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Abstract

This paper aims to address the compact transmission and radiation require-
ments of a dual-band nested high-power microwave (HPM) source (8.4
GHz/2.0 GW at X-band, 30.6 GHz/0.9 GW at Ka-band). We have conducted
simulation-based optimization on dual-band microwave support rods and a
nested radiating horn. Based on the coaxial waveguide characteristics of X-
and Ka-band, we used 15 dual-row support rods (spaced at 51x/4) and 23 dual-
row rods (spaced at 131x,/4). This enables efficient TEM mode transmission
(S21 > 0.99) with a power handling capacity of 18.9 GW (X-band) and 1.4 GW
(Ka-band). The radiation system has a nested design. The Ka-band undergoes
mode conversion to radiate in TM,; mode, while the X-band is transmitted via
coaxial TEM mode and then radiates in TM,, mode. Simulation shows that
both bands have reflection coefficients below —30 dB, with radiation gains of
19.1 dBi (X-band) and 15.8 dBi (Ka-band). The dual-frequency horn has iso-
lation above 50 dB and meets the power handling capacity requirements. Ad-
ditionally, the far-field multilobe characteristics of TE11/TE, modes aid exper-
imental mode diagnosis. Overall, this design offers key technical support for
compact multi-frequency HPM systems.

Keywords

Dual-Band, High-Power Microwave, Transmission, Radiation Systems,
Compactness

1. Introduction

Relativistic Vacuum Electron Devices (RVEDs) generate High-Power Microwaves
(HPMs) with peak powers typically exceeding 100 MW [1]-[3]. This makes them
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promising for applications in military [4]-[10] and civilian fields [11]-[14], such
as high-power radar [15] [16], plasma confinement [17], space energy transmis-
sion [18]-[21], and medical research. Current research focuses are shifting to-
wards developing more practical multi-frequency output HPM sources. Compact
multi-frequency HPM sources not only meet the stringent volume and weight
constraints of specific platforms but also significantly compensate for the limita-
tions of conventional single-frequency HPM sources in addressing the need to
target multiple different frequencies. To achieve compact multi-frequency HPM
output, researchers primarily concentrate on the design and implementation of
compact multi-frequency slow-wave structures (SWS), with less attention paid to
the compact design of multi-frequency HPM transmission and radiation systems.
In existing research on dual-frequency transmission and radiation antennas, there
are mainly two technical approaches: one is based on a single-feed horn structure
[22] [23], which suffers from high transmission loss and processing difficulties;
the other is based on a frequency-selective surface feed array structure [24] [25],
which is typically used in satellite applications. Considering the high power ca-
pacity requirements and special application scenarios of HPMs, both of these
structures are difficult to directly apply to the needs of this paper. Therefore, it is
necessary to carry out simulation research on compact transmission and radiation
horns suitable for dual-band HPMs.

In our previous research, a dual-band high-power coaxial transit-time oscillator
(TTO) based on a nested structure was proposed, in which the Ka-band TTO was
coaxially nested inside the X-band TTO. An in-depth analysis of its working
mechanism and performance was conducted [26]. The typical particle simulation
results are as follows: under the conditions of a voltage of 460 kV and a guiding
magnetic field of 0.6 T, it can simultaneously output 2.0 GW of X-band (8.4 GHz)
and 0.9 GW of Ka-band (30.6 GHz) dual-band HPM, with an average device effi-
ciency of about 40%.To achieve simultaneous effective radiation of dual-band
HPM, meet the measurement requirements of microwave experiments, and en-
sure the overall compactness of the dual-band HPM source, this paper combines
theoretical and simulation research to carry out the compact design of the dual-

band HPM transmission support rod and radiation horn.

2. Design of Dual-Band High-Power Microwave
Transmission Support Rod

Due to the nested SWS design, the generation and transmission of X-band and
Ka-band HPM are completed in separate spaces. Therefore, the support rods can
be designed to achieve high transmission characteristics separately. The design of
the support rods for coaxial TTO follows the following two principles [27]-[30]:
1) high transmission efficiency for the coaxial TEM mode (S,: close to 1); 2) high
transmission coefficient for common low-order TE modes (such as TE;;) in ex-
periments, to avoid TE mode microwaves entering the SWS and interfering with

the beam-wave interaction. Existing research has shown that the selection of the
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number of support rods for coaxial waveguides is based on the following criteria:
near the operating frequency, when the first cutoff mode of the coaxial waveguide
is the TE,; mode, while ensuring low reflection for the TE;; mode, the number of
support rods should be selected as n + 1, and they need to be uniformly distributed
along the angular direction. In addition, using a double-row support rod structure
with a spacing of (2m + 1)A/4 (i is a natural number) can not only provide
stronger mechanical support but also effectively broaden the transmission band-
width of the coaxial TEM mode [27]-[29].

Using electromagnetic simulation software, the mode distribution of coaxial
waveguides in the X-band and Ka-band was calculated respectively. As shown in
Figure 1, for the X-band coaxial transmission structure, near the operating fre-
quency of 8.42 GHz, the lowest-order cutoff mode is TE,4;. To ensure that the
TE mode also has good transmission characteristics, the number of support rods
is selected to be 15. Figure 2 shows the optimized design of the support rod model,
and the structural parameters are shown in Table 1. The spacing between the two

rows of support rods is 51x/4. The transmission characteristics of the support rods

Figure 1. X-band microwave coaxial transmission channel port mode.
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Figure 2. Cross-sections of X-band supporting rods (15 in angular direction): (a) y-z plane;
(b) x-y plane.
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are shown in Figure 3. The results indicate that the S;; parameter of the TEM
mode is close to 1 near the operating frequency, and the S;; parameter of the TE,

mode is small, meeting the design requirements.

Table 1. Structural parameters of X-band and Ka-band supporting rods.

r;(mm) 7, (mm) ¢(mm) w (mm) the first cutoff mode number of support rods
73.1 82.9 8.8 3.7 TE141 15
324 35.5 3.2 2.7 TE2.1 23
] — TEM mode
— TE;; mode
8.0 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9 9.0
(a)
1.000 = TEM mode
. — TE;, mode
1 0.541
8.0 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9 9.0
Frequency (GHz)
154

Figure 3. Transmission characteristics of X-band supporting rods: (a) Si;; (b) Sau.

The simulation results of the Ka-band coaxial transmission waveguide are
shown in Figure 4. Near the operating frequency of 30.62 GHz, its lowest-order
cutoff mode is TE,,;. To ensure good transmission characteristics for the TEy,
mode, the number of support rods is designed to be 23. The optimized design of
the support rod model is shown in Figure 5, and the specific structural parameters
are listed in Table 1. The spacing between the two rows of support rods is 131x./4.
The transmission characteristics of the support rods are shown in Figure 6. The
results indicate that the S21 parameter of the TEM mode is close to 1 near the
operating frequency, while the S,; parameter of the TE;; mode is also relatively
large. Considering that the breakdown field strength of a vacuum metal surface is
1.0 MV/cm [1], the designed power capacities of the support rods for the X-band
and Ka-band are 18.9 GW and 1.4 GW, respectively, which can meet the micro-

wave transmission requirements.
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Figure 5. Cross-sections of Ka-band supporting rods (23 in angular direction): (a) y-z plane;
(b) x-y plane.
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Figure 6. Transmission characteristics of Ka-band supporting rods: (a) Su; (b) Sz1.
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3. Design of Dual-Band High-Power Microwave Radiation
Horn

The dual-band HPM radiation horn adopts the structural configuration shown in
Figure 7, consisting of an X-band radiation horn, a Ka-band radiation horn, and
a dielectric window. In the design, by nesting the Ka-band radiation horn coaxi-
ally inside the X-band radiation horn, a compact design of the dual-band HPM
radiation system is achieved, improving space utilization. There are certain differ-
ences in the radiation modes of dual-band microwaves: for Ka-band high-fre-
quency microwaves, to reduce the risk of mode competition that may occur dur-
ing transmission, a mode conversion structure is designed to convert the over-
moded coaxial output channel into a less overmoded circular waveguide, achiev-
ing conversion from coaxial TEM mode to hollow TMy; mode and radiating out-
ward. At the same time, the circular waveguide part of the Ka-band is designed to
cut off X-band microwaves in the TM,; mode, so as to suppress the transmission
of X-band reflected microwaves through the Ka-band transmission channel into
the Ka-band slow-wave structure. Meanwhile, X-band microwaves are transmit-

ted in coaxial TEM mode and ultimately radiate outward in TM,, mode.

polytetrafluoroethylene

X-band HPM

Ka-band HPM

Ds

Figure 7. Schematic of dual band nested radiation antenna.

First, determine the values of the diameters Dyand Dk, of the antenna radiating
aperture shown in Figure 7. Due to the radial size limitation of the coaxial trans-
mission channel in the X-band on the radiating horn in the Ka-band, Dk is set to
0.14 m. Meanwhile, to avoid the weight increase of the microwave source caused
by the oversized dual-band radiating horn, and considering the far-field condi-
tions of the experimental site, Dy is set to 0.38 m.

Secondly, in Figure 7, the value of diameter D; needs to not only satisfy the
effective transmission of Ka-band microwaves but also ensure the cutoff charac-

teristic for X-band reflected hollow TM,; mode microwaves. According to the cut-
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off frequency calculation formula for TM,, mode in a circular waveguide [1]:

Jo = 5= ®
27y pe

where u,,,is the nth root of the Bessel function /,,(k..), ris the radius of the circular
waveguide, and g and ¢ represent the magnetic permeability and dielectric con-
stant, respectively. Through calculations, it is found that to make the TM,, mode
at 8.4 GHz in the X-band in a cutoff state while ensuring effective transmission of
microwaves in the Ka-band, the corresponding r should not be greater than 1.36
cm. Considering providing the highest possible power capacity for microwaves in
the Ka-band, ris set to 1.3 cm, and D1 is set to D, = 2r= 2.6 cm.

The X-band and Ka-band microwaves share a common dielectric window. To
ensure efficient transmission of both bands of microwaves, the reflection coeffi-
cient of the dielectric window for both bands should be as small as possible. The
optimal thickness of the dielectric window can be calculated using the following
formula [31]:

Thickness = "2 n=1,2,3,.- )
2o

where A represents the wavelength of radiated microwaves, and ¢, denotes the rel-
ative permittivity of the dielectric window material. Polytetrafluoroethylene
(PTFE) is a commonly used material, with a relative permittivity value of 2.3. Fig-
ure 8 illustrates the variation in the thickness of the dual-band dielectric window
with different values of n. The results indicate that when the values of n for the X-
band and Ka-band are set to 4 and 17, respectively, the required thickness of the
dual-band dielectric window is approximately 47 mm, which is close for both bands.
It should be noted that this value is only a theoretical reference, and the optimal

thickness needs to be optimized using electromagnetic simulation software.

240

—&— X-band

2004 —&— Ka-band

Thickness(mm)
5 3

o]
o
1

Figure 8. Calculation of the thickness of the dielectric window.
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After determining the aforementioned basic parameters, the dual-band radia-
tion horn underwent optimized design using electromagnetic simulation soft-
ware. Figure 9 illustrates the electric field distribution and three-dimensional far-
field pattern when radiating X-band microwaves. It can be observed that the X-
band microwaves are transmitted in a coaxial TEM mode and ultimately radiated
outward in a TM,, mode. Figure 10 shows the electric field distribution and three-
dimensional far-field pattern when radiating Ka-band microwaves. The Ka-band
microwaves are transmitted in a coaxial TEM mode, pass through the mode con-
verter, and are transmitted in a TMy; mode. Due to the gradually increasing radius

of the horn, they are ultimately radiated outward in a TM,, mode.

Figure 10. Electric field distribution and 3D radiation far-field pattern of radiating Ka-band TEM mode microwave.

The reflected X-band microwaves are effectively cut off in the circular wave-
guide section of the Ka-band mode converter. From the simulation results (as
shown in Figure 11(a) & Figure 11(b)), it can be seen that the reflection coefti-
cient Sy; of the X-band microwaves at the operating frequency is less than —30 dB,
and the radiation gain reaches its maximum value of approximately 19.1 dBi at +8°.
Similarly, as shown in Figure 11(c) & Figure 11(d), the reflection coefficient Si; of
the Ka-band at the operating frequency is less than —30 dB, and the radiation gain
reaches its maximum value of approximately 15.8 dBi at £4°. The isolation between

the dual-band antennas is approximately 53.2 dB, indicating that the mutual inter-
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ference between the antennas is well suppressed. When injecting 2.0 GW of mi-
crowaves, the maximum field strength on the vacuum side of the dielectric win-
dow is approximately 37 kV/cm, and the maximum field strength on the air side
is approximately 29.2 kV/cm. Considering that the air breakdown field strength is
30.0 kV/cm [1], the designed dual-band horn meets the required power capacity.
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Figure 11. Su parameters and 2D far-field radiation pattern: (a), (b) X-band; (c), (d) Ka-band.

In addition to ensuring that the dual-band radiating horn can efficiently radiate
microwaves in the coaxial TEM mode, it is also necessary to consider the non-
rotational symmetric modes (such as the common TE;; and TE,; modes) that may
occur under abnormal operating conditions of the device. Therefore, in the sim-
ulation design of the dual-band radiating horn, the radiation characteristics of
non-rotational symmetric modes are specifically analyzed to provide support for
the identification of radiation modes and the determination of device operating
states in subsequent microwave source experiments. Figure 12 and Figure 13
show the electric field distribution and three-dimensional radiation far-field pat-
tern when the outer X-band horn radiates microwaves in TE;; and TE,; modes,
respectively. The results indicate that after passing through a horn structure with
gradually increasing radius, the TE;; and TE; mode microwaves are transformed

into higher-order modes, and their circumferential electric field distribution and
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far-field radiation gain exhibit distinct multi-lobe characteristics. This is signifi-
cantly different from the ring-shaped distribution of the TMo, mode in Figure 9.
This difference is helpful for identifying microwave radiation modes in micro-

wave experiments using HPM to irradiate incandescent lamp arrays.

Figure 13. Electric field distribution and 3D radiation far-field pattern of radiating X-band TE21 mode microwave.

Similarly, Figure 14 and Figure 15 respectively show the electric field distribu-
tion and three-dimensional far-field radiation pattern when the inner Ka-band

horn radiates microwaves in TE,; and TE,, modes. The results indicate that

Figure 14. Electric field distribution and 3D radiation far-field pattern of radiating Ka-band TE:1 mode microwave.
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Figure 15. Electric field distribution and 3D radiation far-field pattern of radiating Ka-band TEz2 mode microwave.

microwaves in TE;; and TE;; modes are transformed into higher-order modes af-
ter passing through the horn with gradually increasing radius, exhibiting multi-
lobe characteristics in both the circumferential electric field distribution and far-
field radiation gain. This multi-lobe distribution is significantly different from the
circumferential ring distribution of the TM,, mode in Figure 10, and can serve as
an important basis for identifying radiation modes in experiments using HPM to

irradiate incandescent lamp arrays.

4. Conclusion

This paper addresses the effective transmission and radiation of dual-band micro-
waves in the compact integration of X/Ka-band high-power microwave sources
through the simulation and optimization design of dual-band support rods and
nested radiating horns. The optimized support rods achieve efficient TEM mode
transmission (S; > 0.99) in both the X-band (15 rods, 51x/4 spacing) and Ka-band
(23 rods, 13Ax./4 spacing). The nested radiating structure employs a differentiated
mode conversion strategy, maintaining coaxial TEM transmission and radiation
in the X-band as TMOn mode, while converting to TMy; mode for independent
radiation in the Ka-band. Full-wave simulations verify that the reflection coeffi-
cients for both bands are better than —30 dB, with radiation gains reaching 19.1
dBi (X-band) and 15.8 dBi (Ka-band), respectively. The isolation between the
dual-band antennas exceeds 50 dB, and the far-field multi-lobe characteristics of

TE/TE, modes provide a reliable basis for mode identification in experiments.
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