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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 ¢, the width of the ring
is wy, 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 ¢, the width of the shielding box and substrate is 4, the
height of the shielding box is h;, and the thickness of the dielectric substrate is /1;. 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.

(a)

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:
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Here, w is the angular frequency,P,, is the transmission power along the longitudinal
direction, E; is the amplitude of the longitudinal electrical field, p is the period length of
the SWS and By is the phase constant of fundamental wave, which equals ¢/ p, and ¢ 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.
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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.
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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 w, 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.
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Figure 4. (a) Normalized phase velocity with different ¢, (b) interaction impedance with different J.
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Figure 5. (a) Normalized phase velocity with different w,, (b) interaction impedance with different w;,.

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 w; 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)

4 0.128
wy 1.494

w 0.04

s 0.034

J 0.5
hy 0.254

t 0.005

a 4

hy 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 TE;p 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 x 107 S/m, the relative permittivity of the quartz glass was 3.75,
and the loss tangent was 4 x 10~ 4.

por

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.

Amplitude (dB)

35 I N R RSN ST R RN |
26 28 30 32 34 36 38 40

Frequency (GHz)

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 x 0.1 mm, and the beam current was 0.38 A,
whose corresponding current density was 200 A/cm?. 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.

30 Output signal Input signal Reflected signal

Time (ns)
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.

MW

____________________________________

Figure 10. Electron beam bunching and phase space diagram.



Electronics 2022, 11, 384

7 of 9

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.

350

| ——SRML 0.7kV
—m—SRML 94KV

[ ——SRML 01KV

[ U-shaped ML 9.3kV

Ouput power (W)

24 26 28 30 32 4
Frequency (Gﬁz)

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/cm?, 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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ultraviolet

photoresist

@)

(©) (O] ©

mask

metal line

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.

160mm

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