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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.
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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 x 48.26 mm x 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, # is the
height of the straight waveguide, r. is the radius of the electron beam channel, and A, is
the amplitude of the cosine curve whose value could be chosen from zero (conventional
FWG) to the sum of /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 /1/4, 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.

()

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 4, 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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Figure 2. Normalized phase velocity of the CV-FWG for various values of Ac.
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Figure 3. Normalized phase velocity of the CV-FWG for various values of d.

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 x 107 S/m. As shown in Figure 6,
with the increase of the Ac, the loss is decreased. But the effect of the 4 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 / 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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Figure 4. Coupling impedance of the CV-FWG for various values of Ac.
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Figure 5. Coupling impedance of the CV-FWG for various values of d.
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Figure 6. Loss of the CV-FWG for various values of Ac.
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Figure 7. Loss of the CV-FWG for various values of d.

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 R; and R; 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.

Dimensions (mm) Reduction
Parameter o
CV-FWG FWG Percentage (%)
a 1.6 24 33
b 0.2 0.3 33.33
p 0.45 0.55 18
h 0.6 1 40
Tc 0.12 0.12 0
Ac 0.2 - _
d 0.5 - -
R 1.3 1.7 23.5
S (mm?) 53 9.1 41.8

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 impedance
are compared as shown in Figures 10 and 11. The on-axis coupling impedances for CV-
FWG and FWG are 6.5 () and 2.1 (), 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 () and 1.4 (), 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.
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Figure 9. Normalized phase velocity of CV-FWG and conventional FWG.
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Figure 10. Transmission loss of CV-FWG and conventional FWG.
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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.

(b) (0

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 a; and a; are the length of the upper
rectangular waveguide and the lower rectangular waveguide, respectively. The by and by
are the width of the upper rectangular waveguide and the lower rectangular waveguide,
respectively. The Iy and hy 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 x 10’ 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 b; 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.

1.25 1

1.20 n

1.15 f

ol T AAAA AAAAAf
W YWYV

A J

VSWR

1.00 . : —
80 82 84 86 88 90

Frequency (GHz)
Figure 13. Matching characteristics of the T-shaped coupler.

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



Electronics 2021, 10, 3054

8 of 10

(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.

—8— CV-FWG
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Gain (dB)
°

0 T T \ T T T
81 82 83 84 85 86

Frequency (GHz)

(b)
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 x 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.



Electronics 2021, 10, 3054

90f 10

Figure 15. Cross-sectional view of SWS with T-coupler.
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Figure 16. The output signal with 90 mW driven power.
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Figure 17. The output power (a) and gain (b) of CV-FWG simulated by PIC.
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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 x 1.6 mm x 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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