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Abstract: This paper proposes a novel dual-frequency-band millimeter-wave extended interaction klystron ampli-
fier (EIKA). It is primarily based on the multimode operating mechanism of dual-2mm mode. This design inte-
grates a broadband traveling-standing-wave mode input cavity with a dual-27 standing-wave mode output cavity,
resulting in a compact slow-wave structure design that efficiently operates within a total circuit length of approxi-
mately 24 mm. Particle-in-cell simulation results reveal that under a 15. 6 kV, 1 A electron beam and a uniform
0.6 T magnetic field, the device achieves output power for 183-1024 W across a broadly 1. 20 GHz bandwidth,
spanning 93. 76-94. 96 GHz. Remarkably, it facilitates dual-band output in both lower-27 and upper-2m bands,
delivering maximum gains of 37. 09 dB (1024. 10 W at 93. 90 GHz) and 35. 75 dB (752.20 W at 94. 84 GHz) ,
with -3 dB bandwidths of 0. 33 GHz and 0. 20 GHz, respectively. The effectiveness for the dual-27 mode design
is further confirmed through a cold-test experiment using the perturbation method. This experiment demonstrated
typical dual-27 mode field distribution profiles, affirming the design’s efficacy.
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Introduction

The landscape of future wireless communication sys-
tems is evolving rapidly, encompassing a growing range
of frequency bands and standards™*. The diversity of
these systems necessitates that all components, especial-
ly power amplifiers (PAs) known for their high peak pow-
er, are flexible enough to operate across multiple
modes > *'. This emerging requirement poses substantial
challenges to PA systems.

In the realm of millimeter-wave microwave-RF de-
vices, including extended interaction klystron amplifiers

SCERERIRED: A

(EIKAs) "' | traveling-wave tube amplifiers (TWTAs)
54 and solid-state integrated-circuit RF power amplifi-
ers (SSPAs)!'" ', there is a broad spectrum of mature
applications spanning from radar and electronic counter-
measures to military communication and civilian tele-
com. To meet the practical requirements for multi-band
and broadband operation, these devices are continuously

A well-estab-
lished example is the dual-mode TWT, which can oper-

exploring multimode capabilities.
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ate in both upper and lower modes. For instance, the X-
band dual-mode TWT developed by Varian Associates for
airborne countermeasures achieves 500 W of continuous
wave power and 700 W of pulse power in the 9. 6-9. 8
GHz band""”, with gains of 40. 5 dB and 30. 5 dB in low-
er and upper modes, respectively. Recently, the Univer-
sity of California proposed a dual-mode TW'T operating at
0.2 THz™ , achieving 10 W of continuous wave power
and 100 W of pulse output power in the 190-210 GHz
band. Another example is the solid-state integrated-cir-
cuit RF power amplifier. For instance, Robin Kalyan
and colleagues from the Indian Institute of Technology de-
signed a dual-frequency power amplifier operating at 1. 6-
2.3 GHz with an output power of 10 W""*". Renato Negra
and his team from RWTH Aachen University developed a
multi-band bias network concurrent four-band power am-
plifier, achieving 10W output power in the 1.49-2.65
GHz range ™. These results are promising, but thermal
management and long-term stability of the devices may
pose challenges in high-power applications. As for EIK
research, it is primarily based on single-band models.
For instance, a dual-mode extended interaction oscillator
(EIO) circuit operating at 93.7-94.2 GHz, capable of
switching between modes through electrical tuning".
However, the exploration into multi-modal operation of
EIKA is still an emergent field. Indeed, despite the ma-
ture applications of multi-band devices based on TWTs
and solid-state RF power amplifiers, they still face chal-
lenges in terms of power (gain) ™', solving processes,
and circuit complexity.

Table 1 typical structural-and—characteristic parameters
for the proposed input cavity

R1 WNERANEHSHNFESE

Symbol/Quantity Value Symbol/Quantity Value

cx 1. 80 mm P 0. 80 mm

cy 0.50 mm Filling factor 0. 64

ax 1. 70 mm || Long slot number 21

ayl 3.28 mm || Short slot number 22

gys 1. 30 mm Syn. voltage ~15.6 kV

gz 0.22 mm || —=3dB bandwidth 0.72 GHz
Tunnel radius rz =~ 0. 30 mm f, (center) 94.5 GHz
Beam radius rb 0. 24 mm || Guiding B—field 0.6T

The pursuit of both broad-and-multi-band and high
gain in millimeter-wave vacuum electronic devices
(VEDs) through relatively straightforward and easily
manufacturable circuit designs has been a focal area of
research in recent years. To combine the relative advan-
tages of bandwidth and gain found in TWTs and klystrons
respectively, this paper proposes a novel dual-frequency-
band EIK model. This model features a compact two-cav-
ity configuration, incorporating a traveling-standing-
wave input cavity and a dual-27 mode standing-wave out-
put cavity, designed to deliver enhanced gain levels in
two frequency bands. The structure, as shown in Fig. 1,
offers the following advantages: 1) The use of a compact

traveling-standing-wave mode input cavity for primary
signal amplification, achieving a -3 dB bandwidth of
0.72 GHz; 2) The establishment of a dual-frequency-
band standing-wave output cavity based on dual-2
modes, utilizing the high characteristic impedance R/Q
of the standing-wave mode to effectively enhance the gain
level over a certain circuit length; 3) The novel hybrid
action of traveling-and-standing wave modes allows for
signal amplification in two frequency bands without the
need for electrical tuning. 1 High—Frequency Charac-
teristics
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Fig. 1 The three-dimensional schematic diagram of
the proposed EIK.
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1.1 Input cavity

In this study, a more compact two-cavity structure
is proposed for the EIKA. To achieve broadband primary
signal amplification, establishing a suitable input cavity
with a wide frequency response range is essential. It
should be emphasized that the incorporation of a travel-
ing-wave amplification mechanism within the extended
interaction circuit can effectively broaden the band-
width ", Therefore, a broadband input cavity with trav-
eling-wave characteristics has been adopted. Its design,
depicted in Fig. 2, comprises an input port, a load port,
a coupling cavity, an alternating array of 21 long slots
and 22 short slots, along with a beam channel traversing
these gaps. The load waveguide is designed to absorb the
excess energy from the traveling wave amplification pro-
cess. The fundamental structure and characteristic pa-
rameters of this cavity are detailed in Table. 1.

Based on the proposed structure of the traveling-
wave broadband input cavity, its high-frequency intrinsic
characteristics were analyzed. Based on the high-fre-
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Fig. 6 Three-dimensional and cross-sectional diagrams for the
proposed dual 2w mode output cavity. &6 X 2 54 Hi I 1) = 4
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quency intrinsic characteristics of the input cavity, as
shown in Fig. 3(a)-3(c), there are three continuous
transitional traveling wave modes (2w, w/20, 2mw/20)
that support the field distributions. As observed in Fig. 3
(a), the traveling wave mode, functioning at the edge of
the passband in the slow-wave structure, incorporates el-
ements of a standing wave, thus forming a hybrid travel-
ing-standing wave configuration. The determination of
these traveling-standing-wave modes is based on the
phase angle shift between the long slots in the field distri-
bution, identified using the resonance method, as illus-
trated in Fig. 3(c) and 4(a)-4(c). Particularly in Fig. 4
(a)-4(c), the different periodic phase variations result
in the 27, w/20, and 27/20 modes having 1, 2, and 3
envelope counts, respectively. The continuous phase-
transition allows for the coexistence of the three transi-
tional modes within the cavity, thereby enabling effective
electronic velocity modulation within the corresponding
frequency band. It is noteworthy that all three traveling-
standing-wave modes from 2 to 2m/20 operate under the
fundamental-transverse TM,, mode. Correspondingly,
the normalized phase velocity curve in Fig. 3 (b) inter-
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sects with the 15. 6 kV voltage line near the synchronous
phase velocity range of the above three traveling-stand-
ing-wave modes, establishing the basic conditions for
multimode continuous operation of beam-wave interac-
tion'”’. However, it is crucial to balance bandwidth and
gain, excessively broadening bandwidth in pursuit of
traveling-wave properties may not favor compact circuit
design while maintaining specific gain levels. From the
perspective of characteristic impedance, the transitions
from the /20 to 2m/20 modes in traveling-wave opera-
tion are also closely aligned with the standing-wave 21
mode, facilitating higher gain and compact circuit design
over a certain length.
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Fig. 3 The proposed broadband input cavity features curves of
(a) S-parameters versus frequency, (b) normalized phase veloci-
ty versus frequency, (c) normalized amplitude of electric field
strength along the centerline for the beam tunnel, and (d) typical
output gain versus input/output frequency. &l 3 i ¥ ¥t A 25 14 4
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The output gain curves derived from the three-di-
mensional electromagnetic simulations, which involved
the interaction between the meticulously designed slow-
wave structure and an electron beam of 15.6 kV and 1
A, are depicted in Fig. 3(d). In these simulations, the
metallic components were modeled using oxygen-free cop-
per with an electrical conductivity of 2X10’S/m. For ana-
lytical clarity, the input signal was standardized at 0. 2
W. The results indicate that the maximum gain of the in-

put cavity is 31. 76 dB at 94. 50 GHz, with a correspond-

Normalized amplitude 0 [T 1

Fig. 4 Contour maps of the electric field distribution for the (a) 2n mode, (b) /20 mode, and (c) 2n/20 mode, respectively. [l 4

YA (a) 2k, (b) /2045, (¢) 2m/20 45
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ing -3 dB bandwidth of 0.72 GHz across the 94. 14-
94. 86 GHz range. As illustrated in Fig. 5(a), the sig-
nal frequencies at both the input and output ports are con-
sistently stable and well-aligned at 94. 50 GHz, indicat-
ing effective signal isolation. Notably, the input signal
amplitude remains stable, showing no signs of reflection-
induced oscillations. Similarly, Fig. 5(b) confirms that
the output frequency remains consistent over time, firmly
locked by the input frequency settings.
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alyzing the Intrinsic characteristics of the cavity: (a) the
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parative field distribution curves between potential oper-
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Fig. 7 Dispersion curve for the dual 27 mode output
cavity, along with electric field contour maps for both 21
modes.
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It should be recognized that such bandwidth and
gain levels are achievable with existing folded waveguide
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Symbol/
Value Symbol/Quantity Value
Quantity
cx2 1.91 mm p2 0. 70mm
cy2 0.90 mm gap number N 7
ax2 1.70 mm /, (lower 27) 93. 88GHz
ay2 1. 60 mm /, Cupper 27) 94. 87GHz
gz2 0. 24mm Total length of SWS ~24mm

structures, potentially offering even broader band-
widths™*. In comparison to typical folded wave-
guides™ , the proposed broadband extended interaction
input cavity distinguishes itself with its high gain per unit
length and compact slow-wave structure, measuring ap-
proximately 17 mm in axial length.

1.2 Dual-27 mode output cavity

Typically, EIKs are operated in the single 2
mode, specifically in the TM,, transverse mode, to maxi-
mize gain. However, although the existence of two TM,,
modes exhibiting periodic 27 phase shifts has been recog-
nized”" , their amplification properties and multi-band
operation capabilities have not yet been investigated.
The complexity of researching these modes stems primari-
ly from the challenges in synchronizing the phase velocity
with the electron beam and in optimizing multiple mode
characteristics, such as the R/Q, and external quality
factor (),

To simultaneously achieve high gain performance in
two bands, a cavity with strong standing-wave properties
was established. This design leverages the high charac-
teristic impedance of the standing-wave mode, resulting
in a compact and efficient output cavity with seven gaps.
This extended interaction output cavity is crucial for the
dual-frequency-band EIKA, featuring a total slow-wave
structure length of ~5mm. The configuration includes an
output port, seven interaction gaps, two coupling cavi-
ties positioned on each side of these gaps, and a central
beam tunnel piercing through the gaps. Detailed descrip-
tions for the structure and characteristic parameters are
presented in Fig. 6 and Table. II.

Fig. 10 Energy dispersion diagrams for the pro-
posed EIKA at 93. 90GHz in the lower 27 mode and at
94. 84GHz in the upper 27 mode.

[ 10 93. 90GHz [ fIk 2 1 5X Fl 94. 84GHz Y
2a BN e (LA

Fig. 7 illustrates the dispersion relation for the reso-
nant slow-wave structure of the output cavity, confirming
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that both 27 modes adhere to the synchronization condi-
tion where electron velocity slightly exceeds the phase ve-
locity. The figure also showcases the electric field distri-
butions for these modes: the higher-frequency upper-
band 27 mode and the lower-frequency lower-band 2
mode, each aligning with the 27 principle in their phase
variations (co-directional). The reflection coefficients
for the circuit, SI11, as revealed in Fig. 8 and 9 (a),
shows a pronounced responsiveness to both 27 modes
when the circuit is utilized as a load. Moreover, the 3dB
bandwidth of the S/1 curve can be finely tuned by adjust-
ing the dimension cx, facilitating the attainment of an op-
timal Q,, calculated as p

Af,’
where f. represents the resonant frequency, and f, is the
bandwidth measured from the minimum value to the up-
per 3dB point. The upper-2m™ mode and lower-2m mode
are characterized by external quality factors Q,=371.4
and (,=589. 3, respectively. Specifically, it is observed
that the field distributions for the upper and lower 2
modes depicted in Fig. 7 predominantly reside within the
coupled cavities and the interaction gaps, respectively.
Hence, they can be likened to the "cavity mode" and
"slot mode" found in coupled cavity traveling wave
tubes, as referenced in”"

0= (1)

Considering the close fre-
quency proximity of these two modes, they can also be
characterized as quasi-degenerate modes. When the
width of the coupling cavity is further increased from the
original design, the higher-2m-mode vanishes.

For further understanding of the beam-wave interac-
tion capability of potential modes in the cavity, the intrin-
sic characteristic curves of the cavity were studied, as
shown in Fig. 9(b) to 9(d). As expected, strong R/Q
values were observed near the 27 standing-wave modes.
Specifically, the R/Q) values for the upper-2m and lower-
27 modes were 179.80 and 100. 85 (), respectively,

demonstrating the benefits of utilizing the 27 standing-

wave mode for beam-wave interactions. Comparatively,
all other modes, except for the w/6 mode, exhibited R/Q
values below 60 ). Notably, the 7/6 mode, despite be-
ing a potential parasitic mode, registered an R/Q) of
143.55 Q. This prompted an analysis of the high-fre-
quency characteristics under beam-loaded conditions.
Fig. 9(c) presents the field distribution patterns for the
upper 2, lower 21, and 7/6 modes, where both the up-
per and lower-2m modes display envelope waveforms fea-
turing seven peaks and six valleys. This pattern aligns
with the 2m-phase shifts between periods, as analyzed in
Fig. 7, and is characteristic of the 27 modes. The corre-
sponding beam-loading conductance g, for these field dis-
tributions is analyzed in Fig. 9 (d). Under the beam-
loading, only the two 27 modes are evident, owing to
their near-identical synchronous phase velocities, en-
abling synchronization at a voltage of 15. 6 kV. The /6
mode, with its positive g,, suggests that energy would be
transferred from the electromagnetic field back to the
electron beam, thereby inhibiting its amplification. The

g, can be expressed as
M*(B, + - M*(B. -
6. Ly WBB) =M (B.=B,)
4 28,

8. = C
where the G, stands for the DC beam conductance, I/
U™. B. = wl, and B, = /v, are the propagation con-
stants of the DC beam and reduced plasma respectively,
which are determined by the RF radian frequency w, re-
duced-plasma angular frequency w,, and DC beam veloc-

ity v,. The coupling coefficient M can be obtained by :
f E(z)exp(—jB.z)dz
M(B.) =" ; (3)
J_ |E(z) |dz

1, (2)

0

2 Beam-wave interactions

Extensive 3D electromagnetic simulations based on
CST*' | were carried out on an EIKA, featuring a total
interaction circuit length of ~24 mm. This device, inte-
grating the proposed broadband traveling-wave mode in-
put cavity with a cascaded dual 27 mode standing-wave
output cavity (as illustrated in Fig. 1), was rigorously
calculated to assess its dual-frequency-band output capa-
bilities. In addressing the challenges of W-band ohmic
losses and electron beam transmission, both the electri-
cal conductivity and magnetic field strength were set con-
sistently at 2x10” S/m and 0. 6 T uniformly. The 0.6 T
uniform magnetic field can be implemented using a neo-
dymium-iron-boron (NdFeB) permanent magnet configu-
ration, as outlined in. "' These exacting conditions were
essential in ensuring the reliability and accuracy of our
simulation results.

Observations were made under a set of specific con-
ditions : input power of 0. 2 W, an electron beam with pa-
rameters 15.6 kV and 1 A (552 A/ecm’), and input fre-
quencies set at 93.90 GHz for the lower-2m mode and
94. 84 GHz for the upper-2m mode. These conditions led
to notable modulation of the electron beam. As depicted
in Fig. 10(a) and 10(b), which characterize the extent
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of energy dispersion, velocity modulation occurs within
the input cavity without a substantial reduction in the av-
erage power of the electron beam. In contrast, within the
output cavity, the average electron velocity in both the
lower and upper 2m modes reduced by respectively
13.7% and 18. 0% from the initial 15. 6 kV, signifying
the transformation of electron kinetic energy into micro-
wave energy. Regarding the electron transmission rate,
simulations have confirmed that the electron transmission
rate is at 100% prior to oscillation-starting, and the elec-
tron transmission rate at the power saturation state is

98. 9%.
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Fig. 11 PIC simulation results for the dual-band
EIK: (a) port signal diagrams and (b) time-frequency
contourmaps at 93.90GHz in the lower-2m mode; (c)
port signal diagrams and (d) time-frequency contour-
maps at 94. 84GHz in the upper-27 mode.
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Port signal-spectra, as shown in Fig. 11(a) and 11
(¢) , and time-frequency analyses, conducted using
wavelet transform methods and depicted in Fig. 11 (b)
and 11(d), indicated stable operation in both 27 mode
bands with pure spectra under input frequency locking.
The frequency locking time for the lower-2m mode was
less than 2ns, and for the upper-2m™ mode, it was less
than 3 ns.

To evaluate the performance of the proposed EIKA
under voltage tuning, over 1000 simulations were con-
ducted. Fig. 12 (a) presents a contour map of output
power as a function of both voltage and input frequency,
demonstrating that modes can be locked by adjusting the
input frequency across different voltages, thereby also
stabilizing the output frequency. These simulations dem-
onstrate that within the lower 27 mode, a voltage range
spanning 15. 6-16. 6 kV can reliably generate an output
power in excess of 1000 W. In parallel, for the upper 2
mode, a voltage range from 15.0 to 16. 8 kV is capable
of consistently delivering an output power surpassing 500
W. Fig. 12(b) and 12(c) display the variations in gain
and power across frequencies under identical operational
conditions (15.6 kV). Optimistic results were ob-
served, with the EIKA demonstrating broadband amplifi-
cation performance exceeding 183 W across a 1. 20 GHz
bandwidth from 93. 62 to 94.94 GHz. Within this fre-
quency range, as the input/output frequency increases,
the electric field distribution will exhibit a uniform transi-
tion from the lower 27 mode to the upper 27 mode, with
both 2 -modes’ field distributions consistent with Fig.
7. In this context, the mode distribution shown in Fig.
12(c) is obtained by monitoring the electric field in the
PIC simulation. These results also confirm that within
the 14-18 kV voltage range, the output frequency can be
effectively locked to the input frequency, demonstrating
the amplification performance across two [requency
bands. Specifically, the range of 93. 82-94. 15 GHz cor-
responding to the lower-band 27 mode exhibited a maxi-
mum gain of 37.09 dB (1024. 10 W) and a -3 dB band-
width of 0. 33 GHz; the range of 94. 72-94. 92 GHz cor-
responding to the upper-band 27 mode exhibited a maxi-
mum gain of 35.75 dB (752.20 W) and a -3 dB band-
width of 0. 20 GHz. At the central frequencies for the du-
al 2m mode, the single-cavity gain provided by this
standing wave output cavity is 6. 82 dB and 14.25 dB,
respectively.

Fig. 14 Simulation and test curves for the fabricated
34 GHz structure: (a) Simulated results of the electric
field distribution; (b) comparison curves for S-parame-
ters; (c) simulated curves of perturbation frequency de-
viation; (d) experimental curves of perturbation frequen-
cy deviation.

14 34 GHz Z5 M AR5 5286 i 26« (a) FRLIG
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The advancement in the physical mechanism for
these results herein lies in the achievement of stable dual-
frequency band outputs, as opposed to the "dual power
mode’ operation of dual-mode traveling wave tubes '™,
without the need for the gate-control required by the lat-
ter. In terms of output power, compared to multi-band
solid-state integrated-circuit RF power amplifiers, the
power output has been increased by approximately two or-
ders of magnitude from 10W "**". For comparative anal-
ysis, the performance parameters of several typical EIKs

and SSPAs are summarized in Table. III.
3 Perturbation experiments

The studies referenced above all assume the exis-
tence of the dual-27 mode, but this premise has not been
empirically verified through experimental reports. The
authors explored various measurement methodolo-
gies™ ™ | including the coaxial probe technique, ulti-
mately converging on the particle-perturbation method to
assess the field distribution in a fabricated dual-27 mode
extended interaction output cavity. This method entailed
the utilization of a dielectric tether, to which a perturbing
mass was attached, thereby inducing a disturbance in the
extended interaction circuit. The impact of this distur-
bance on the SII parameter was quantitatively analyzed
using a vector network analyzer (VNA). The movement
of the perturbing mass and the corresponding frequency
shift in the SI/ measurement were observed to deduce
the field strength at the measurement point. The experi-

Fig. 13 (a) Basic setup for the particle perturbation
experiment, and (b) the multi-layer assembly structure
of the dual-mode output cavity.

13 (a) B I S50 Y BEAS B 5 (b) XU g
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Fig. 13(a) shows the fundamental configuration of
the suggested particle perturbation experiment. In this
setup, for improved measurability and operational feasi-
bility of the perturbation technique, the dual-mode cavity
is proportionately enlarged to a 34 GHz structure (shown
in Fig. 13(b) ), featuring a beam channel with a radius
of 0. 5 mm. Note that, the above setup (enlarged cavity)
is required, as to ensure the accuracy of the perturbation
tests, a considerable number of such perturbation tests
are currently conducted at frequencies below 10GHz**
A symmetric assembly approach can be adopted for
the practical implementation of the 94 GHz slow-wave cir-
cuit.

When considering a test setup with minimal surface
losses, the frequency shift in a resonant cavity due to a
small dielectric perturbation can be calculated using the
lossless field solution. Assuming the impact of the mag-
netic field can be neglected and the electric field within
the dielectric is uniform", a simplified perturbation for-
mula can be derived by

Af 3(1-¢) &

AN
£ 3T T e T aw

where W and a represent the power capacity within the
cavity and the radius for the perturbing mass, respective-

ly.

WE[ @)

From (4), it can be inferred that the frequency de-
viation is directly proportional to the square of the elec-
tric field strength E,, reflecting the distribution of the
electric field strength.

Table 3 The operating parameters of several typical vacuum electronic devices and solid—state devices.

®3 A BB SEFRAMESHEENTIESH

Device Frequency band Bandwidth(MHz) Efficiency (%) Multimode operation
EIK[5] W-band 120 15.6 No
EIO[12] W-band - 3.5 No
EIO[21] W-band - 8.8/5.2 Yes
SSPA[20] L-band ~400 >55 (only~10W) Yes
This paper W-band 330/200 6.6/4.9 Yes
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The above discussion reveals several typical issues
in the current experimental setup that warrant improve-
ment in future. These include: 1) The perturbation ex-
periment neglects the influence of the slender dielectric
tether; 2) The relative magnetic permeability w, is ap-
proximated as 1.

The simulated results for the field distributions of
the corresponding test structure are shown in Fig. 14
(a) , where the presence of the dual 2 mode is ob-
served. The SI11 curve is depicted in Fig. 14(b), show-
ing a basic consistency between simulation and test
curves. The test results reveals a reduced frequency
spacing for the dual-27 mode in comparison to the simu-
lated predictions, a difference predominantly ascribed to
inaccuracies inherent in the fabrication process. To veri-
fy that the test curve obtained from S/ corresponds to
the dual 27 mode, a perturbation frequency deviation ex-
periment was conducted. Utilizing 120 sampling points
and a perturbing particle with a 0. 4 mm radius and a &,
of ~7, both the simulated and experimental curves for the
frequency deviation were plotted, as shown in Fig. 14
(¢) and 14(d). These curves are largely congruent, ex-
hibiting an envelope with seven peaks and six valleys,
characteristic of the 2 mode. The maximum frequency
deviations recorded for the upper and lower 27 modes
were 149.65 MHz and 28. 00 MHz, respectively, with
their relative errors in comparison to the simulation in
Fig. 14(c) calculated at 6. 3% and 1. 2%. This correla-
tion validates the design rationale behind the dual-2
mode mechanism.

It should be noted that these perturbation results,
indicative of a reduced frequency, are attributed to the
larger inner surface area of the cavity caused by adding
the perturbing body. This expansion increases the capac-
itance, consequently leading to a negative Af.

4 Conclusions

To achieve a rational design of a dual millimeter-
wave band high-power coherent radiation source, this pa-
per conducted extensive research involving simulations
and cold tests. For a more compact configuration, a
broadband traveling-standing-wave mode extended inter-
action input cavity and a dual-2m standing-wave mode
output cavity were adopted, with the total length of the
beam-wave interaction structure being approximately 24
mm. Factors such as electron beam parameters (15.6
kV, 1 A), magnetic field strength (0.6T uniformly) )
and electrical conductivity (2x10"S/m) were meticulous-
ly integrated into our three-dimensional electromagnetic
simulations for enhanced engineering practicality. A du-
al-2m output cavity, based on multi-layer manufacturing
technology, was tested using the perturbation method,
confirming the rationality of the dual-2m mode design
and revealing the corresponding dual-27 mode electric
field distribution.

Ultimately, the dual-frequency-band EIKA circuit
is anticipated to achieve frequency locking and output
power exceeding 183 W within a 1. 20 GHz bandwidth at
93.76-94. 96 GHz; with peak output powers in the up-

per-band 27 mode and lower-band 27 mode reaching
1024.10 W (93.90 GHz, 37.09 dB) and 752.20 W
(94. 84 GHz, 35.75dB), respectively, and -3 dB band-
widths of 0. 33 and 0. 20 GHz. It should be noted that,
according to the results presented, the power levels in
the two frequency bands are comparable. By optimizing
the characteristic parameters of the two 27 modes, it is
also feasible to achieve a dual-power-mode design in the
future, akin to dual-mode traveling wave tube amplifiers
(TWTAs).

The effective utilization of the dual-27 mode facili-
tates the advancement of vacuum electronic amplifiers to-
wards higher gains and multi-band capabilities, support-
ing a wider range of multi-band, frequency-hopping com-
munication applications, and more.
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