transitions, respectively. Then, the
signals on the top and bottom MMLs are both divided into two signals by the power
divider and transmitted along the four parallel MML SWSs. The four independent signals
stimulate radio-frequency fields around the MML SWSs and interact with electron beams.
As most of the electrons are decelerated, some kinetic energy from the sheet electron beam
is transferred to the radio-frequency fields and the four signals are amplified respectively.
At last, the 2 × 2 amplified signals are exported by the four coaxial cable output ports.

This 2 × 2 amplifier unit is probably integrated for larger scale units with multiple
methods for application in the T/R modules of the PARs. Based on the development of
the multi-beam electron gun [13], one possible framework to compose 2 × 2n units is to
simply pile up the units vertically as in Figure 3, in which n is the quantity of the 2 × 2
amplifier unit. In this integrated framework, the input ports can be designed as overall
input ports, or even directly connect to the preamp circuit by microstrip lines.
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Figure 3. A possible framework for integrated 2 × 2n units.

3. Simulation Results

The high frequency characteristics, including dispersion curves and average inter-
action impedances for a single period, are first investigated. It can be seen in Figure 4a
that the dispersion curves are flat in the frequency between 20 GHz and 40 GHz, which
indicates that the cold bandwidth is relatively broad. The averaged interaction impedances
(Kc) over the cross section of the electron beam can accurately predict the beam–wave
interaction efficiency. According to the transverse parameters of the SWS, the cross section
of the electron beam is set to be 2.12 mm × 0.3 mm. The average coupling impedances can
reach 2.5 Ohms in the operation frequency band.
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The transmission model without an attenuator is optimized by CST Microwave Stu-
dio [14], including 80-period SWS, the input and output coupling structures, and the power
combiners, to reduce reflection and improve transmission efficiency. The material of the
dielectric substrates is set to Rogers RT5880, with a relative permittivity and dielectric
dissipation factor of 2.2 and 0.0009, respectively. The dimensional parameters of the SWS
in the simulations are listed in Table 1.

Table 1. Dimensional parameters of the SWS.

Parameter Value (mm)

Dielectric substrate thickness 0.2
Dielectric substrate width 4.16

Distance between up and down substrates 0.5
MML SWS thickness 0.005

MML SWS transverse width 2
Single pitch length 0.38
Beam cross section 2.12 × 0.3

The S11 parameters are generally below −16 dB and between 33 GHz and 38 GHz,
as shown in Figure 4b. The almost coincided S21, S31, S41 and S51 curves with amplitudes
larger than −7 dB indicate symmetry and uniformity for the four output ports.

In order to verify the beam–wave interaction of the novel structure, the whole amplifier
model of the novel TWT shown in Figure 2 is built by CST. Two beryllia attenuators are
symmetrically inserted into the SWS to suppress the oscillations. The attenuators are
optimally designed as a tapered shape to absorb reflected waves over a wide range of
frequencies. Driven by only one sheet electron beam with large width–thickness ratio, the
beam–wave interaction processes of the novel TWT amplifier are investigated.

More than 3.5 million particles and 8.3 million meshes are used in the particle-in-cell
(PIC) simulation. The electrical parameters of the TWT shown in Table 2 have already
been optimized by utilizing CST Particle Studio software. The beam voltage, current,
and the focus magnetic field in the TWT simulation are set to 5100 V, 1 A, and 0.8 T,
respectively. Here we specify the physical meaning of each variables in CST Particle Studio
as follows [14]: the sheet beam voltage indicates the kinetic start energy of the emitted
particles; the sheet beam current indicates the emission current; the input signal amplitude
indicates the amplitude of the input sine step signal; the focus magnetic field indicates the
amplitude of a constant focus magnetic field inside the whole computational domain; the
center frequency indicates the designed center operation frequency of the amplifier.

Table 2. Optimized electrical parameters for the TWT.

Parameter Value

Sheet Beam voltage 5100 V
Sheet Beam current 1 A

Input signal amplitude 1 V
Focus magnetic field 0.8 T

Center frequency 35 GHz

The PIC simulation results at a frequency of 35 GHz are shown Figures 5–9. Figure 5
depicts the electron bunching phenomenon in a TWT operation, where we can see that the
accelerating electrons and retarding electrons are periodically arranged along a longitudinal
direction, which demonstrates a good beam–wave energy exchange process. This physical
phenomenon is very typical in O-type vacuum electronic devices.
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Figure 5. Typical electron bunching along a longitudinal direction.
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Figure 8. Spectrums of the signals plot of the four output ports.
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Figure 6 shows the electron kinetic energy versus longitudinal distance when the
electron dynamic system has been in steady state. As most of the electrons are deceler-
ated at the end of the circuit, most kinetic energy from the sheet beam is transferred to
electromagnetic fields and the excitation signal is amplified.

Figure 7 shows the signal amplitudes of the input port and one of the four output
ports. The output signals become stable after a transient time about 1.6 ns. With the
energy transfer from the electron beam to the high-frequency field, the input signal with
the amplitude of 1 V is amplified to 23.8 V for a single amplifier channel, with the gains
more than 27.5 dB. The signal amplitude differences of the four output ports are less than
5% according to our simulations. Therefore, the total gains for the whole 2 × 2 amplifier
unit are around 33.5 dB.

As can be seen in Figure 8, the output signal spectrums are concentrated at around
35 GHz and relatively pure. The normalized amplitudes at the frequency points of 35 GHz,
70 GHz, and 105 GHz are 5.62, 0.04, and 0.0006, respectively. Due to the optimization of
attenuators, no obvious backward-wave oscillation from higher order modes is observed.

The sum of the average output power of the four output ports and the saturated gain
versus frequency of the amplifier according to the simulation results at a frequency of
35 GHz are 2260 W and 33.5 dB, respectively, as shown in Figure 9a. The instantaneous
3-dB bandwidth of the 2 × 2 amplifier units is 7 GHz, which demonstrates that it can
maintain the broadband advantage of the MML SWS TWT.

The phase congruency for the four output port signals is investigated for its PAR
applications. From the phase analysis results in CST shown in Figure 9b, we can see the
phase differences among the four channels are below 5%. It indicates the great phase
congruency for different channels.

4. Fabrication and Experimental Test

The “cold” transmission model with 80-period SWS is fabricated and tested to verify
the transmission performances preliminarily. Rogers RT5880 is employed as the material
of the dielectric substrates. The cavity is designed as a two-halves structure, in which
the SWSs are located on the upper and lower slots. As shown in Figure 10a,b, an input
waveguide port is on one side of the cavity and four coaxial cable output ports are located
on another side. The dimensions of the amplifier are shown in Figure 10c.
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Without being driven by the electron beam and input signals, only the “cold” trans-
mission performances of the fabricated 80-period SWS in the cavity are experimentally
tested preliminarily by the vector network analyzer. The S-parameters are tested when all
other ports are connected with matched loads. The comparisons of the simulated values
and the tested values are shown in Figure 11a,b. As shown in Figure 11a, the tested S11
values are almost below −15 dB, which is basically consistent with the simulation results.
It can be seen in Figure 11b that the tested “cold” transmission loss values are around
7.5 dB, which are 0.5 dB more than the simulation values. The larger loss may be due to
assembly errors.
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5. Conclusions and Discussion

This novel amplifier can probably break the traditional “one TWT for one channel”
framework in PAR application. Driven by only one sheet electron beam and one input sig-
nal, four independent output signals are generated with more than 2000 W saturated peak
power and 7 GHz bandwidth according to the simulation results. The phase congruency
among the four output channels is also great. Moreover, this compact framework is easy to
integrate with solid-state circuits. The advantages can be summarized as high power, broad
bandwidth, good integrability, compact structure, and great phase congruency. Based
on the analysis above, it can be concluded that this novel 2 × 2 TWT amplifier unit is
promising on the millimeter wave T/R modules of the PARs. Finally, the transmission
model is fabricated, and the “cold” transmission performances are tested to show the
practicability of this novel amplifier.

Compared with the Ka-band GaAs power amplifier shown in reference [5], the ampli-
fier can supply higher peak output power (2000 W vs. 4 W), higher peak gain (33.5 dB vs.
22 dB) and wider 3-dB bandwidth (7 GHz vs. 5 GHz) according to the simulation results.
Compared with the MML TWT power amplifier shown in reference [11–13], the ampli-
fier can supply multi-channel output signals and favorable phase congruency between
channels, and thus is more suitable for the PAR applications.

However, there are still some practical issues that need to be discussed. Firstly, the
preliminary tests mainly focus on the “cold” S-parameters without an electron beam. The
electron gun and focus magnetic field will be considered in the next experimental step.
Secondly, as a novel type of vacuum electronic device, the limited range of the working
environment is still vacuum condition, so the vacuum treatment needs further research.
Thirdly, due to the large power delivery, the thermal dissipation structures should be
designed specially in applications.
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Abstract: A method was proposed for solving the dyadic Green’s functions (DGF) and scalar Green’s
functions (SGF) of multi-layered plane media in this paper. The DGF and SGF were expressed in
matrix form, where the variables of the boundary conditions (BCs) can be separated in matrix form.
The obtained DGF and SGF are in explicit form and suitable for arbitrary boundary conditions, owing
to the matrix form expression and the separable variables of the BCs. The Green’s functions with
typical BCs were obtained, and the dispersion characteristic of the meander line slow-wave structure
(ML-SWS) is analyzed based on the proposed DGF. The relative error between the theoretical results
and the simulated ones with different relative permittivity is under 3%, which demonstrates that
the proposed DGF is suitable for electromagnetic analysis to complicated structure including the
ML-SWS.

Keywords: dyadic Green’s functions; inhomogeneous; multi-layered media; slow-wave structures

1. Introduction

Since the exact results of the two-layered planar dielectric model were deduced [1],
more and more people have been engaged in research of the electromagnetic field for
multi-layered media [2–22], which has been widely utilized for the analysis of dielectric
waveguides, printed circuit boards, antennas and sensors [23–26].

The Green’s functions, including dyadic Green’s functions (DGF) and scalar Green’s
functions (SGF), are powerful tools in electromagnetic theory [2–4], because the relationship
between the field and excitation sources can be easily described by them. As a result,
many years of effort have been devoted to obtaining Green’s functions for inhomogeneous
media [3–22] There are many approximation and numerical methods that have been utilized
for calculating the DGF and SGF, such as the finite sum superposition method [3], the total
least squares method [4], the fast full-mode method [5], the numerical modified steepest
descent path method [5] and the numerically stable analysis method [6]. In addition, the
pure theoretical derivations of Green’s functions for the stratified media, without numerical
approximation and error, were also pursued for a long time [7–22]

The form of the dyadic Green’s function has been presented based on the methods of
generation function expansions [7–15] (the generation functions were called vector wave
functions in [7–9], eigen-functions in [10,12–15] and solenoidal Hausen vectors in [11]), and
this form can also be used in multi-layered media conditions [8–15]. If these traditional
generation functions, such as those in [8], are selected to obtain the DGF, the boundary
conditions (BCs) between the adjacent layers will be satisfied by another method, such
as the method of scattering superposition [9,10]. Consequently, the equations built from
the boundary conditions may be complicated and the results may be not in explicit form.
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The method of scattering superposition is direct with explicit physical meanings for multi-
layered media [7]. However, it will be complicated when the number of layers is increased.
Instead, if the BCs has been contained in the generation function with explicit form, the
corresponding Green’s function can be simple and in explicit form.

In addition, methods such as the perturbative approach [16], operator theories [18–20],
wave superposition [21] and transmission line theories [17,18,21,22] are also introduced
for obtaining the Green’s function and exactly analyzing the multi-layered media. Un-
fortunately, the applications of these results are limited, owing to the specified boundary
conditions at two ends of the multi-layered media [18]. In [21], although the DGF of multi-
layered media is obtained with undefined boundary conditions at two ends, the DGF is
deduced in the rectangular waveguide, whose length is assumed infinite, and the direction
of the stratified media must be defined in consistence with that of the guided wave’s prop-
agation. In [20–22], the obtained Green’s function of multi-layered plane media contain the
BCs between the adjacent layers, but they do not contain the BCs at the top and the bottom
of multi-layered media. When they are utilized to analyze the specified structures, the BCs
at two ends of multi-layered media must be considered, and the corresponding equations
will be built from the BCs and these Green’s functions [18]. As a result, the equations of the
structure base on the Green’s function in [18] may be more complicated, because BCs at
two ends may add the number of the equation.

In this paper, a method was proposed for obtaining the Green’s functions of multi-
layered media with arbitrary boundary conditions, including dyadic Green’s functions
and scalar ones. In this method, the Green’s functions consist of the generation functions.
In the process of deducing the generation functions, the BCs between the adjacent layers
and at two ends have been considered, and are represented by a series of variables. These
variables of the BCs can be separated in matrix form. Correspondingly, the DGF and SGF
were obtained in explicit form with matrixes, and corresponding equations built from BCs
at the top and the bottom of the multi-layered media are independent and easy to solve,
which means that the equations of the structure based on the proposed DGF may be more
simple with clearer physical characteristics and that the formulae may be expressed with
the computer code more friendly.

In Section 2, the proposed method was discussed. The typical BCs, such as metal
boundary conditions, radiation boundary conditions and their combinations, were dis-
cussed in Section 3, respectively. Furthermore, the application on the dispersion analysis of
a meander line slow-wave structure is given in Section 4. The effect of relative permittivity
on the dispersion is discussed, and the results of theoretical calculation are compared with
those of the simulation. In addition, conclusions are drawn in Section 5.

It should be noted that, in this paper, the y-axis is regarded as the referent direction,
k0 is the wave number in free space, kc is the eigenvalue in the cross section to referent
direction, and δi,j is the Kronecker delta function. Moreover, the symbol ∑ will be replaced
by
∫

, if the corresponding eigenvalue is continuous.

2. The DGF and SGF of Multi-Layered Plane Media with Arbitrary Boundaries

Figure 1 shows the geometry of multi-layered media, which is stratified along the
y-axis and can be divided into N layers.

εr = εr,j when y ∈
(
yj−1, yj

]
j = 1, 2, . . . , N (1)

where εr (εr,j) is the relative permittivity (in the jth layer). yj−1 and yj are the two edge
values of the jth layer at y-axis. The two bottom boundaries are marked “Boundary 1” and
“Boundary 2”, respectively.
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Owing to the principle of field superposition, most sources can be regarded as a sum of
point sources. Therefore, a 3D point source δ is selected as the excitation source. Assuming
that the excitation source, marked with “′”, is in the ith layer, and choosing y-axis as the

referent direction, the SGF Gj
(→

R,
→
R
′)

for the jth layer satisfies the Helmholtz equation as

follows: 



∇2Gj
(→

R,
→
R
′)

+ εr,jk2
0Gj
(→

R,
→
R
′)

= 0, j 6= i, j = 1, 2, . . . , N

∇2Gi
(→

R,
→
R
′)

+ εr,ik2
0Gi
(→

R,
→
R
′)

= −δ

(→
R −

→
R
′)

, j = i
(2)

Furthermore, the GF can be expressed as the sum of TM and TE components to the
referent direction (y-axis), namely,

Gj
(→

R,
→
R
′)

= Gj
m

(→
R,
→
R
′)

+ Gj
n

(→
R,
→
R
′)

(3)

The boundary conditions at y = yj can be written as:





√
εr,jG

j
m

(→
R,
→
R
′)

=
√

εr,j+1Gj+1
m

(→
R,
→
R
′)

, j = 1, 2, . . . , N − 1

1√
εr,j

∂
∂y Gj

m

(→
R,
→
R
′)

= 1√
εr,j+1

∂
∂y Gj+1

m

(→
R,
→
R
′)

Gj
n

(→
R,
→
R
′)

= Gj+1
n

(→
R,
→
R
′)

∂
∂y Gj

n

(→
R,
→
R
′)

= ∂
∂y Gj+1

n

(→
R,
→
R
′)

(4)

Because the shape of cross section is uniform along the y-axis, considering the isotropic

and lossless media, Gj
m
n

(→
R,
→
R′
)

can be expressed according to function f i
m
n ,j(y, y′) for differ-

ent transverse eigenvalues kc [18].

Gj
m
n

(→
R,
→
R
′)

= ∑
kc

gm
n · f i

m
n ,j
(
y, y′

)
(5)

where, index i represents that the excitation source is in the ith layer and gm
n is the coefficient

of the series.
The f i

m
n ,j(y, y′) in Equation (5) can be described as follows:

d2

dy2 f i
m
n ,j
(
y, y′

)
+
(

εr,jk2
0 − k2

c

)
f i

m
n ,j
(
y, y′

)
= 0 when y ∈

(
yj−1, yj

)
, j 6= i, j = 1, 2, . . . , N (6)

d2

dy2 f i
m
n ,i
(
y, y′

)
+
(

εr,ik2
0 − k2

c

)
f i

m
n ,i
(
y, y′

)
= −Fm

n g∗m
n

(
x′, z′

)
δ
(
y− y′

)
when y ∈ (yi−1, yi) (7)
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where the Fm
n is the normalized coefficient, and Equation (4) can be simplified, when y = yj





√
εr,j f i

m,j(y, y′) = √εr,j+1 f i
m,j+1(y, y′), f i

n,j(y, y′) = f i
n,j+1(y, y′)

1√
εr,j

d
dy f i

m,j(y, y′) = 1√
εr,j+1

d
dy f i

m,j+1(y, y′), d
dy f i

n,j(y, y′) = d
dy f i

n,j+1(y, y′)
(8)

According to the operator theories, the electromagnetic field can be analyzed in
the Hilbert space, and the function space consisting of orthonormal basis functions,{

sin(ky) cos(ky)
}

, is complete [18].
Assuming that the f i

m
n ,j(y, y′) can be written as:





f i
m
n ,k(y, y′) = Cm

n

[
S+

y,k(y)
][

am
n ,k bm

n ,k
]T , yk−1 ≤ y ≤ yk, y ≤ y′

f i
m
n ,l(y, y′) = Cm

n

[
S−y,l(y)

][
cm

n ,l dm
n ,l
]T

, yl−1 ≤ y ≤ yl , y′ ≤ y
(9)

where, the Cm
n is the weight factor, 1 ≤ k ≤ i ≤ l ≤ N,

Cm
n = Fm

n g∗m
n

(
x′, z′

)
(10)

ky,i =
(

εr,ik2
0 − k2

c

)
(11)





[
S+

y,j(y)
]
=
[

sin
(
ky,j
(
y− yj−1

))
cos
(
ky,j
(
y− yj−1

)) ]

[
S−y,j(y)

]
=
[

sin
(
ky,j
(
yj − y

))
cos
(
ky,j
(
yj − y

)) ] (12)

Putting Equations (9)–(12) into Equation (8), one can get:
[

am
n ,k+1

bm
n ,k+1

]
=
[
Tm

n ,k
][ am

n ,k
bm

n ,k

]
,
[

cm
n ,l

dm
n ,l

]
=
[
Rm

n ,l
][ cm

n ,l+1
dm

n ,l+1

]
(13)

where matrixes [Tm,k], [Tn,k], [Rm,l ] and [Rn,l ] are provided in Appendix A.
For brief expression, matrixes

[
Am

n ,i
]

and
[
Bm

n ,i
]

can be defined:

[
Am

n ,i
]
= Tm

n ,i−1Tm
n ,i−2 · · · Tm

n ,1Tm
n ,0 =

[
Am

n ,i1 Am
n ,i2

Am
n ,i3 Am

n ,i4

]
,
[
Bm

n ,i
]
= Rm

n ,iRm
n ,i+1 · · · Rm

n ,N−1Rm
n ,N =

[
Bm

n ,i1 Bm
n ,i2

Bm
n ,i3 Bm

n ,i4

]
(14)

Therefore, Equation (9) can be rewritten as

f i
m
n ,j
(
y, y′

)
= Cm

n





[
S+

y,j(y)
][

Am
n ,j

][
am

n ,1 bm
n ,1

]T , yj−1 ≤ y ≤ yj, y ≤ y′

[
S−y,j(y)

][
Bm

n ,j

][
cm

n ,N dm
n ,N

]T , yj−1 ≤ y ≤ yj, y′ ≤ y
(15)

Here, the f i
m
n ,j(y, y′) can be represented as:

f i
m,j
(
y, y′

)
= Cm Mj(y)

(
U∗i
(
y′
))T , f i

n,j
(
y, y′

)
= CnNj(y)

(
V∗i
(
y′
))T (16)
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where, 



Mj(y) =





[
S+

y,j(y)
][

Am,j
]
, y ≤ y′

[
S−y,j(y)

][
Bm,j

]
, y ≥ y′

,yj−1 ≤ y ≤ yj

U∗i (y
′) =





[
am,1 bm,1

]
, y ≤ y′

[
cm,N dm,N

]
, y ≥ y′

, yi−1 ≤ y′ ≤ yi

Nj(y) =





[
S+

y,j(y)
][

An,j
]
, y ≤ y′

[
S−y,j(y)

][
Bn,j
]
, y ≥ y′

,yj−1 ≤ y ≤ yj

V∗i (y
′) =





[
an,1 bn,1

]
, y ≤ y′

[
cn,N dn,N

]
, y ≥ y′

, yi−1 ≤ y′ ≤ yi

(17)

As a result, SGF Gj
(→

R,
→
R
′)

can be represented as

Gj
(→

R,
→
R′
)
= ∑

kc

(
gm(x, z)·

(
Cm Mj(y)

(
U∗i
(
y′
))T
)
+ gn(x, z)·

(
CnNj(y)

(
V∗i
(
y′
))T
))

(18)

Furthermore, consider the Equation (10) and define the generating functions as:




ϕm

(→
R
)
= gm(x, z)Mj(y), φ∗m

(→
R′
)
= g∗m(x′, z′)U∗i (y

′)

ϕn

(→
R
)
= gn(x, z)Nj(y), φ∗n

(→
R′
)
= g∗n(x′, z′)V∗i (y

′)
(19)

where g∗m(x, z) and g∗n(x, z) are the conjugate functions of gm(x, z) and gn(x, z), respectively.
Note that the concrete mathematical form of gm

n (x, z) depends on coordinate systems and
boundary conditions in the x-z plane. In a Cartesian coordinate system, gm

n (x, z) can be

expressed by basic functions systems
{

sin(kx) cos(kx)
}

or
{

eikx
}

. Then, the SGF

Gj
(→

R,
→
R
′)

can be written in a usual expression:

Gj
(→

R,
→
R′
)
= ∑

kc

(
Fm ϕm

(→
R
)(

φ∗m

(→
R′
))T

+ Fn ϕn

(→
R
)(

φ∗n

(→
R′
))T

)
(20)

In addition, the DGF

→→
Gj
(→

R,
→
R
′)

can be expressed in the same form as that in [9]:
→→
Gj
(→

R,
→
R′
)
= − ŷŷ

εr,ik2
0
δ

(→
R −

→
R′
)
+ ∑

kc

(
Fn
k2

c

((
∇×

(
ϕn

(→
R
)

ŷ
))(

∇′ ×
((

φ∗n

(→
R′
))T

ŷ

))))

+∑
kc

(
Fm

k2
c k2

0
√

εr,j
√

εr,j

(
∇×∇×

(
ϕm

(→
R
)

ŷ
))(

∇′ ×∇′ ×
((

φ∗m

(→
R′
))T

ŷ

))) (21)

Considering normalized conditions, the point source equations could be written as
below: 




f i
m
n ,k(y, y′)− f i

m
n ,l(y, y′) = 0

d
dy f i

m
n ,k(y, y′)− d

dy f i
m
n ,l(y, y′) = 1

, y = y′, k = l = i (22)
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then

[
S+

y,i
(
y′
)]T[

Am
n ,i
][ am

n ,1
bm

n ,1

]
=
[
S−y,i
(
y′
)]T[

Bm
n ,i
][ cm

n ,N
dm

n ,N

]
= ky,i

[
cm

n ,N dm
n ,N

][
Bm

n ,i
]T
[Di]

[
Am

n ,i
][

am
n ,1 bm

n ,1
]T (23)

where [Di] is given in Appendix A.
Assume that variables bm,1, dm,N , an,1, and cn,N are not zero, and they can be presented

easily in matrix form:



bm,1 =
[
S−y,i(y

′)
]
[Bm,i]

[ cm,N
dm,N

1
]T

/
(
ky,i Im,i

)
, dm,N =

[
S+

y,i(y
′)
]
[Am,i]

[ am,1
bm,1

1
]T

/
(
ky,i Imy,i

)

an,1 =
[
S−y,i(y

′)
]
[Bn,i]

[
1 dn,N

cn,N

]T
/
(
ky,i In,i

)
, cn,N =

[
S+

y,i(y
′)
]
[An,i]

[
1 an,1

bn,1

]T
/
(
ky,i Iny,i

)
(24)

Imy,i =
[ cm,N

dm,N
1
]
[Bm,i]

T [Di][Am,i]
[ am,1

bm,1
1
]T

, Iny,i =
[

1 dn,N
cn,N

]
[Bn,i]

T [Di][An,i]
[

1 bn,1
an,1

]T
(25)

It is worth noting that variables am,1, bm,1, cm,N , dm,N , an,1, bn,1, cn,N and dn,N can be
exactly deduced by the source conditions Equation (23) and conditions of boundary 1
and 2.

3. Typical Boundary Conditions and Examples
3.1. Metal Boundary Conditions

The typical boundaries are metal conditions. If boundary 1 and 2 are regarded as the
metal conditions, the boundary equations can be derived as

d
dy

f i
m,j
(
y, y′

)
= 0, and f i

n,j
(
y, y′

)
= 0, j = 1, y = y0 or j = N, y = yN (26)

As a consequence,
am,1 = cm,N = bn,1 = dn,N = 0 (27)

Bringing Equation (27) into source Equations (24) and (25), the rest of variables can be
confirmed:




bm,1 =
[
S−y,i(y

′)
]
[Bm,i]

[
0 1

]T/
(
ky,i Im,i

)
, dm,N =

[
S+

y,i(y
′)
]
[Am,i]

[
0 1

]T/
(
ky,i Im,i

)

an,1 =
[
S−y,i(y

′)
]
[Bn,i]

[
1 0

]T/
(
ky,i In,i

)
, cn,N =

[
S+

y,i(y
′)
]
[An,i]

[
1 0

]T/
(
ky,i In,i

) (28)

where

Im,i =
[

0 1
]
[Bm,i]

T [Di][Am,i]
[

0 1
]T , In,i =

[
1 0

]
[Bn,i]

T [Di][An,i]
[

1 0
]T (29)

Then the SGF and the DGF can be written easily, according to Equations (20) and (21).

Example: A Rectangular Waveguide Laterally Filled with Multi-Layered Media

In Figure 2, the rectangular waveguide is laterally filled with multi-layered plane
media along the y-axis. The guided wave is along the z-axis. As a result,

gm(x, z) = sin(kxx)eihz, gn(x, z)= cos(kxx)eihz, Fm = 2/(πb), Fn = 2(2− δkc ,0)/(πb), kx = pπ/b (30)

where b is the height of the rectangular waveguide at x-axis.
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Figure 2. Geometry of the rectangular waveguide laterally filled with multi-layered media:(a) front view; (b) side view; (c)
3D model view.

As mentioned above, the DGF and GF can be exactly given by Equations (20) and (21).
Moreover, one can define N = 2, ky,1 = β2, y0 = 0, y1 = d, y2 = a, εr,2k2

0 = k2
1,

εr,1k2
0 = k2

2, k2
c = k2

x + h2, F = 1/(2πb), and the excitation source in the second layer (i = 2).
The DGF in the first layer can be written as:

→→
G1
(→

R,
→
R′
)
= ∑

P

∫




(∇×(sin(ky,1(y−y0))gn(x,z)ŷ))(∇′×(sin(ky,2(y2−y′))g∗n(x′ ,z′)ŷ))
(ky,2 sin(ky,1(y1−y0)) cos(ky,2(y2−y1))+ky,1 cos(ky,1(y1−y0)) sin(ky,2(y2−y1)))

+
(∇×∇×(cos(ky,1(y−y0))gm(x,z)ŷ))(∇′×∇′×(cos(ky,2(y2−y′))g∗m(x′ ,z′)ŷ))

(εr,2ky,1 sin(ky,1(y1−y0)) cos(ky,2(y2−y1))+εr,1ky,2 cos(ky,1(y1−y0)) sin(ky,2(y2−y1)))




πbk2
0((pπ/b)2 + h2)(1 + δ0)

dh (31)

which is consistent with the results in [7].
As for the rectangular cavity filled with multi-layered plane media, Equation (30) is

supposed to be replaced as follows, respectively:

gm(x, z) = sin(kxx) sin(hz), gn(x, z) = cos(kxx) cos(hz), Fm = 4/(ab),Fn = 4
(
2− δkc ,0

)
/(ab), kx = pπ/b, h = qπ/a (32)

where a is the width of the rectangular cavity at z-axis.

3.2. Infinite Radiation Boundary Conditions

While both boundaries 1 and 2 in Figure 1 are infinite radiation boundaries, the
boundary equations are

lim
y0→−∞

(
y

s−1
2

(
d

dy
f i

m
n ,1
(
y, y′

)
+ iky,1 f i

m
n ,1
(
y, y′

)))∣∣∣∣
y=y0

= 0, lim
yN→∞

(
y

s−1
2

(
d

dy
f i

m
n ,N
(
y, y′

)
− iky,N f i

m
n ,N
(
y, y′

)))∣∣∣∣
y=yN

= 0 (33)

Therefore, variables of the BC at two ends can be obtained:




am
n ,1 =

[
S−y,i(y

′)
][

Bm
n ,i
][

1 −i
]T/

(
ky,i Im

n ,i
)
, bm

n ,1 =
[
S−y,i(y

′)
][

Bm
n ,i
][
−i 1

]T/
(
ky,i Im

n ,i
)

cm
n ,N =

[
S+

y,i(y
′)
][

Am
n ,i
][

1 −i
]T/

(
ky,i Im

n ,i
)
, dm

n ,N =
[
S+

y,i(y
′)
][

Am
n ,i
][
−i 1

]T/
(
ky,i Im

n ,i
) (34)

where
Im

n ,i =
[
− i 1

][
Bm

n ,i
]T
[Di]

[
Am

n ,i
][
−i 1

]T (35)

Hence, the SGF and the DGF can also be written, according to Equations (20) and (21).

Example: A Rectangular Waveguide Longitudinally Filled with Multi-Layered Media

The rectangular waveguide longitudinally filled with multi-layered media is exhibited
in Figure 3, which is stratified along the y-axis. Therefore,

gm(x, z) = sin(kxx) sin(hz), gn(x, z)= cos(kxx) cos(hz), Fm = 4/(ab),Fn = 4(2− δkc ,0)/(ab), kx = pπ/b, h = qπ/a (36)
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where b is the height of the rectangular waveguide at x-axis, and a is the width of the
rectangular waveguide at z-axis.
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Figure 3. Geometry of the rectangular waveguide longitudinally filled with multi-layered media. (a) front view; (b) side
view; (c) 3D view.

3.3. Metal and Infinite Radiation Boundary Conditions

Assuming that boundary 1 is metal and boundary 2 satisfies the infinite radiation
condition in Figure 1, then

d
dy

f i
m,1(y, y′)

∣∣∣
y=y0

= 0, f i
n,1
(
y, y′

)∣∣∣
y=y0

= 0, lim
yN→∞

(
y

s−1
2

(
d

dy
f i

m
n ,N
(
y, y′

)
− iky,N f i

m
n ,N
(
y, y′

)))∣∣∣∣
y=yN

= 0 (37)

Therefore,

am,1 = 0, cm,N = −idm,N , bn,1 = 0, dn,N = icn,N (38)

Equations (24) and (25) can be derived as:




bm,1 =
[
S−y,i(y

′)
]
[Bm,i]

[
−i 1

]T/
(
ky,i Im,i

)
, dm,N =

[
S+

y,i(y
′)
]
[Am,i]

[
0 1

]T/
(
ky,i Im,i

)

an,1 =
[
S−y,i(y

′)
]
[Bn,i]

[
1 i

]T
/
(
ky,i In,i

)
, cn,N =

[
S+

y,i(y
′)
]
[An,i]

[
1 0

]T/
(
ky,i In,i

) (39)

where

Im,i =
[
− i 1

]
[Bm,i]

T [Di][Am,i]
[

0 1
]T , In,i =

[
1 i

]
[Bn,i]

T [Di][An,i]
[

1 0
]T (40)

The undetermined variables have been derived, and the corresponding SGF and DGF
can be written, according to Equations (20) and (21).

4. Application on the Dispersion Analysis for a Meander Line Slow-Wave Structure

As shown in Figure 4, the meander line slow-wave structure (ML-SWS) is composed
of a meander line and a dielectric loaded waveguide. Here, the meander line is clamped
with dielectrics, whose relative permittivity is εr. For easy calculation, the thickness of the
meander line is regarded as zero here. The parameters of the ML-SWS are given in Table 1.

Electronics 2021, 10, x FOR PEER REVIEW 8 of 12 
 

 

                 ,0, =sin sin , , =cos cos , 4 , 4 2 , ,
cm x n x m n k xg x z k x hz g x z k x hz F ab F ab k p b h q a        (36)

where b is the height of the rectangular waveguide at x-axis, and a is the width of the 
rectangular waveguide at z-axis. 

3.3. Metal and Infinite Radiation Boundary Conditions 
Assuming that boundary 1 is metal and boundary 2 satisfies the infinite radiation 

condition in Figure 1, then 

       
0 0

1
2

,1 ,1 ,, ,
, ' 0, , ' 0,   lim , ' , ' 0m m

n nN

N

s
i i i i
m n y NN Ny y y y y

y y

d df y y f y y y f y y ik f y y
dy dy



  


  
     

  
 (37)

Therefore, 

,1 , , ,1 , ,0, , 0,m m N m N n n N n Na c id b d ic      (38)

Equations (24) and (25) can be derived as: 

           
           

,1 , , , , , , , , ,

,1 , , , , , , , , ,

' 1 ,   ' 0 1

' 1 , ' 1 0   

T T
m y i m i y i m i m N y i m i y i m i

T T
n y i n i y i n i n N y i n i y i n i

b S y B i k I d S y A k I

a S y B i k I c S y A k I

 

 

                


              
 (39)

where 

           , , , , , ,1 0 1 , 1 1 0
T TT T

m i m i i m i n i n i i n iI i B D A I i B D A                  (40)

The undetermined variables have been derived, and the corresponding SGF and 
DGF can be written, according to Equations (20) and (21). 

4. Application on the Dispersion Analysis for a Meander Line Slow-Wave Structure 
As shown in Figure 4, the meander line slow-wave structure (ML-SWS) is composed 

of a meander line and a dielectric loaded waveguide. Here, the meander line is clamped 
with dielectrics, whose relative permittivity is rε . For easy calculation, the thickness of 
the meander line is regarded as zero here. The parameters of the ML-SWS are given in 
Table 1. 

 
  

(a) (b) (c) 

Figure 4. The photograph of a meander line slow-wave structure: (a) 3D model view; (b) front view; (c) top view. 

Table 1. Parameters of ML-SWS (size dimensions in millimeters). 

b b0 A a0 a1 z0 z1 z2 zT εr 
1 0.5 0.7 0.45 0.5 0.2 0.25 0.45 0.5 2 

According to the metal boundary condition, the tangential electric field E


 on the 
surface of the meander line should be zero. 

  0,   Meander LineE R R 
  

 (41)

Figure 4. The photograph of a meander line slow-wave structure: (a) 3D model view; (b) front view; (c) top view.

106



Electronics 2021, 10, 2716

Table 1. Parameters of ML-SWS (size dimensions in millimeters).

b b0 A a0 a1 z0 z1 z2 zT εr

1 0.5 0.7 0.45 0.5 0.2 0.25 0.45 0.5 2

According to the metal boundary condition, the tangential electric field
→
E‖ on the

surface of the meander line should be zero.

→
E‖

(→
R
)
= 0,

→
R ∈ Meander Line (41)

According to [9], the electric field
→
E
(→

R
)

can be written as:

→
E
(→

R
)
= iωµ

∫

V′

→→
G
(→

R,
→
R′
)
·
→
J
(→

R′
)

dV′ (42)

where
→→
G is the DGF of multi-layered plane media, which can be obtained as mentioned

before.
→
J is a current source along the meander line. Here, the current source can be

expanded with sets of Ritz basic functions ϕD,s such as the electric fields [27]:

JD =
∞

∑
s=0

AD,s ϕD,s (43)

where subscript “D” represents the direction of the current J and AD,s is a coefficient.
Bringing Equations (42) and (43) into Equation (41), the electromagnetic field expres-

sions can be obtained. The expressions includes three sets of {AD,s}, position vector
→
R and

{ω, θ}, where ω is wave frequency and θ is the phase shift in a period.
Moreover, the cross product of Equation (41) with Ritz basic functions can be expressed

in matrix form [28]:
[Y][A] = 0 (44)

As a result, the dispersion function of the ML-SWS can be obtained as:

|Y| = 0 (45)

The dispersion characteristic of the ML-SWS can be obtained by Equation (45), where
the upper range of both parameters s and t are 0 to 2. This calculation procedure can be
performed in 2.4 min, which is only one-quarter of the time cost by HFSS code.

Based on the derived DGF of multi-layered plane media, the dispersion characteristics
of the ML-SWS can be obtained, as shown in Figure 5. The obtained theoretical results are
also compared with the simulated results from HFSS code. Furthermore, the relative error
between them is under 3%, which is marked with a dashed line.

107



Electronics 2021, 10, 2716

Electronics 2021, 10, x FOR PEER REVIEW 9 of 12 
 

 

According to [9], the electric field  E R
 

 can be written as: 

     
'

, ' ' '
V

E R i G R R J R dV 
      

 (42)

where G


 is the DGF of multi-layered plane media, which can be obtained as mentioned 
before. J


 is a current source along the meander line. Here, the current source can be 

expanded with sets of Ritz basic functions D ,s  such as the electric fields [27]: 

D D,s D,s
s=0

J A 


  (43)

where subscript “D” represents the direction of the current J and D,sA  is a coefficient. 
Bringing Equations (42) and (43) into Equation (41), the electromagnetic field ex-

pressions can be obtained. The expressions includes three sets of  D,sA , position vector 

R


 and  ,  , where   is wave frequency and   is the phase shift in a period. 
Moreover, the cross product of Equation (41) with Ritz basic functions can be ex-

pressed in matrix form [28]: 

   0Y A   (44)

As a result, the dispersion function of the ML-SWS can be obtained as: 

Y 0  (45)

The dispersion characteristic of the ML-SWS can be obtained by Equation (45), 
where the upper range of both parameters s and t are 0 to 2. This calculation procedure 
can be performed in 2.4 min, which is only one-quarter of the time cost by HFSS code. 

Based on the derived DGF of multi-layered plane media, the dispersion characteris-
tics of the ML-SWS can be obtained, as shown in Figure 5. The obtained theoretical results 
are also compared with the simulated results from HFSS code. Furthermore, the relative 
error between them is under 3%, which is marked with a dashed line. 

 
Figure 5. Dispersion characteristics and comparison of the ML-SWS. 

Moreover, the effect from the relative permittivity ( r ) of the dielectric is also stud-
ied, as shown in Figure 6. The upper cut-off frequency of the mode with the larger rela-
tive permittivity is smaller than that with the lower one. With the relative permittivity 
increasing, phase velocity decreases accordingly. The relative error between the theoret-
ical results and simulated results from HFSS code are also within 3%, which indicates the 
theoretical results and simulated results with different relative permittivity are in good 
agreement. 
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Moreover, the effect from the relative permittivity (εr) of the dielectric is also studied,
as shown in Figure 6. The upper cut-off frequency of the mode with the larger relative
permittivity is smaller than that with the lower one. With the relative permittivity increas-
ing, phase velocity decreases accordingly. The relative error between the theoretical results
and simulated results from HFSS code are also within 3%, which indicates the theoretical
results and simulated results with different relative permittivity are in good agreement.
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Figure 6. Dispersion of a ML-SWS with different relative permittivity εr of two dielectrics.

5. Conclusions

A method for obtaining the Green’s functions of multi-layered plane media has been
proposed in this paper. In this method, the Green’s functions consist of the generation
functions. In the process of deducing the generation functions, the boundary conditions
between the adjacent layers and at two ends have been considered, which are represented
by a series of separable variables. Because these variables are separated in matrix form,
the corresponding boundary equations can be independent. Consequently, the form of
the generation functions and the obtained Green’s functions can be explicit and can be in
consistence of different boundary conditions, and the corresponding expression can be
expressed with the more friendly computer code.

Moreover, both the dyadic Green’s functions (DGF) and scalar Green’s functions (SGF)
have been obtained. The obtained results are in good agreement with the predecessors’
works.

Furthermore, as the application, a ML-SWS with different relative permittivity has
been analyzed. The calculation procedure can be performed in 2.4 min, which is only one-
quarter of the time cost by HFSS code. The relative error between the theoretical results and
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the simulated ones with different relative permittivity is under 3%, which demonstrates that
the proposed DGF can be suitable for electromagnetic analysis of complicated structures,
including the ML-SWS.
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Abstract: We present a new machine learning (ML) deep learning (DL) synthesis algorithm for the
design of a microstrip meander line (MML) slow wave structure (SWS). Exact numerical simulation
data are used in the training of our network as a form of supervised learning. The learning results
show that the training mean squared error is as low as 5.23× 10−2 when using 900 sets of data. When
the desired performance is reached, workable geometry parameters can be obtained by this algorithm.
A D-band MML SWS with 20 GHz bandwidth at 160 GHz center frequency is then designed using
the auto-design neural network (ADNN). A cold test shows that its phase velocity varies by 0.005 c,
and the transmission rate of a 50-period SWS is greater than−5 dB with the reflectivity below−15 dB
when the frequency is from 150 to 170 GHz. Particle-in-cell (PIC) simulation also illustrates that a
maximum power of 3.2 W is reached at 160 GHz with 34.66 dB gain and output power greater than
1 W from 152 to 168 GHz.

Keywords: deep learning (DL); machine learning (ML); microstrip meander line slow wave structure
(MML-SWS); D-band

1. Introduction

High-frequency millimeter-wave communication is receiving increasing attention
due to the development of 6G and next-generation communication networks [1]. It is
difficult to realize high-power millimeter-wave sources over the W-band because of the
power limitation of solid-state devices [2]. As a core component of high-power microwave
devices, the traveling wave tube (TWT) has a wide range of applications in millimeter-wave
fields, and has been applied in terahertz wave transmission systems [3]. Compared with
solid-state devices, TWTs have obvious advantages at high frequencies [4]. Therefore,
it is necessary to carry out research on high-frequency TWT technology to promote the
development of high-frequency millimeter-wave technology [5]. Among various types
of TWTs, spiral and folded waveguides are the most common slow wave structure (SWS)
in the microwave and millimeter-wave bands [6]. In [7], a double corrugated waveguide
(DCW) SWS was designed to support a beam voltage of 13 kV with a wide bandwidth of
about 20 GHz, obtaining an interaction impedance of approximately 1.5 Ω at D band. An
SWS for a W-band folded-waveguide TWT with an operating bandwidth of around 3 GHz
was also designed, delivering an output power of 50 W at the operating voltage of 13.5 kV
and operating beam current of 80 mA. Obviously, these SWSs require high voltages to
provide a high output power, which is the obstacle preventing the application of vacuum
electronic device (VED) in modern communication systems.

Planar microstrip meander line (MML) SWSs are more conducive to microfabrication
techniques, which can offer simple construction, wide bandwidth and low operation
voltage [8]. MML SWSs have demonstrated a low voltage of 3–5 kV at V-band and W-
band [9,10]. Recently, Zhen et al. used a concentric arc MML SWS to obtain 44 W output
power with 18.6 dB gain working at 720 V [11].
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Meanwhile, deep learning (DL) [12,13], a supervised method of pattern analysis
with a multilayered structure, has been widely applied in inverse-design over the past
decade [14,15]. In current research of inverse-design based on DL, deep neural net-
works (DNN) are trained using tensors encoded with structure and spectrum charac-
teristics [16,17], demonstrating the use of DL technology as an inverse-design tool in
microwave and optical wave fields. In [18], a purpose-designed DL architecture made up
of a convolutional neural network (CNN) and a fully-connected neural network (FCNN)
was used to automatically model and optimize three-dimensional chiral metamaterials,
achieving high numerical accuracy in plasmonic meta-surfaces. The method realized the
design-on-demand function and produced suitable meta-atom geometric parameters to
fulfill the given requirements. A typical multi-layer FCNN was also successfully applied to
solve effective refractive indices of the fundamental waveguide mode in a silicon nitride
channel waveguide for both polarizations of light [19]. The DL model was only trained
with sixteen data points and could accurately predict patterns in the effective refractive
indices. Malkiel et al. introduced a DL architecture that was applied to the design and char-
acterization of metal-dielectric sub-wavelength nanoparticles. Their approach of training
a bidirectional network that goes from the optical response spectrum to the nanoparticle
geometry and back was significantly more effective than the alternative method of training
separate models for design and characterization tasks [20]. This data-driven technique has
been applied to tackle challenging problems in a wide range of fields. Applying DL to
achieve practical parameters for an SWS is a highly effective method for their design.

While these DL algorithms have very powerful learning and prediction capabilities,
their interpretability remains a significant challenge. Especially in the field of VED, where
the dimensions of device structure and spectrum are low and the data set is limited,
the algorithm could provide sufficient design guidance rather than simply be used as a
blackbox function.

This paper aims to rapidly design an MML SWS according to the target center fre-
quency and bandwidth using our proposed algorithm. An XGBoost-DNN composite
structure [21] is applied to inverse design a practical MML SWS. The optimized parameters
of an MML SWS are then obtained using supervised machine learning algorithms accord-
ing to the desired bandwidth and center frequency of the MML SWS. The mean squared
error (MSE) is reduced to 0.001 using 900 groups of data. An MML SWS is then designed
for particle-in –cell (PIC) simulations using the parameters obtained by this method, and
the results show that the obtained parameters work well for the MML SWS.

2. MML Structure and Cold Parameters

The unit structure of the proposed MML with a metal shield consists of two parts, the
dielectric substrate, and the MML, which are shown in Figure 1. The dielectric substrate
material is silicon dioxide (SiO2), the thickness of the dielectric substrate is set as h, the
relative dielectric constant ε is 3.75, and the tangent loss, tanδ, is 0.0004. The MML is
pure copper, with electrical conductivity at 2e7 S/m. Its thickness is t = 0.01 mm, with a
line width of w, a distance between two adjacent transverse microstrip lines of s, and a
transverse length of l. H is the height between the MML and metal shield and is fixed at
0.75 mm; L is the transverse width of the metal shield, where L = 2 * ls + l and ls is fixed at
0.2 mm.

The main characterizations of the MML are phase velocity and transmission, which
determine the performance of an MML SWS. Therefore, the phase velocity and transmission
versus frequency are simulated using CST studio suite. In order to describe the spectrum
characteristics of the MML, the characteristic parameters v, d, Smin and Smax from the
spectrum shown in Figure 2a,b are defined, where v is normalized phase velocity at the
central frequency, d is the difference between the phase velocity at the lower bandwidth
and that at the upper bandwidth, which represents the flatness of phase velocity within
the required bandwidth.
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Figure 1. (a) Front view; and (b) top view of the MML unit structure.

Figure 2. Cold-test characteristic of the MML structure: (a) Dispersion characteristic; (b) Transmission
(S21) and reflection (S11).

Figure 2b shows the transmission characteristics of the MML, where the minimum
transmission (Smin) and the maximum reflection (Smax) in the bandwidth are defined.
These two parameters represent the transmission performance of the MML structure.

3. Method

XGBoost is trained to learn the characteristic of MML and inverse design the parame-
ters using the four characteristic parameters v, d, Smin and Smax. The software builds a
one-way mapping between the structural and spectral parameters. XGBoost provides simi-
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lar functionality to that of CST, but has a much faster calculation speed after training with
a dataset simulated by CST. It also provides the importance index of structural parameters
to the optimization of different spectrum parameters. DNN plays the exact opposite role to
XGBoost, offering different structural parameters to the pre-trained XGBoost, which then
predicts the spectral parameters of the structural parameters according to the previously
established one-way mapping relationship. This process is called inverse design.

XGBoost uses the greedy algorithm to traverse all possible values of the four parame-
ters (s, l, w, h) of the MML structure and calculate the importance index. It then continuously
splits the data set according to the importance index to construct a decision tree.

As an integration model of decision trees, the output of XGBoost is the weighted
sum of the outputs of the k decision trees. The best split in each tree learning must be
determined. In order to do so, a split finding algorithm considers all possible splits on
all four structural features, which is called the exact greedy algorithm [21]. The objective
function at step t of XGBoost is:

L(t) =
n

∑
i=1

[
gi ft(xi) +

1
2

hi f 2
t (xi)

]
+ Ω( ft)

where gi and hi are the first and second-order gradient statistics on the loss function (MSE),
and Ω( ft) = γT is the regularization parameter used to solve the problem of over-fitting
by limiting the size of each decision tree output value.

The proposed microstrip meander line predict model (MMLPM) is schematically
depicted in Figure 3a. In the learning process of XGBoost, the importance index for
all features is calculated according to the formula of the corresponding optimal value

wj = −
∑i∈Ij

gi

∑i∈Ij
hi+λ [21], where λ is an artificially defined hyperparameter used to control the

weight of the regularization parameters, and subscript i represents the set, the data are
present according to the split point. Moreover, these indicators will provide a meaningful
reference for designers to configure the MML. As shown in Figure 3b, the influence of the
metal folding line length on the phase velocity v and transmission Smin is greater than
other structural parameters. In the same way, adjusting the value pairs of s is more helpful
to improve the performance of d and Smin.

In this paper, 900 samples were simulated by CST to train and validate XGBoost.
Based on the results of several previous simulations, s was set to be in the range from 0.01
to 0.03 mm, l was set to be in the range from 0.1 to 0.3 mm, h was set to be in the range
from 0.015 to 0.04 mm, w was set to be in the range from 0.015 to 0.04 mm. The entire data
set had a total of 900 data points for network learning and verification at ratios of 0.7 and
0.3, respectively.

We use XGBoost to establish the forward mapping relationship between the structural
and spectral parameters, which is more interpretable than neural networks. However,
our goal is to use deep learning and machine learning to reverse design SWS rather than
simply predict the spectrum. Therefore, we also train a fully connected forward neural
network (FNN) whose input is a set of spectral parameters and output is a set of structural
parameters. Adam optimization algorithm is used [22], which can automatically adapt to
adjust the learning rate. As shown in Figure 4a, the basic structure of a DNN consists of
three components: An input layer, a hidden layer, and an output layer. These layers are
an FCNN, meaning every neuron in one layer is connected to all neurons in the previous
layer. Therefore, the output of neurons in the previous layer is the input of neurons in the
next layer, and each connection has a weighted value w. In the equations in Figure 4b, σ is
the activation function. The goal of each iteration is to update these weights so that the
prediction results are increasingly similar to the simulation data. There is no connection
between neurons within the same layer. In the learning process of a neural network, losses
in learning are propagated backward, and can be measured by the MSE or linear errors.
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Figure 3. (a) MMLPM basic structure; (b) the corresponding optimal value with phase velocity; (c) the corresponding
optimal value with phase velocity flatness; (d) the corresponding optimal value with Smax; (e) the corresponding optimal
value with Smin.
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Figure 4. (a) XGBoost-DNN composite structure; (b) basic structure of a fully connected deep neural network; (c) three
different active functions; (d) training loss with different active functions.
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For a node in a hidden layer of a neural network, the calculation of its activation value
is divided into two steps: (1) The values of the nodes x1 and x2 are given when entering
the hidden node to achieve a linear transformation, and the value of Z[1] = w1x1 + w2x2 +
b[1] = w[1]x + b[1] is calculated, where superscript 1 designates the first hidden layer. (2) For
a nonlinear transformation; that is, a nonlinear activation function, the output of the node
a(1) = g(z(1)) is caculated, where g(z) is a nonlinear function. Graphs of three of the most
commonly used active functions are provided in Figure 4b. All three active functions in our
method are tested, and the training loss is shown in Figure 4c. The backpropagation loss of
the FNN is calculated from the mean square error function for the output of XGBoost and
the input of the FNN [23], which means the FNN is trained to offer XGBoost a suitable set
of structural parameters. Once the training is done, the corresponding structure parameters
can be obtained by inputting the target spectral parameters to the FNN. Obviously, the
results of Tanh and ReLu have larger gradients than that of sigmoid near the center value,
leading to faster weight update speed of multi-layer neural network. Although the training
error of tanh activation function is minimized, the training losses of ReLu and tanh are
very close to each other. Moreover, ReLu can effectively avoid the problem of gradient
disappearance in DNN [23]. Therefore, ReLu function is chosen as the active function in
our method.

4. Results and Discussion

To validate the XGBoost-DNN, a range of initialization spectral properties were offered
to the model, where v was less than 0.15c, d was less than 0.005, Smax was less than −5 dB,
Smin was higher than−5 dB. For an SWS with the desired center frequency of 160 GHz and
bandwidth of 20 GHz, a set of the specific structural parameters designed by XGBoost-DNN
were given as: s = 0.012 mm, l = 0.2 mm, h = 0.02 mm, w = 0.016 mm.

The cold-test and transmission characteristics are shown in Figure 5a,b. As shown
in the figure, the maximum reflection of our optimized structure remains below −15 dB
from 150 to170 GHz, the phase velocity is 0.134c at the central frequency, and the on-axis
coupled pierce impedance at 0.03 mm above the metal MML is 14.3 Ω, which means the
optimized structure performs as expected.

Figure 5. (a) Transmission characteristics from 150 to 170 GHz of the designed MML-SWS; (b) dispersion characteristic and
coupled impedance of the structure.

PIC simulation was performed to validate the designed MML-SWS. A 4.59-kV operat-
ing voltage and a 0.232 mm × 0.02 mm sheet beam with 50 mA current were applied with
a 0.6 T longitudinal magnetic field in the PIC simulation. The schematic model in CST is
shown in Figure 6a. In addition, according to the guidance of previous literature [24], three
section attenuators with a maximum tangent loss of 0.24 were used, and each attenuator
had a length of 15 periods, located at periods 25, 65 and 105, respectively. As shown in
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Figure 6b, when the input signal power is 1 mW, the stable output power with 180 periods
reaches 3 W with 36.66 dB gain at 160 GHz. Meanwhile, the power gain is above 30 dB
over a 20 GHz bandwidth range from 150 to 170 GHz with input power at 1 mW, as shown
in Figure 6c, which validates that the design geometry meets our requirements.

Figure 6. (a)Schematic model for PIC simulation; (b) output power and gain versus input signal power; (c) output power
and gain versus frequency.

5. Conclusions

We successfully utilized XGBoost and DNN technology to design an MML-SWS
for the optimization of a cold-test and transmission characteristics in this work. The
raw data collection was based on the simulation results obtained from CST with four
observed parameters of phase velocity at the center frequency, dispersion flatness, minimal
transitivity, and maximal reflectivity between the bandwidth. The XGBoost-DNN could
learn these relations from the raw data to determine the optimal parameters. Once the
center frequency and bandwidth were given, the appropriate SWS could be designed
automatically.

In this paper, only D-band parameters were learned by our algorithm. In future work,
the learning database will extend the frequency range from the Ka-band to the G-band.
Meanwhile, other types of SWSs also could use this methodology to provide a fast and
creative technique to research vacuum electronic devices.
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Abstract: An attenuator supporting meander-line (ASML) slow wave structure (SWS) is proposed
for a Ka-band traveling wave tube (TWT) and studied by simulations and experiments. The ASML
SWS simplifies the fabrication and assembly process of traditional planar metal meander-lines (MLs)
structures, by employing an attenuator to support the ML on the bottom of the enclosure rather than
welding them together on the sides. To reduce the surface roughness of the molybdenum ML caused
by laser cutting, the ML is coated by a thin copper film by magnetron sputtering. The measured S11 of
the ML is below −20 dB and S21 varies around −8 dB to −12 dB without the attenuator, while below
−40 dB with the attenuator. Particle-in-cell (PIC) simulation results show that with a 4.4-kV, 200-mA
sheet electron beam, a maximum output power of 126 W is obtained at 38 GHz, corresponding to a
gain of 24.1 dB and an electronic efficiency of 14.3%, respectively.

Keywords: meander-line; surface roughness; S-parameters; slow wave structure; traveling wave tube

1. Introduction

With the large-scale application of 5G communication networks and the rapid devel-
opment of 6G, the demands for high-power, high-efficiency millimeter wave sources are
increasing rapidly [1–5] in recent years. Compared with the widely used solid-state power
amplifiers (SSPAs), the traveling wave tube has inherent advantages at a millimeter wave
frequency, such as generating high-power electromagnetic waves easily and with high
efficiency and an excellent heat dissipation ability [6–9].

However, the traditional TWT usually has disadvantages, such as large size and
weight, high operation voltage and so on, which make it difficult to meet the require-
ments of the communication industry for miniaturization and mass production. As a
result, the planar slow wave structure (SWS) has attracted wide attention over the last
decade. One kind of self-winding helix quasi-planar SWS is explored and fabricated by
using MEMS technology for potential mass production [10]. The planar SWS features as
almost two-dimensional rather than three-dimensional. The typical planar SWS, formed by
periodically bending a thin metal line on the dielectric substrate, is a kind of microstrip
meander line. This process can be seen as flattening the traditional helix SWS into a
flat structure. In the category of planar SWSs, many different bending forms, such as
V-shaped [11], U-shaped [12], angular log-periodic [13], coplanar [14], etc., have been
proposed successively.

The microstrip SWSs have the advantages of a low operation voltage and easy fabrica-
tion by using semiconductor technology for mass production, yet there are some problems
needing to be solved before applying them in practice to TWTs. For example, the metal

121



Electronics 2021, 10, 2372

layer is usually too thin (less than 10 µm) to withstand the heat generated by high energy
electrons bombardments [15], and the accumulating charges on the dielectric substrate
tend to damage the SWSs [16].

Therefore, a meander-line (ML) SWS supported by side dielectric rods instead of
a bottom substrate slab was proposed [17] and furtherly developed with different pat-
terns [18,19]. The ML which was cut off from a metal sheet by laser is much thicker
(~200 µm) than those fabricated by magnetron sputtering. As a result, it not only inherits
the advantages of the low voltage and small size of the microstrip type SWSs, but also
solves the problems mentioned above. Based on this, the staggered dual ML SWS sup-
ported by side dielectric rods is proposed in [20], in which the simulation results show it
can generate 283 W at 75 GHz. In addition, the diamond bottom supported ML SWSs are
also studied and fabricated in the Ka-band [21] and X-band [22], in which the measurement
of transmission characteristics shows a comparable agreement with the simulations. In [23],
a new fabrication method to make the side dielectric rods supporting the ML SWS, is
explored by using mechanical roll bending of the copper strip. However, there was a
problem found on the ML SWS, that the feasibility was difficult to guarantee when welding
the metal meander line and dielectric rods. The assembly process is still complex.

Therefore, in order to simplify the assembly process, a novel attenuator supporting
meander-line (ASML) SWS is presented in this paper. Its main feature is using the dielectric
attenuator block to support the ML at the bottom, instead of welding them together on
the side, which makes the connection between the ML and dielectric rods much easier.
Instead of using traditional helix rods with an attenuator, the dielectric attenuator block
simplifies the assembly process and retains the function to absorb the backward oscillation
at the same time. In addition, by reducing the distance between the bottom metal shield
and the ML, the operation voltage is further reduced. According to the simulation results,
with the electron beam voltage of 4.4 kV, an output power of 126 W can be obtained
from the ASML SWS TWT, with a maximum gain and electronic efficiency of 24.1 dB and
14.3%, respectively.

In addition, the fabrication processing and the measurement of the surface roughness
and reflection-transmission characteristics of this structure are discussed. By using a laser
confocal microscope to measure the surface roughness, it is verified that the surface rough-
ness has been improved after copper coating on the ML’s original material of molybdenum
(Mo). The measured S-parameters characteristics of the SWS shows during the designed
band of 36–39 GHz, the S11 is below −20 dB and the S21 of the ML varies around −8 to
−12 dB and the S21 of the attenuator is below −40 dB. This new structure inherits the
characteristics of the ML, such as high output power, planarization and low working
voltage, further reducing the difficulty of processing and assembly which makes it easier
to manufacture and mass produce.

The rest of the paper is organized as follows: in Section 2, the structure model and
parameters are presented, as well as the high frequency characteristics of the ASML SWS. In
Section 3, the input and output structures are designed and fabrication issues are discussed.
In addition, the surface roughness and S-parameters measurement results are presented
and analyzed. In Section 4, the results of beam-wave interaction obtained from particle-in-
cell (PIC) simulation are shown to predict the potential performance of a TWT based on
the ASML SWS. At the end, Section 5 gives the conclusion of the article.

2. Structure Model and High Frequency Characteristics of the ASML SWS

In order to study the dispersion characteristics of the ASML, a single period model is
established. Figure 1 shows the perspective view of the one-period structure with labelled
dimensional parameters and the cross-sectional view showing the relative positions of the
meander-line, electron beam and metal shield, respectively. The metal meander-line is in a
U shape with right angle corners. The thickness of the meander-lines is t, the width is a,
and the length of the long arms is d. The distance between the adjacent straight lines is j, so
the length of a single period in z direction is p = 2 × (a + j).
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The height of the metal shield is ay, the distance from the bottom metal shield is dy.
When dy is small, it can be regarded as loading the ridge on the bottom layer, which reduces
the working voltage.
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Figure 1. The different view of one period of the ASML SWS in the (a) 3-D, (b) xz plane and
(c) xy plane.

Different from the PDU-MML SWS [12], this kind of SWS is supported from the
bottom by the attenuator located around the middle of the SWS instead of welding the line
and dielectric rods, as shown in Figure 2. Similar to the fabrication of the conventional helix
TWTs, the attenuator can be obtained by evaporating a carbon film on the boron nitride
(BN) block easily. The dimensional parameters’ values after optimization are provided in
Table 1.

Table 1. The critical dimensional parameters of the ASML SWS.

Parameters Value (mm) Parameters Value (mm)

d 1.6 ay 0.756

a 0.07 dy 0.1

j 0.07 d1 0.7

p 0.28 d2 0.2

t 0.2 d3 0.4

The dispersion curves of the ASML SWS are calculated by using the eigenmode solver
of the commercial simulation software CST STUDIO SUITE. For the dimension values in
Table 1, the effects of dy on the dispersion curves are investigated and plotted in Figure 3a.
It can be seen that the curves become flat when dy reduces, which means the phase velocity
of the electromagnetic wave is becoming smaller. Finally, the dy = 0.1 mm is used in the
later TWT design. The Figure 3b indicates the interaction impedance is above 40 Ohms
from 10–40 GHz.
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3. Fabrication and Measurement Issues
3.1. Fabrication and Assembly

Figure 4a gives the assembly sketch of the ASML SWS, and as can be seen, the metal
enclosures (pink parts) with transition stepped ridge waveguides and flanges are fabricated
together with the same processing in order to reduce the assembly error as much as possible.
The upper and lower metal enclosures will be fixed by the clamps (blue parts). As for the
metal meander-line, the fabrication process contains two steps. The first step is through the
picosecond laser cutting molybdenum sheet to fabricate the required pattern of the ML.
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The second step is covering the whole ML with a thin copper film (~3 µm) by magnetron
sputtering, which can improve the surface roughness and the conductivity of the ML.
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Figure 4. (a) The assembly sketch of ASML SWS with clamp, (b) the input-output couplers of the
stepped ridge waveguide transition.

In order to connect the ASML SWS to a standard WR-28 rectangular waveguide
(3.556 mm × 7.112 mm), the stepped ridge waveguide to strip line transition that could
gradually transform the TE10 waveguide mode to quasi-TEM mode has been proposed as
input-output couplers for beam-wave interaction. Figure 4b shows the half part of the SWS
and the detailed transition structure with main dimensional parameters for designing the
suitable mode converter. The values of the transition structure are listed in Table 2.

Table 2. The main dimensions of the staggered stepped ridge waveguide transition.

Parameters Values (mm) Parameters Values (mm)

dr1 6 hr1 2.3

dr2 2.55 hr2 1.5

dr3 3.5 hr3 0.8

dr4 2 hr4 0.2

wr 1.1 - -

Figure 5 shows the fabricated SWS, in which the ML has already connected with the
ridge of the input-output couplers by using spot welding. There are two sets of SWSs
fabricated for measuring the main transmission loss of the ML with and without the
attenuator, respectively. One is the ML with normal BN block (white block in Figure 5a).
The other is the ML with the attenuator block that is fabricated by evaporating carbon on a
BN block, which is shown in Figure 5b.
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3.2. The Surface Roughness Measurement

To demonstrate the improvement on the surface roughness after magnetron sputtering
of the copper film on the Mo meander-line, the values of roughness are measured by using
a laser confocal microscope (Olympus LEXT 5000). Because the ML is cut by the laser from
the top, the side surfaces are much rougher than the top surface. Figure 6a shows the side
surface of the Mo ML, in which the laser cutting strip marks are obvious. The surface
roughness of three random sample points varies from 410 to 670 nm. Figure 6b shows the
side surface of the Mo ML after the copper film sputtering. It can be seen that the laser
cutting marks are not obvious, and the values vary from 220 to 360 nm. As for the top
surface of the ML, the surface roughness of the Mo ML varies from 90 to 170 nm, and the
Mo ML with copper film varies from 70 to 120 nm.
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According to the calculation equation of effective conductivity (σef), Equation (1) [24],

σe f =
σ

(1 +
2
π

arctan(1.4 × (
RS
δ
)

2
))

2 (1)

It can be seen that the effective conductivity can be improved by two aspects. One is
increasing the material conductivity, as the conductivity of copper (5.8 × 107 S/m) is much
better than that of Mo (2 × 107 S/m); the other one is to reduce the surface roughness (RS)
that is improved by coating copper as demonstrated above. The δ is skin depth, which is
339 nm at 38 GHz. According to the measured surface roughness, the effective conductivity
of the ML with copper film is calculated to be around 3 × 107 S/m.

3.3. S-Parameters Measurements

To study the reflection-transmission characteristics of the 54-period ML with BN block
and attenuator block supporting, respectively, two sets of SWSs are fabricated (Figure 5)
and measured (Figure 7). For comparison, the simulations are also conducted by using
CST STUDIO SUITE, in which the conductivity of the ML varies from 2 × 107 S/m to
5 × 107 S/m. The relative permittivity and loss tangent of the BN material are set as εr = 4
and tanδ = 0.0005, respectively.
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The comparisons of the measured and simulated S11 and S21 results are shown in
Figure 8a. The S11 results show a good agreement between the measured and simulated
results, which is below −20 dB from the designed frequency band of 36 GHz to 40 GHz.
As for the S21, the measured result varies around −8 dB to −12 dB from 36 GHz to 39 GHz,
which shows a good agreement with the simulation of conductivity of 3 × 107 S/m. In
addition, this result also approximately meets the result calculated by using the surface
roughness measurement results.
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As for the ML with attenuator support, the relative permittivity of the attenuator
is set to εr = 4 and the loss tangent is set to tanδ = 0.5 in the simulation. According to
Figure 8b, it can be seen that the S11 stays approximately the same between the measured
and the simulated results, with or without the attenuator. With regard to the S21, during
the 35–39 GHz, the measured and the simulated results are both below −40 dB, which
means that the attenuator absorbs the majority of the wave energy and works well.

4. “Hot” Performance of the ASML TWT

To fully study the beam-wave interaction characteristics of the ASML TWT, 3-D
particle-in-cell (PIC) simulations are carried out by CST PARTICLE STUDIO. A sheet
electron beam with an operation voltage and current of 4.4 kV and 200 mA is used in the
simulation. The cross-sectional dimensions of the sheet-beam are 960 µm × 100 µm with
a current density of 208 A/cm2. A solenoid magnetic field of 0.4 T is used to maintain
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the transmission of the sheet electron beam. The conductivity of the metal line is set to
σ = 3 × 107 S/m for eventual ohmic losses due to surface roughness.

Figure 9 shows the time and frequency domain information of the output signal at
38 GHz, in which an input signal with an average power of 0.5 W is used. After 2 ns the
output signal becomes stable with a power of 126 W, corresponding to a maximum gain
of 24.1 dB and an electronic efficiency of 14.3%. In the 20 ns simulation time, as shown in
Figure 9a, the output signal also stays stable, showing that no oscillation occurred.

The output spectrum in Figure 9b shows the fundamental is 60 dB higher than the sec-
ond harmonic. The beam trajectories and phase-space diagram of the strongly modulated
electron beam are shown in Figure 10. It indicates a strong beam-wave interaction, and the
wave gets plenty of energy from the electron beam.
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Figure 11a shows the output power at 38 GHz as a function of input power with
different values of beam current. When the current is 200 A, the output power increased
from 5 W to 126 W, as the input power increased from 0.01 W to 0.5 W. However, in the case
of the current of 0.1 A, no saturation is observed. In order to study this phenomenon, the
further simulation is conducted and the results are shown in Figure 11b, which indicates
that the output power at 38 GHz increased from 5 W to 185 W, as the current increased
from 0.05 A to 0.25 A, when the input power is 0.5 W. Considering the beam focusing
issues, a 0.2 A beam current is used for further study.
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Figure 12 shows the variation of the output power with frequency for different beam
voltages. The 3-dB hot-bandwidth for 4.4 kV is ~2.5 GHz. Moreover, thanks to the relatively
wide cold bandwidth of the ASML, the center frequency can shift from 35 GHz to 40 GHz
by changing the beam voltage.
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5. Conclusions

The ASML SWS for Ka-band planar TWTs has been proposed and investigated. The
structure model and high frequency characteristics of the ASML SWS have been presented.
The stepped ridge waveguide to strip-line couplers, which has been designed for connecting
the standard Ka-band waveguide, is described. The fabrication of the ML and assembly of
the ASML SWS are discussed. To improve the surface roughness of the ML, a thin copper
film is coated on the original material Mo by using magnetron sputtering. The surface
roughness measurement also verifies this improvement quantitatively. The S-parameters
characteristics of the ASML SWS are also studied experimentally. The measured results
show that during the designed band of 36–39 GHz, the S11 is below −20 dB and the S21
of the ML varies around −8 dB to −12 dB and the S21 of the SWS with the attenuator is
below −40 dB. Furthermore, the “hot” characteristics of the ASML SWS TWT are studied
by simulation. The PIC simulation results show the maximum output power of 126 W at
38 GHz is obtained with using a 4.4 kV and 0.2A beam. The maximum gain and electronic
efficiency are 24.1 dB and 14.3%, respectively.
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Abstract: In this paper, a novel method, named PM-E, to focus the sheet electron beam (SEB) is
proposed. This new method consists of a periodic magnetic field and an electrostatic field, which
are used to control the thickness and width of the SEB, respectively. The PM-E system utilizes this
electrostatic field to replace the unreliable By,o f f , which is a tiny transverse magnetic field in the PCM
that confines the SEB’s width. Moreover, the horizontal focusing force of the PM-E system is more
uniform than that of the conventional PCM, and the transition distance of the former is shorter than
that of the latter. In addition, the simulation results demonstrate the ability of the PM-E system to
resist the influence of the assembly error. Furthermore, in the PM-E system, the electric field can be
conveniently changed to correct the deflection of the SEB’s trajectory and to improve the quality of
the SEB.

Keywords: SEB; focusing system; electron optical system

1. Introduction

Recently, considerable attention has been focused on vacuum electronic devices (VEDs)
as a breakthrough in powerful coherent radiation source development in the terahertz
wave regime of 0.1 to 1 THz [1,2], because of their high-energy conversion efficiency and
large thermal power capacity. In particular, SEB has many advantages for high power
vacuum electron devices, such as increasing the input DC power and reducing the beam
current density proportional to the beam width [3–6]. Previous work has indicated that
devices driven by SEBs could output more power. So, in many high-power millimeters
wave or terahertz wave vacuum electron devices, there is a growing trend to incorporate
sheet beam designs instead of solid cylindrical beams.

However, the stability of SEB transport has been recognized as one of the key technolo-
gies required for VEDs employing SEBs, resulting from the non-axisymmetric space-charge
distribution shown in Figure 1. The simplest method to confine SEBs into a narrow inter-
action region is the uniform magnetic field. Unfortunately, the uniform magnetic field is

an unstable configuration for SEBs, due to the
→
E ×

→
B drift velocity shear arising from the

uniform magnetic field and the transverse space-charge field. The common instabilities
stemming from the drift velocity shear are deformation and diocotron instabilities. Both
experiments and theories have illustrated that these instabilities may be suppressed by
increasing the strength of the uniform magnetic field. However, the strength needed to
achieve this stability may be too high to implement [7–11].
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Figure 1. Cross-sectional view of SEB transportation in a tunnel.

An alternative method for focusing the SEB is the periodically cusped magnet
(PCM) [12,13], which consists of periodic pole pieces and magnetic blocks. The PCM
system is more suitable for focusing the SEB than the uniform magnetic system, because of
its miniaturization and modest magnetic flux density. The Los Alamos National Laboratory
developed a traveling wave tube (TWT) employing a 120-kV SEB focused by PCM [14]. A
Ka-band TWT employing an SEB and a PCM reached a 93% transmission rate, which was
designed by UESTC [15]. A Q-band SEB TWT was investigated in [16], which used a PCM
system to achieve 92% beam transmission under a 30-kV beam voltage and 100-A/cm2

current density.
Nevertheless, the sensitivity of PCM is a non-negotiable factor in experiments, re-

sulting from a tiny transverse magnetic field. Because of the non-uniform distribution of
remanence in the permanent magnetic material, it is hard to ensure that this transverse
field meets the design well. Moreover, a tiny transverse magnetic field is generated by the
staggered pole pieces, causing a limitation to the longitudinal magnetic field’s strength.

To avoid these problems arising from the tiny transverse magnetic field, a new method,
which consists of a periodic magnetic field and an electrostatic field, is presented in this
paper. The electrostatic field is used to replace the tiny transverse magnetic field. For
convenience, the new method is named PM-E. In addition, the PM-E system has the ability
to resist assembly errors. The analysis and simulation results are presented in the following.

2. The Analysis of the PCM

The conventional PCM field with off-set pole pieces is expressed in the following
form [12]:

Bz = B0 cosh(2πy/p) cos(2π/p)

By,o f f =
Bs
π [arctan(

ωs
2 +x∣∣∣y− bm

2

∣∣∣
)− arctan(

ωs
2 −x∣∣∣y− bm

2

∣∣∣
)]

By,pcm = −B0sinh(2πy/p) sin(2πz/p)





(1)

where By,pcm and Bz are the transverse and longitudinal components of PCM fields, re-
spectively. They are used to focus the SEB in the Y-direction. The By,o f f represents the y
component stemming from the staggered pole pieces, which is used to control the SEB in
the X-direction. In fact, the distribution of By,o f f is periodic in the Z-direction, owing to
the periodicity of the pole pieces. An accurate description of the By,o f f is shown in the
following:

By,o f f = (ka cos(4πz/p) + ka)x (2)

where ka denotes the coefficient of variation of By,o f f along the Z-direction. kb is the
coefficient of variation of By,o f f along the X-direction. Usually, because ka is smaller than
kb, kb plays a major role in controlling the width of the SEB. In the vicinity of the SEB, the
By,o f f can be simplified as

By,o f f = kbx (3)
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When an electron with a longitudinal velocity vz enters the PCM field, the interaction
between the longitudinal velocity vz and By,o f f produces an inward force. The force can be
used to balance the space-charge force, described as follows:

vzBy,o f f = Ex (4)

Because of the ultra-high velocities of the electrons in the VEDs (the kinetic energies
of the electrons are usually higher than 10 keV), By,o f f is generally very small, only a
dozen Gauss. For example, for a W-band SEB with a 0.2-A current, 19-kV voltage, and
cross section of 0.2 mm × 0.8 mm, the electric field Ex arising from the space charges is
105,000 V/m at the left end of the SEB. The corresponding By,o f f is only 13 Gs, which
is much smaller than Bz (usually several thousand Gs). Considering the non-uniform
distribution of remanence in the permanent magnetic material, the tiny By,o f f tends to
deviate from the ideal value, causing experimental failure. Therefore, By,o f f is the main
factor for the sensitivity of PCM.

3. PM-E

To avoid these problems stemming from By,o f f , the new method, named PM-E, which
uses the electrostatic field to replace the unreliable By,o f f , is proposed. The electrostatic
field is produced by the potential difference between the electron tunnel and two charged
wires placed into the tunnel. The model of the PM-E system is shown in Figure 2.

Figure 2. (a) The sketch of the PM-E system. (b,c) The model of the electron tunnel with two charged
wires.

To resist the space-charge force in the X-direction, the potential of these two wires was
slightly lower than that of the electron tunnel, as shown in Figure 3. Ordinarily, the potential
difference between the charged wires and the electron tunnel would be less than 100 V.
This potential difference produces an electric field opposite to the space-charge field in the
X-direction, contributing to preventing the defocusing of the SEB in the X-direction.

Because By,o f f is replaced by the electric field, the sensitivity stemming from By,o f f is
eliminated. Moreover, the staggering of the pole pieces of the periodic magnetic system
is canceled. This means that the limitation of the periodic magnetic system’s width is
removed, which assists in increasing the peak value of the periodic magnetic field.
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Figure 3. (a) The potential distribution of the electron tunnel on the X-Y plane. (b) The electric field
distribution of the electron tunnel on the X-Y plane. (c) The distribution of Ex near the SEB.

According to Equation (2), By,o f f is variable in the z-direction, while the transverse
electric field provided by the PM-E system is uniform in the z-direction. In addition, the
magnetic system is far from the electron channel, so the transition distance of By,o f f is long.
In contrast, the transition distance of the horizontal electrostatic focusing field is very short,
due to the close distance between the two wires. The normalized horizontal focusing force
of the two systems at the (−0.4 mm, 0 mm) coordinate is displayed in Figure 4. This figure
indicates that the normalized horizontal focusing force of the PM-E system is more uniform
and changes rapidly, assisting in providing a high-quality focusing effect.

Figure 4. The normalized horizontal focusing forces of PCM and PM-E at the (−0.4 mm, 0 mm)
co-ordinate.

4. Simulation

To verify the focusing effect of the PM-E system, a W-band SEB with a 0.2-A current
and a 19-kV voltage was selected. The emission surface of the SEB was a 0.8 mm × 0.2
mm ellipse. The length of the tunnel was 50 mm. The dimension of the tunnel’s cross
section was 2 mm × 0.4 mm. The distance between the two wires with a 0.1-mm radius
was 1.5 mm. The voltages of the tunnel and wires were 0 V and −60 V, respectively. The
period of the magnetic system was 6 mm, and the peak value of the magnetic field was
0.15 Tesla.

The CST particle tracking solver [17] analyzed the design of the PM-E system. Figure 5
depicts the trajectory of the SEB under the influence of the field created by the PM-E
system. The simulation results show that SEB could be stably transported in the PM-E field.
Moreover, PM-E achieved focusing SEB in the X-direction, without By,o f f .

In addition, the PM-E system could eliminate the influence caused by assembly error,
by adjusting the voltage of the wires. For example, in the above electron optical system, the
left wire shifted to the right by 0.24 mm (30% of the SEB’s width), as shown in Figure 6a.
According to Figure 6b, under the influence of the assembly error, the trajectory of the SEB
blended to the right, and the some electrons collided with the right wire.
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Figure 5. (a) 3D trajectory of the SEB analyzed by CST. (b) The beam trajectory on the Y−Z plane
and the X−Z plane.

Figure 6. (a) The model with the assembly error. (b) The beam trajectory without voltage correction.
(c) The beam trajectory with voltage correction.

In order to avoid collisions, the voltages of the two wires were set to −35 V and −50
V, respectively. As shown in Figure 6c, the direction of SEB motion was gradually corrected
under the influence of the modified electric field.

Additionally, the closer the electrons were to the wire, the greater the horizontal
focusing force on the electrons. Therefore, the PM-E system had a certain self-adaptive
capability. In particular, when the initial position of the SEB shifted in the X-direction,
the trajectory of the SEB was still confined between the two wires. For instance, Figure
7 displays that the emission surface of the SEB shifted left by 0.2 mm (25% of the width
of the SEB). As can be seen in Figure 6b, the trajectory of the SEB returned to the center
of the tunnel under the influence of the electrostatic field. Of course, in order to keep the
SEB away from the boundary of the tunnel, the voltages of the two wires were changed
slightly, and the simulation result is shown in Figure 7c. Comparing Figure 7b,c, it can
be found that the quality of the SEB can be improved effectively by modifying the wire
voltage when the initial position of the SEB is moved horizontally.
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Figure 7. (a) A model of the emission surface moving 0.2 mm to the left. (b) The simulation result
without changing the wire voltage. (c) The simulation result with changing wire voltage.

5. The Electron Optical System with the Electron Gun and PM-E System

To further verify the performance of the PM-E system, a complete electron optical
system with an electron gun was designed and analyzed. The model is shown in Figure 8.

Figure 8. The model of the electron optical system with a PM-E system and electron gun.

The electron gun generated an SEB with a 19-kV voltage and 0.2-A beam current. The
beam waist of the SEB was 0.2 mm × 0.8 mm with a current density of 160 A/cm2. The
emission surface of the cathode was a 1.34 mm × 1.92 mm ellipse with 9.8 A/cm2 cathode
current density. The period of the magnetic field was 8.3 mm. As shown in Figure 9,
the peak value of the magnetic field was 0.22 Tesla at the axis.

Figure 9. Distributions of the longitudinal magnetic field Bz.

The distance between the two charged wires was 1.5 mm. The voltages of the two
wires with a radius of 0.1 mm were set to −60 V. The simulation result can be identified
from Figure 10. And the detailed parameters used in the CST Particle Studio are listed in
Table 1.
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Figure 10. The simulation results of the electron optical system.

Table 1. The parameters used in CST Particle Studio.

Parameters Values

Accuracy of the tracking solver −50 dB
Maximum time steps 100,000

Minimum pushes per cell 5
Time step dynamic 1.2

Number of the mesh cells 13,000,000
Number of macroparticles 11,294

As can be seen in Figure 11, the cross-sectional views of SEB show that the PM-E
system can maintain the laminar during transport, and the PM-E system achieves stable
and efficient transport of SEB.

Figure 11. The cross-sectional views of the SEB in different locations.

6. Conclusions

In this paper, a novel focusing method, named PM-E, based on the electrostatic field
and the periodic magnetic field, is proposed. The electric field and magnetic field control the
width and thickness of SEB, respectively. The electrostatic field is produced by the potential
difference between the electron tunnel and two charged wires placed into the tunnel.
The periodic magnetic field is generated using a non-staggered period magnetic system.
Compared with the conventional PCM system, the PM-E system utilizes an electric field
instead of the unreliable By,o f f to focus the SEB in the X-direction. The non-staggered pole
pieces remove the limitation of the periodic magnetic system’s width, assisting in increasing
the peak value of the periodic magnetic field. Furthermore, the horizontal focusing force
of the PM-E system has a uniform distribution and short transition distance. The system
has a certain adaptive capacity to resist the influence of assembly errors. Furthermore,
the electric field can be easily changed to correct the deflection of the trajectory and to
improve the quality of the SEB. Finally, to further verify the performance of the PM-E
system, a complete electron optical system with an electron gun is designed and analyzed.
The simulation results demonstrate that the transmission efficiency reaches 100% under
the PM-E system. As a focusing system, PM-E may have potential applications, such as
traveling wave tubes and EIKs, as well as for use in other devices employing SEBs, in the
future.
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Abstract: In this paper, we propose a high-order mode sheet beam extended interaction klystron
(EIK) operating at G-band. Through the study of electric field distribution, we choose TM31 2π mode
as the operating mode. The eigenmode simulation shows that the resonant frequency of the modes
adjacent to the operating mode is far away from the central frequency, so there is almost no mode
competition in our high mode EIK. In addition, by studying the sensitivity of the related geometry
parameters, we conclude that the height of the coupling cavity has a great influence on the effective
characteristic impedance, and the width of the gap mainly affects the working frequency. Therefore,
it is necessary to strictly control the fabrication tolerance within 2 µm. Finally, the RF circuit using six
barbell multi-gap cavities is determined, with five gaps for the input cavity and idler cavities and
seven gaps for the output cavity. To expand the bandwidth, the stagger tuning method is adopted.
Under the conditions of a voltage of 16.5 kV, current of 0.5 A and input power of 0.2 W, the peak
output power of 650 W and a 3-dB bandwidth of 700 MHz are achieved without any self-oscillation.

Keywords: extended interaction klystron (EIK); high-order mode; sheet beam; multiple gap cavity;
G-band; high output power

1. Introduction

Terahertz technology has become one of the most popular technologies, and it has
important applications in high-resolution imaging, medical detection, channel communica-
tion, material structure analysis and so on [1]. However, this research and development
has been restricted by terahertz radiation sources, which can produce high power, high
bandwidth and high efficiency and are easy to use. Therefore, the research of terahertz
sources is urgent. An extended interaction klystron (EIK) is a potential terahertz source
which was proposed by Chodorow and Wessel-Berg in the 1960s [2,3]. It combines the
high gain of klystron with the broad bandwidth TWT, which shortens the length of the
circuit [4]. Moreover, the EIK adopts a multi-gap resonator which improves the character-
istic impedance and the gain bandwidth [5]. However, due to the limitation of the high
frequency and precision structures, the development of EIKs is still very slow. Nowa-
days, with the development of science and the research of terahertz technology, EIKs are
undoubtedly put forward in the direction of high power, a high frequency and a wide
bandwidth with the urgent demand [6].

Many institutions in China and abroad have conducted in-depth research on EIKs.
CPI (Communications & Power Industries, Canada) has been studying EIKs for many
years, which in the millimeter wave band have been very mature, with their products
being developed for various equipment [7,8]. In recent years, their research on EIKs in
the terahertz band has also made great progress. CPI has developed EIKs with a peak
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output power of 52 W and operating frequency of 220 GHz [9]. In addition, the NRL (Naval
Research Lab, Washington, DC, USA) first reported on the sheet beam EIK in 2007 [10]. The
G-band sheet beam EIK designed by NRL has 453 W of output power under the conditions
of a voltage of 16.5 kV and a current of 0.52 A [11]. The research of EIKs in China started
late, and now it is mainly focused on the W-band and G-band [12,13]. The Ka-band EIK has
been developed by the Institute of Electronics at the Chinese Academy of Sciences, with
an average output power of 355 W and 3-dB bandwidth of 410 MHz under an operating
voltage of 9 kV and current of 0.15 A [14]. Recently, they developed a W-band EIK with a
maximum output power of 1.5–3 kW. Xi’an Jiaotong University designed an EIK operating
in TM31 mode that works in the G-band with an output power of 60 W and instantaneous
bandwidth of 300 MHz [15]. In short, the research of terahertz EIKs in China needs to be
further improved.

In this paper, we aim to design a high-order mode structure with an output power
of 500 W and 3-dB bandwidth of 600 MHz with the sheet beam EIK operating in TM31
mode. Compared with the traditional EIK using the fundamental mode, the high-order
mode can increase the size of the structure, thus reducing the difficulty of processing and
enhancing the power density. Aside from that, the current density is also reduced, so the
space charge effect can be reduced and the breakdown does not occur easily. Compared
with the structure in [15], our structure uses a sheet beam instead of a circular electron
beam to reduce the current density and the difficulty of processing, and the simulation
results show that the output power and bandwidth of our EIK are much higher. Through
design, analysis and optimization, we obtain an input/output cavity and an idler cavity
with a resonance frequency of about 220 GHz, uniform electric field distribution and high
characteristic impedance. Considering the machining error, we study the multi-gap cavity
and get the allowable range for error. In this paper, the designed sheet beam EIK consists
of six multi-gap cavities of the barbell type. In addition, to expand the bandwidth, we
use stagger tuning technology. To get a better output characteristic, we have conducted
detailed analysis on the input power, voltage and current as well as our magnetic field.
Finally, under the condition of an input power of 0.2 W, voltage of 16.5 kV, current of 0.5 A
and magnetic field of 0.5 T, 650 W of output power and 700 MHz at a 3-dB bandwidth are
obtained, which are the milestones for the generation of high-output power in the G-band.

2. Consideration of High-Order Mode Structure

In this paper, a high-order mode coupled cavity with periodic arrangement gaps is
designed. The 3D model of the idler cavity and output cavity are shown in Figure 1a using
the scheme of a sheet beam (aspect ratio is 10). Figure 1b shows the cross-sections in the xy
plane, where the period between the gaps is p, the length of the gap in x direction is d in
the z-axis, the width and height of the gap are wl and h, respectively, the width and height
of the beam tunnel are v and u, respectively, and the width and height of the coupling
cavities are wq and hu, respectively.

We chose TM31 mode as the operating mode, which can be compared with the tradi-
tional scheme of the fundamental mode TM11 in Figure 2. On the one hand, the electric field
of TM11 mode is stronger near the upper and lower coupling cavity, and the electric field at
the center gap is a little weaker, as shown in Figure 2a, which was not suitable for the sheet
beam we used. In addition, with the same dimension of the TM31 mode cavity working at
220 GHz, the resonance frequency of the TM11 mode is about one third, which is far away
from the G-band. However, the electric field of the TM31 mode is mainly distributed in the
middle, and the electric field is stronger, as shown in Figure 2b. Therefore, the TM31 mode
is more beneficial for sheet beam interaction. On the other hand, the dimensions of the
structure designed using TM31 mode are larger, which makes it less difficult to fabricate
later.
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Figure 1. Schematic of the multiple gap cavity for the EIK. (a) A 3D model of the idler cavity and
output cavity. (b) A cross-section in the xy plane.

Figure 2. Electric field distribution of (a) fundamental TM11 mode and (b) high-order TM31 mode.

3. Cavity Design and Eigenmode Simulation

The distance between two adjacent gaps is p, as shown in Figure 1a, and it can be
figured out from Equations (1) and (2) [16]. U0 and f0 are the operating voltage in kV and
frequency in Hz, respectively, c is the speed of light and ve and vp are the electron velocity
and phase velocity, respectively. Using these formulas, we can roughly calculate the initial
parameters we need, and then the structure is further optimized by three-dimensional CST
software [17]:

ve = c

√
1− 1

(1 + U0/511)2 (1)

p = ve/f0 (2)

As a figure of merit, the effective characteristic impedance (R/Q)·M2 is chosen to
evaluate the beam–wave interaction ability of the EIK [18]. In the expression of (R/Q)·M2,
R/Q and M are the characteristic impedance and coupling coefficient, respectively [19]:

R
Q

=

(∫ ∞
−∞ |Ez|dz

)2

2ωWs
(3)

M =

∫ ∞
−∞ Ezejβezdz∫ ∞
−∞ |Ez|dz

(4)

where Ez, Ws, ω, and βe are the axial electric field, total stored energy, angular frequency
and electronic wave number, respectively.

Through a large amount of simulation, the optimized geometry parameters of the
idler cavity with five gaps are given in Table 1, which corresponds with Figure 1. Then, the
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electric field distribution of the five-gap idler cavity is shown in Figure 3. As can be seen
from the Figure 3a, the phase difference between the adjacent gaps is 2π, and the electric
field distribution accords with the TM31 mode. Additionally, the electric field distribution
is mainly concentrated in the upper and lower coupling cavities and the middle of the gap.
The electron channel is located in the region of a strong electric field in the middle of the
gap, which enhances the beam–wave interaction.

Table 1. Optimized parameters of idler cavity.

Parameter Value (µm) Parameter Value (µm)

d 160 wl 760

p 340 wq 1100

u 140 h 2500

v 1400 hu 760

Figure 3. Electric field distribution for the 5-gap idler cavity and 7-gap output cavity. (a) Electric field distribution and
mode pattern for 5-gap idler cavity. (b) Axial electric field distribution for idler and output cavities.

For the seven-gap output cavity, the dimensions and location of the coupling hole
are important factors, affecting the electric field distribution and performance, especially
Qe, as shown in Figure 1a. Different widths of the coupling hole and different positions
of the coupling hole were studied and, it was found that when the width was 0.2 mm
and the coupling hole was located in the middle of the upper surface of the coupling
cavity, the electric field distribution of the output cavity was strong and uniform, and the
Qe value was the most appropriate for the EIK. Figure 3b shows the axial electric field
distribution. Whether in the idler cavity or the output cavity, the electric field should be
evenly distributed. Aside from that, the electric field in the gap is stronger, while between
the adjacent gaps it is weak, which provides the possibility of getting good output results.
Table 2 gives the performance values of the operating mode and its adjacent modes. From
the table, we can see that only (R/Q)·M2 of the operating mode near 220 GHz is high
enough and reasonable for beam–wave interaction. Moreover, the frequency interval
between the operating mode and the adjacent modes is very large, so there is almost no
possibility for mode competition in the EIK.
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Table 2. The performance of the operating mode and its adjacent modes.

Cavity f (GHz) R/Q (Ω) M (R/Q)·M2 (Ω)

5-gap idler cavity
216.76 84 0.02 0.22

219.70 124 0.30 10.60

223.68 97 0.07 0.48

7-gap output cavity
217.21 166 0.014 0.03

219.30 151 0.29 10.67

223.65 133 0.02 0.023

4. Sensitivity Analysis for the Cavity

In the mm wave and THz frequency band, devices are compact and miniaturized.
Thus, small changes in dimensions may have a great impact on device performance.
However, errors are inevitable in manufacturing, so an acceptable fabrication tolerance
should be considered thoroughly. Figure 4 shows the influence of manufacturing error on
the frequency and R/Q of an EIK with several typical geometry dimensions, (e.g., wl, wq
and hu). It can be seen from Figure 4a that the change of wl has the greatest influence on
the frequency. The 2-µm changes in wl will cause a frequency variation of about 300 MHz.
The width and height of the coupling cavity (wq and hu) have little effect on the frequency,
especially wq. Therefore, wl can be used to adjust the frequency in a large range, and
hu can be used to adjust the frequency in a small range. From Figure 4b, it can be seen
that the change of wl and wq has little effect on the characteristic impedance, while hu
has a little greater effect on the characteristic impedance. Therefore, in the structural
design, wl can be adjusted to obtain the desired resonance frequency, and it can also be
appropriately increased to improve the characteristic impedance. If high characteristic
impedance is required, the hu should be adjusted. To sum up, if the fabrication tolerance is
controlled within 2 µm, the output characteristics of the EIK will be less affected with good
performance. At present, the advanced micro machining technology can provide very
high machining accuracy within 2 µm, such as DIRE, UV-LIGA, WEDM and Nano-CNC.
In addition, the key technique of the dynamic tuning structure must be used for each
multi-gap cavity of the EIK [20], which can definitely adjust the cavity frequency to the
right working condition for the optimization of output properties.

Figure 4. Influence of the fabrication tolerance of ∆wq, ∆wl and ∆hu on the high frequency characteristics: (a) sensitivity of
frequency and (b) sensitivity of R/Q.
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5. Beam–Wave Interaction Simulation

Following the multi-gap cavity optimization, the beam–wave interaction system of the
EIK should be analyzed thoroughly. Figure 5 shows the complete beam–wave interaction
model of a six-cavity EIK we designed with CST three-dimensional software, the input
cavity and the idler cavity adopted five gaps, and the output cavity adopted seven gaps.
We studied the length of the drift tube between each cavity and determined the appropriate
values with more analysis. In order to extend the bandwidth for our multi-gap and multi-
cavity EIK, the traditional stagger tuning method was adopted in our simulation, which
has been widely used for the design of a multi-cavity klystron [21–23]. The high-frequency
characteristic parameters of each cavity were optimized, and they are listed in Table 3. By
adjusting the value of wq, the resonant frequency of the idler cavity could be changed a
little for the stagger tuning requirements, and then the best matching value of each cavity
could be optimized for the beam–wave interaction analysis for our EIK.

Figure 5. A 3D PIC simulation model of the complete EIK structure in CST.

Table 3. Optimized parameters of each cavity for the EIK.

N f (GHz) R/Q (Ω) M Qe Q0 (R/Q)·M2(Ω)

1 219.64 128 0.29 200 1026 10.760

2 219.70 126 0.28 ∞ 1038 9.878

3 220.10 127 0.28 ∞ 1038 9.957

4 218.90 126 0.28 ∞ 1035 9.878

5 220.10 127 0.28 ∞ 1038 9.957

6 219.30 128 0.29 364 1026 10.760

For thorough beam–wave interaction analysis of the G-band EIK, optimization of the
key parameters was performed with only one parameter change as shown in Figure 6. The
relationship between the output power and 3-dB bandwidth with the input power has
been given in Figure 6a. It was indicated that the output power increased first and then
decreased with the increase in input power, and it reached the maximum value when the
input power was 0.2 W. As the input power increased, the 3-dB bandwidth first increased
and then tended to be stable. In addition, the gain decreased with the increase in the input
power. Therefore, to obtain a high output power at a 3-dB bandwidth, the input power
should not be too large. Therefore, we used 0.2 W as the optimized input power. With the
same method, the magnitude of the magnetic field affecting the beam–wave interaction
was analyzed. Figure 6b shows the relationship between the output power and magnetic
field. When the magnetic field was small, as the magnetic field increased, the electron was
well bound in the channel, the beam–wave interaction enhanced, and the output power
would be increased. When the magnetic field was 0.5 T, the output power and bandwidth
were at their maximums of 650 W and 700 MHz, respectively. Therefore, the 0.5-T magnetic
field could be selected for our EIK.
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Figure 6. The variation of the output power and bandwidth with typical parameters. (a) The output power and 3-dB
bandwidth variation with the input power, where the current (0.5 A), voltage (16.5 kV) and magnetic field (0.5 T) remain
unchanged. (b) The output power and 3-dB bandwidth variation with the magnetic field, where the current (0.5 A), voltage
(16.5 kV) and input power (0.2 W) remain unchanged. (c) The output power variation with the current, where the voltage
(16.5 kV), magnetic field (0.5 T) and input power (0.2 W) remain unchanged. (d) The output power variation with the
voltage, where the current (0.5 A), input power (0.2 W) and magnetic field (0.5 T) remain unchanged.

Figure 6c shows the relationship between the output power and beam current. It can
be seen from the figure that as the current increased, the output power and gain increased.
However, if the current was too large, although the output power would be improved, the
beam focus could be more difficult, and it would also bring instability for the beam–wave
interaction for the EIK. Therefore, the current of the amplifier should not be too large,
and 0.5 A was selected here, with the corresponding current density being 255 A/cm2.
Figure 6d shows the relationship between the output power and voltage. With the increase
in voltage, the output power also increased. If the voltage increased further, the increase in
the output power would become smaller, but the voltage should not be too high. When
the voltage value was small, the output was small, but the output characteristics were
stable, and the time for the stable output power was short. When the voltage was too high,
although the output power increased, the beam–wave interaction synchronization would
be destroyed, and the output became unstable. There is a typical phenomenon in which
the output power increases first, then decreases, and then it tends to be stable. As such,
it will take a long time to stabilize the EIK. Thus, in this research work, the input voltage
could be optimized to 16.5 kV for good performance.

After the above optimization, the structure parameters and output characteristics
of the EIK were determined thoroughly. As for the results, Figure 7a shows the peak
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output signal at a resonant frequency of 218.9 GHz, voltage of 16.5 kV, current of 0.5 A and
magnetic field of 0.5 T. It can be seen from the figure that at the beginning, the output signal
gradually increased, and it soon reached the maximum value at 2.5 ns and then remained
stable later. Figure 7b shows the phase space portrait of the electron energy along with
the axial distance. It can be seen that in the first few cavities, due to the weak modulation
effect, the energy of the electron beam changed little and fluctuated around 16 KeV, while
with the enhancement of the modulation effect of the latter several cavities, the energy
conversion gradually increased, and when it came to the output cavity, most electrons
decelerated while a few electrons accelerated. Thus, much of the energy of the electrons
would be released effectively. Figure 7c shows the bunching of the electron beam. It can
be seen that the bunching effect of the electron beam from the input cavity to the output
cavity was gradually enhanced, reaching its maximum in the output cavity, indicating
that the electron beam had good interaction with the electromagnetic wave. Figure 7d is
the frequency spectrum of the input and output signals, which shows that the amplified
signal only had a peak value at 218.9 GHz, which was the same as the input frequency. In
addition, the peak value of the output signal was 35 dB higher than the input signal. This
shows that there was not any mode competition in the structure, and the input signal was
amplified well.

Figure 7. Output characteristics of the EIK at a frequency of 218.9 GHz: (a) Output signal versus time; (b) phase space
portrait of the particle energy distribution; (c) beam bunching sketch; and (d) frequency spectrum of the input and
output signals.

Figure 8 shows the relationship between the output power and frequency for our
designed EIK. Under the conditions of a voltage of 16.5 kV, current of 0.5 A, focus magnetic
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field of 0.5 T and input current of 0.2 W, the maximum output power could reach 650 W at
the frequency of 218.9 GHz. If the resonance frequency was increased or decreased, the
output power would decrease gradually. Thus, the 3-dB bandwidth of 700 MHz could be
achieved successfully, which was very high for a high-order mode and sheet beam EIK.
Additionally, the RF efficiency of our EIK was 7.9%, and when the input power was zero,
the output power of the EIK was very small, being almost zero, which shows that our
structures had good suppression of self-excited oscillation, which undoubtedly made our
G-band EIK have stable output performance for the beam–wave interaction and reliable
output performance.

Figure 8. Output power and gain versus frequency.

The characteristic parameters of the high-order mode and fundamental mode are
listed in Table 4. Compared with the circular beam EIK scheme, the sheet beam EIK with
high-order mode could increase the cavity size, which reduced the difficulty of processing
and also reduced the current density, so the space charge effect could be reduced. Aside
from that, it could further improve the power and expand the bandwidth. Thus, our EIK
with high-order mode is a good choice for high-power terahertz radiation sources [24].

Table 4. The characteristic parameters of the high-order mode EIK and fundamental mode EIK.

f
(GHz)

Cavity Size-XY
(mm ×mm)

Current
(A)

Current Density
(A/cm2)

Voltage
(kV)

Output
Power (W)

Bandwidth
(MHz)

Circular beam with
fundamental mode 218.9 0.79 × 0.36 0.3 955 16.5 360 500

Sheet beam with
high-order mode 219.2 2.50 × 0.76 0.5 255 16.5 650 700

6. Conclusions

We designed a sheet beam EIK structure working in the high-order mode TM31 at the
G-band. This can help to increase the operation frequency with the same size of the cavity
structure compared with the fundamental mode. Meanwhile, the overviewed scheme in
this paper may reduce the beam current density using its big beam size and obtain a high
output power and wide bandwidth. The high frequency characteristics of the multi-gap
cavity were analyzed, simulated and optimized thoroughly. By adopting the stagger tuning
method and six resonant cavities, we obtained good performance with a 650-W output
power and 700-MHz 3-dB bandwidth with good stability. Thus, the designed physical
model of our high-order mode EIK can be a good engineering choice to fabricate practical
and compact radiation sources at the terahertz band in the future.
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Abstract: Terahertz waves generated by vacuum electron devices have been successfully applied
in dynamic nuclear polarization enhanced nuclear magnetic resonance (DNP-NMR) technology to
significantly enhance the sensitivity of high-field NMR. To reduce the magnetic field interference,
the high-power terahertz wave source and the NMR spectrometer need to be separated by a few
meters apart. Corrugated horns and directional couplers are key components for shaping high
linearly polarized terahertz Gaussian beam and accurately coupling electromagnetic power in
the transmission system. In this paper, a corrugated TE11-HE11 mode converter and a three-port
directional coupler realized by its inner cylindrical wire array are proposed for a 330 GHz/500 MHz
DNP-NMR system. The output mode of the mode converter presents a characteristic of highly linear
polarization, which is 98.8% at 330 GHz for subsequent low loss transmission. The designed three-
port directional coupler can produce approximately −33 dB electromagnetic wave power on port 3 in
the frequency range between 300–360 GHz stably, which can be used to measure the electromagnetic
wave power of the transmission line in real-time. The designed mode converter and direction coupler
can be installed and replaced easily in the corrugated waveguide transmission system.

Keywords: millimeter wave and terahertz; transmission line; DNP-NMR; vacuum electronics; corru-
gated horn; directional coupler

1. Introduction

Nuclear magnetic resonance (NMR) technology is a spectrum measurement method,
which is widely used in the fields of biomedicine and materials science [1]. However,
the signal sensitivity is very low due to the small gyromagnetic ratio of nuclei such as
1H and 13C which hinders its further development and applications. Dynamic nuclear
polarization (DNP) enhancement technology provides an effective solution to improve
the sensitivity of NMR. Using DNP-NMR technology, irradiation of the THz wave on
sample, due to the magnetic moment of electron is 660 times that of the 1H nuclei, THz
wave irradiation can enhance the electron spin polarization, electronic polarization can be
easily transferred to adjacent 1H nuclei, improve NMR signal sensitivity, able to reduce
the original week’s analysis time to a few minutes [2,3]. To obtain high-resolution spectra,
modern NMR spectroscopy requires extremely high magnetic fields, thereby requiring the
further development of electromagnetic (EM) wave sources used in DNP technology are
correspondingly increased from millimeter to terahertz (THz) frequency bands. Vacuum
electron devices (VEDs) such as gyrotrons and extended interaction klystrons (EIKs) can
stably generate high-power continuous waves in the THz band [4–6]. Below 500 GHz,
gyrotrons and EIKs are excellent electromagnetic sources for DNP-NMR. In order to
eliminate the magnetic field interference between the THz wave source and the NMR
spectrometer, they should be several meters apart. Therefore, THz transmission system
proves to be a key factor for the successful application of the whole DNP-NMR system.
At present, there are two kinds of transmission systems, i.e., quasi-optical transmission
system and overmoded waveguide transmission system.
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The free space quasi-optical beaming technique utilizes a series of lenses or mirrors to
support the low loss propagation of Gaussian-like beam, but it is difficult to align stably
and safely [1]. The most convenient method is using waveguides, including dielectric
waveguides [7,8], corrugated metallic waveguides [9], metallic wires [10], and dielectric-
lined metallic waveguides [11]. The high-order mode generated by the THz wave source is
converted into the low-order circular waveguide TE11 mode through the mode converter.
However, the ohmic loss of the TE11 mode is dramatically high in the THz band, and
it is necessary to convert the basic circular waveguide TE11 mode into a low-loss mode
(TEM00 or HE11) to facilitate subsequent transmission [9,12]. A smooth profiled horn was
proposed for easily manufacturing in [13] and successfully produced a Gaussian beam.
Nonetheless, the converted electric field is slightly elliptical. Corrugated mode converter
can efficiently transform a fundamental circular waveguide mode into the hybridHE11
mode, which is prevalently utilized in plasma physics [14], radio astronomy [15] and
satellite communications [16], so a corrugated TE11-HE11 mode converter is proposed to
meet the requirement of DNP-NMR transmission.

Furthermore, monitoring the EM wave power stability and magnitude in real-time is
necessary, because the NMR spectrometer requirements on EM wave purity and stability
are strict. However, measuring the THz wave source and the EM wave power in the
transmission line directly is too difficult, thereby necessitating the extraction of a part of
the wave energy for the ease of measurement.

The directional coupler is widely used in the transmission line for power extraction.
In a low-frequency transmission system, it is accomplished by a small coupling hole.
Due to the requirements of low heat dissipation and high-power capacity in practical
applications, a linear coupling holes array was proposed for the 140 GHz transmission line
in Frascati-Tokamak [17]. However, when the transmitted mode is the HE11 hybrid mode,
the power extracted by the linear holes array will be unstable. To improve the coupling
stability, a quartz beam splitter was proposed to accomplish the coupling function in the
250 GHz transmission line [18]. Whereas the narrowband operation limits the performance
of the quartz beam splitter for signal coupling. The metal cylindrical wire array is a
potential candidate to accomplish the broadband and stability directional coupling in
THz frequency. For the HE11 mode whose polarization direction is perpendicular to the
cylindrical wire array plane, most of the waves can go across the plane and maintain
their original propagation direction. For the parallel one, most of the waves are reflected.
A three-port directional coupler is designed based on the cylindrical wire array and the
overmoded corrugated waveguide theory in this paper. The designed three-port directional
coupler can steadily extract a part of energy in a wide frequency range of 300–360 GHz.

From the DNP-NMR system shown in Figure 1, in which 500 MHz is the resonance
frequency of NMR instruments, 330 GHz is the frequency of EM waves generated from the
THz wave source (Figure 1 1©) and irradiated on the sample (Figure 1 6©). The transmission
system designed in this paper is aimed to transmit 330 GHz EM waves generated by
THz source to the NMR spectrometer which includes a TE11-HE11 converter, corrugated
waveguide, three-port directional coupler, and 90◦ miter bend. The mode converter and
three-port directional coupler can be easily combined by the well-developed corrugated
waveguide technology. The mode converter can generate pure HE11 mode, and then the
HE11 mode will be transmitted by the low loss metal circular corrugated waveguide. A 90◦

miter bend can change the direction of EM wave propagation at the corner. A direction
coupler extracts approximately −33 dB power in real-time to monitor the whole energy in
the transmission.
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Figure 1. 330 GHz transmission line layout for DNP-NMR system. 1© THz wave source, 2© TE11-
HE11 mode converter, 3© circular corrugated waveguide, 4© direction coupler, 5© 90◦ miter bend,
6© sample, 7© NMR spectrometer.

2. TE11-HE11 Corrugated Mode Converter

In our design, the input mode is TE11 mode, and the ideal output mode is HE11 mode
which consists of 85% TE11 mode and 15% TM11 mode by the power ratio. As shown in
Figure 2, the corrugated horn is carved with several equally spaced corrugated slots on the
inner surface of the horn, and the curved contour of the horn is sin2 type. Compared with
other profiles such as the linear type, sin2 profile can maintain a lower reflection over a
wide frequency range [19].

Figure 2. Schematic diagram of a TE11-HE11 mode corrugated converter.

The purity of the output mode is controlled by several parameters, such as the radii
of the input and output waveguides, the depth, width, and period of the slot. The depth
of the slot decreases with the increase of the horn radius and remains constant in the end.
The horn’s radius a(z) is expressed in (1) [14], where z is the coordinate axis, ai is the input
radius of the horn, ao is the output radius of the horn, L is the total length of the horn, and
A is a parameter that affects the similarity between the horn profile and sin2; the smaller A
is, the more the horn profile curve tends to be sin2 shape.

a(z) = ai + (ao − ai)

[
Az
L

+ (1− A)sin2
(π

2
z
L

)]
(1)

The input diameter of the mode converter is identical to the standard diameter of the
fundamental circular waveguide. The input radius is around ai ≥ 1.841c/(2π fmin), where
c is the light speed. At the same time, it should be consistent with the output window of
the THz wave source. The output radius is connected to the overmoded waveguide by a
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tapered horn. The parameter A is around 0.2. The length L of the horn is around 2.5a2
0/λ,

where λ is the wavelength at the operating frequency. There are N corrugated slot periods
in the whole inner wall of the horn, so the length of L should be an integer multiple of the
period, i.e., L = Np. The parameter p is the corrugated slot period which is around λ/5. The
width of the corrugated slot is t, and δ = t/p is the ratio of the width of the corrugated slot
to the period p, which is around 0.8. The slot depth along the horn is a critical parameter
for horn performance [20].

The first corrugated slot depth is d1 = λ/2, then the slot depth decreases to λ/4
through Nc cycles, with the number of Nc between 5–12. This section is called the mode
conversion or impedance conversion area in which the output TM11 mode will be mixed
with TE11 mode to form HE11 mode. After the mode conversion zone, the depth of the slot
needs to introduce a correction factor so the slot depth is given by (2), where dj is the depth
of the j-th slot, which varies with the horn radius aj, λ is the wavelength, k is wavenumber
at the operating frequency, aj is the radius at the j-th slot.

dj = exp

[
1

2.114
(
kaj
)1.134

]
λ

4
(2)

For the 330 GHz corrugated mode converter, the input radius ai = 0.43 mm, output
radius ao = 2. Therefore, only five parameters, including N (L = Np), A, Nc, p, and δ (t = δp),
need to be optimized. N and Nc are set in 55–75 and 5–12, respectively. The ranges of A
and δ are set as 0.2–0.4 and 0.6–0.9, respectively. p is set as 0.15–0.25. The optimization is
aimed at constraining the power ratio of TE11 mode and TM11 mode close to 85/15 (≈ 5.7)
to mix HE11 mode at the output port and reduce the reflection of the TE11 at the input port.
Therefore, cost functions are used in the optimization and is expressed by Equation (3):

F(N, Nc, δ, A, p) =
1
M

M

∑
f

∣∣STE
21

∣∣2
∣∣STM

21

∣∣2 −
85%
15%

, (3)

where f values are the discrete frequency points in the desired frequency range (300–360 GHz),
M is the number of the frequency sample points.

∣∣STE
21

∣∣ and
∣∣STM

21

∣∣ are the TE and TM
mode magnitude at the output port, respectively. Next, we need to find out the vector
τ = (N, Nc, δ, A, p) to minimize the cost function F(N,Nc,δ,A,p), namely:

τ = argmin
N,Nc,δ,A,p

F(N, Nc, δ, A, p|ai, a0), (4)

The final values of the parameters after the optimization are shown in Table 1.

Table 1. Parameters of TE11-HE11 corrugated mode converter.

Parameter Value

ai 0.43 mm
a0 2 mm
L 12.73 mm
A 0.3
N 67
Nc 6
p 0.19 mm
δ 0.7
t 0.13 mm

d1 0.45 mm

The S11 parameter means the reflection of the TE11 mode on port 1. As shown in
Figure 3, the S11 parameter is less than −25 dB at the range of 300–360 GHz, which shows
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good transmission characteristics of the horn. The S11 parameter can be as low as –26.6 dB
at 330 GHz.

Figure 3. Simulation results of S11 parameter (the reflection of TE11 mode) ranging from 300 to
360 GHz. Point b is the S11 parameter whose value is −26.6 dB at the frequency of 330 GHz.

Figure 4 shows the simulated profile of the electric field at the output port, which is
closed to the HE11 basic mode in the circular corrugated waveguide. As shown in Figure 5,
the TE11 mode gradually shapes into HE11 mode while traveling through the horn. At the
output port and the operation frequency 330 GHz, the power ratio of TE11 and TM11 is 6.72.
The value of the electric field integral in x, y and z directions are 0.029395, 0.00023821, and
0.0032955, respectively, and the ratio of the electric field in the direction of x polarization is
98.8% at 330 GHz, which can maintain good linear polarization characteristics.

Figure 4. Electric field distribution at the output port.

Figure 5. Cross-section electric field distribution at 330 GHz in the TE11-HE11 mode converter.

The corrugated horn is an excellent mode converter, which can effectively convert the
single mode in the metal waveguide into the HE11 mode. These excellent characteristics
can be mainly attributed to two facts. First, the corrugated horn can realize the TM and TE
modes with same phase velocity transmission so that the same phase relationship can be
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maintained at different frequencies, which greatly expands the working bandwidth of the
corrugated horn. Second, the slot depth has a good inhibitory effect on the longitudinal
current in the horn, and the electric field near the slot is sharply weakened.

3. Cylindrical Wire Array Theory and Three-Port Directional Coupler

By combining the corrugated waveguide and the cylindrical wire array theories, we
designed a three-port directional coupler for the 330 GHz/500 MHz DNP-NMR trans-
mission line. The designed three-port directional coupler is composed of a corrugated
waveguide and a cylindrical wire array which is placed in the middle of the corrugated
waveguide diagonal. From the 3D structure shown in Figure 6, the EM waves are fed from
the port 1 split into two parts out of ports 2 and 3. All the three-port directional coupler
structural parameters are shown in the sectional view by Figure 7, where a, p, t, and d
are the diameter, corrugated slot period, width of the corrugated slot, and depth of the
corrugated slot, respectively; N, R, and h are the cylindrical wire number, cylindrical wire
diameter and period of the cylindrical wire array, respectively.

Figure 6. 3D structure of the three-port directional coupler.

Figure 7. Sectional view of the three-port directional coupler.

For the three-port directional coupler, there are three important design indicators, i.e.,
(1) extraction approximately 0.05% EM wave power on port 3 stably, which can be used to
measure the EM wave power of the transmission line in real-time; (2) as much EM wave as
possible output at port 2, so as not to affect the power of the EM wave transmitted to the
NMR spectrometer. This requires port 1 to have a very small reflection, with an ideal value
of 0, and to transmit as much power to port 2 as possible, with an ideal value of 1–0.05%;
(3) to make the directivity value of the three-port directional coupler larger, when the input
port is port 2, as much power as possible should be output at port 1, with an ideal value of
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1, and no power should be coupled out at port 3, with an ideal value of 0. To sum up, the
ideally designed objective of S-matrix at 330 GHz is:




0 1 S13√
1− 0.05% 0 S23√

0.05% 0 S33


, (5)

where the performance of this three-port directional coupler is independent of the parame-
ter S13, S23, and S33.

For the corrugated waveguide, if the following conditions are met, i.e., (1) the diameter
a is much larger than λ (the wavelength at the operating frequency); (2) the corrugated
slot depth and period are approximately λ/4 and λ/3, respectively; (3) t/p > 0.5, the
field distribution in the waveguide can satisfy the equilibrium condition. Besides, the
transmitted eigenmode is the HE11 mode with the linear polarization. The expression of
the inner electric field distribution of the waveguide with a circular cross-section can be
simplified as follows:

Ex = E0 J0

(
2.405ρ

a

)
, Ey ≈ 0, Ez ≈ 0, (6)

where J0 is the zeroth-order Bessel function; Ex, Ey, and Ez are the components of the
electric field in the x, y, and z directions; E0 is the magnitude of the electric field; ρ is the
radial coordinate. When the operating frequency is 330 GHz, a, p, t, and d are 19, 0.32, 0.16,
and 0.23 mm, respectively [21].

A metal cylindrical wire array was introduced to coupling the propagating HE11 mode
to the waveguide since the cylindrical wire array has different reflection and transmission
coefficients for HE11 mode with different polarization, which is determined by the period
of the cylindrical wire array and the radius.

As shown in Figure 8, assuming that the cylindrical wire array has an infinite number
of periods along the x direction, and simultaneously, the length of the metal cylinder
extends indefinitely along the z-axis, the incident direction of the Gaussian beam is at an
angle of ϕin to the x-axis. Besides, l is l-th metal cylinder. The Gaussian beam and HE11
mode coupling efficiency can be as high as 98% [22]. Moreover, by Fourier transform and
Gaussian integration, the expression of the Gaussian beam can be expended using the
superposition of a series of plane waves. The total scattering electric field of each plane
wave on the cylindrical wire array can be calculated from the single-cylinder scattering
electric field.

Figure 8. Schematic diagram of the periodic cylindrical wire array structure.

The transmission coefficient T and reflection coefficient R of the power can be calcu-
lated by Equations (7) and (8), where k0 and ky are the wave number of Gaussian beam and
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the component in the y direction, kym and kxm are the wave number in x and y direction of
m-th space harmonic, σSG

l is the harmonic coefficient of the l-th cylindrical scattering field:

T =

∣∣∣∣∣1 +
2

hky

∞

∑
l=−∞

(
− kym + ikxm

k0

)l

σSG
l

∣∣∣∣∣

2

(7)

R =

∣∣∣∣∣
2

hky

∞

∑
l=−∞

(
kym − ikxm

k0

)l

σSG
l

∣∣∣∣∣

2

(8)

when the angle of EM wave direction of propagation and cylindrical wire array plane is
45◦, the electric field distribution of two different linear polarization electromagnetic waves
shown in Figures 9–11 show the curves of the transmission coefficient (T) and reflection
coefficient (R) varying with the diameter of the cylindrical wire and the period of the wire
array respectively, which are obtained by using the above theory in MATLAB when the
Gaussian fundamental mode with the polarization direction is perpendicular to the wire
array plane, therefore, the incident angle is 45◦ and the frequency is 330 GHz. It can be
seen that it is highly consistent with the results obtained by two-dimensional simulation
in COMSOL Multiphysics. The transmission coefficient (T) decreases with the increase
of diameter and increases with the increase of period h, while the reflection coefficient is
opposite to this.

Figure 9. Electric field distribution of the incident wave when the linear polarization direction of the
EM waves is perpendicular (a) and parallel (b) to the cylindrical wire array plane.

Figure 10. (a) Transmission (S21) and (b) reflection (S31) coefficients of Gaussian fundamental modes with the diameter of
cylindrical wire R variation.
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Figure 11. (a) Transmission (S21) and (b) reflection (S31) coefficients of Gaussian fundamental modes with the wire array
period h variation.

After optimization, the period of the wire array h is 0.3 mm, and the diameter of each
cylindrical wire R is 90 µm; as shown in Figure 12, in the frequency range from 300 to
360 GHz, the transmission coefficient T (S21) is approximately 0.99, the reflection coefficient
R (S31) can be less than 0.0125. At 330 GHz, the transmission coefficient T is 0.989, and the
reflection coefficient R is 0.011.

Figure 12. (a) Transmission coefficient T (S21) and (b) reflection coefficient R (S31) when the linear polarization direction of
the EM waves is perpendicular to the cylindrical wire array plane in the frequency band ranging from 300 to 360 GHz.

As shown in Figure 13, parameter sweeping is employed with respect to the number
of cylindrical wires. Our design goal is to couple a small amount of power without affecting
the main transmission line. Only nine metal cylinders are required to be placed in the
center of the diagonal, and the reflection coefficient R is 0.00586 at 330 GHz.
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Figure 13. Reflection coefficient R (S31) of Gaussian beam with a different number of cylindrical wire
at 330 GHz.

We modeled and simulated the three-port directional coupler in CST Studio to verify
the performance. The HE11 mode can be excited by mixing 85% circular waveguide TE11
mode and 15% TM11 mode together. High-purity linear polarization is required in the
NMR spectrometer. For the main beam transmitted in the transmission line (HE11 mode
wave polarization direction is perpendicular to the cylindrical wire array plane), S11, S21,
and S31 parameters are shown in Figure 14; S12, S22, and S32 parameters can be obtained
by converting the input port. At 330 GHz, the S11 parameter can reach up to −41 dB, and
keep below −20 dB in the 300–360 GHz frequency range; a small part of energy output
at port 3, most of the energy continues transmitting. At 330 GHz, they are −33.2 dB and
−0.064, respectively, as shown in Figure 14. The coupling coefficient can remain stable
in the 300–360 GHz frequency band. By setting the power value detector on port 3, the
EM wave power in the transmission line can be measured in real-time. An important
parameter of a directional coupler is directivity. For a three-port directional coupler, the
difference in dB of the output power P3 (the power output on port 3 by port 1 input) and
P3* (the power output on port 3 by port 2 input) is called directivity. The directivity of the
designed three-port directional coupler is shown in Figure 15. It indicates that at 330 GHz,
the directivity can reach 11.8 dB.

Figure 14. Simulation results of S11, S21, S31, S12, S22, and S32 parameters from 300–360 GHz, where
S21 is the transmission coefficient, S31 is the coupling coefficient.
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Figure 15. The directivity of the three-port directional coupler in the frequency band of 300–360 GHz.

In order to verify the integrity of the system as shown in Figure 1, a 90◦ bend waveg-
uide with the same structure as the three-port directional coupler is designed. There
are many design schemes for 90◦ miter bend, such as the principle of conversion optics
and the surface plasmon polaritons [23,24]. The simplest method to realize the 90◦ miter
bend is to directly reflect the EM wave by using the metal mirror. It has a wide working
frequency band, so it is widely used in practice [25]. However, these methods do not
consider the influence on the polarization direction of the propagation mode. In this paper,
we simply verify a 90◦ miter bend based on the different reflection coefficients (R) of the
electromagnetic wave with different polarization directions.

There are two differences with the three-port directional coupler, i.e., (1) as shown
in Figure 9a, for the HE11 mode whose polarization direction is perpendicular to the
cylindrical wire array plane, most of the waves can go through the wire array and maintain
their original propagation direction. For the parallel one, most of the waves are reflected as
shown in Figure 9b. The electric field polarization of the incident EM wave of the three-port
directional coupler is perpendicular to the wire array, while the electric field polarization
of the incident electromagnetic wave of the designed 90◦ miter bend is parallel to the wire
array plane; (2) to get the maximum power output, the number of period of the wire array
is 70 to cover the whole diagonal of the waveguide (a = 19 mm, h = 0.3 mm, R = 90 µm),
while the three-port directional coupler N = 9.

Since most of the energy will be coupled out at the port 3, the direction of EM wave
propagation can turn 90◦. Therefore, this structure can achieve the function of 90◦ miter
bend. As the result shown in Figure 16, the S11 parameter can be less than -50 dB at the
frequency of 300–360 GHz, the S31 parameter can be larger than -0.15 dB. Although the S21
parameter is not ideal, subsequent work can be done to redesign the period and diameter
of the wire array used in 90◦ bend to achieve less energy loss. In addition to changing the
direction of EM wave propagation, the structure can also further improve the purity of
linear polarization of the system by filtering the vertical EM waves.
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Figure 16. Simulation results of 90◦ bend waveguide in the frequency band of 300–360 GHz.

4. Conclusions

In this paper, a TE11-HE11 mode converter and a three-port directional coupler for
the 330 GHz/500 MHz DNP-NMR system transmission line are proposed. The optimized
converter can maintain good linear polarization performance, which is 98.8% at 330 GHz.
Besides, it can produce a pure HE11 mode to facilitate subsequent low loss transmission.
The three-port directional coupler is designed for monitoring the EM wave power in
the transmission line in real-time, and it can stably output approximately −33 dB of the
electromagnetic wave power on port 3 at the frequency range of 300−360 GHz. Directivity
can reach up to 11.8 dB at 330 GHz. The designed mode converter and three-port directional
coupler can be easily installed in the DNP-NMR transmission system.
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