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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
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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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M.M. and Q.Z.; writing—review and editing, Q.Z., J.F.; funding acquisition, Q.Z., J.F. All authors
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