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Abstract: An attenuator supporting meander-line (ASML) slow wave structure (SWS) is proposed
for a Ka-band traveling wave tube (TWT) and studied by simulations and experiments. The ASML
SWS simplifies the fabrication and assembly process of traditional planar metal meander-lines (MLs)
structures, by employing an attenuator to support the ML on the bottom of the enclosure rather than
welding them together on the sides. To reduce the surface roughness of the molybdenum ML caused
by laser cutting, the ML is coated by a thin copper film by magnetron sputtering. The measured Sy; of
the ML is below —20 dB and Sy; varies around —8 dB to —12 dB without the attenuator, while below
—40 dB with the attenuator. Particle-in-cell (PIC) simulation results show that with a 4.4-kV, 200-mA
sheet electron beam, a maximum output power of 126 W is obtained at 38 GHz, corresponding to a
gain of 24.1 dB and an electronic efficiency of 14.3%, respectively.

Keywords: meander-line; surface roughness; S-parameters; slow wave structure; traveling wave tube

1. Introduction

With the large-scale application of 5G communication networks and the rapid devel-
opment of 6G, the demands for high-power, high-efficiency millimeter wave sources are
increasing rapidly [1-5] in recent years. Compared with the widely used solid-state power
amplifiers (SSPAs), the traveling wave tube has inherent advantages at a millimeter wave
frequency, such as generating high-power electromagnetic waves easily and with high
efficiency and an excellent heat dissipation ability [6-9].

However, the traditional TWT usually has disadvantages, such as large size and
weight, high operation voltage and so on, which make it difficult to meet the require-
ments of the communication industry for miniaturization and mass production. As a
result, the planar slow wave structure (SWS) has attracted wide attention over the last
decade. One kind of self-winding helix quasi-planar SWS is explored and fabricated by
using MEMS technology for potential mass production [10]. The planar SWS features as
almost two-dimensional rather than three-dimensional. The typical planar SWS, formed by
periodically bending a thin metal line on the dielectric substrate, is a kind of microstrip
meander line. This process can be seen as flattening the traditional helix SWS into a
flat structure. In the category of planar SWSs, many different bending forms, such as
V-shaped [11], U-shaped [12], angular log-periodic [13], coplanar [14], etc., have been
proposed successively.

The microstrip SWSs have the advantages of a low operation voltage and easy fabrica-
tion by using semiconductor technology for mass production, yet there are some problems
needing to be solved before applying them in practice to TWTs. For example, the metal
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layer is usually too thin (less than 10 um) to withstand the heat generated by high energy
electrons bombardments [15], and the accumulating charges on the dielectric substrate
tend to damage the SWSs [16].

Therefore, a meander-line (ML) SWS supported by side dielectric rods instead of
a bottom substrate slab was proposed [17] and furtherly developed with different pat-
terns [18,19]. The ML which was cut off from a metal sheet by laser is much thicker
(~200 pm) than those fabricated by magnetron sputtering. As a result, it not only inherits
the advantages of the low voltage and small size of the microstrip type SWSs, but also
solves the problems mentioned above. Based on this, the staggered dual ML SWS sup-
ported by side dielectric rods is proposed in [20], in which the simulation results show it
can generate 283 W at 75 GHz. In addition, the diamond bottom supported ML SWSs are
also studied and fabricated in the Ka-band [21] and X-band [22], in which the measurement
of transmission characteristics shows a comparable agreement with the simulations. In [23],
a new fabrication method to make the side dielectric rods supporting the ML SWS, is
explored by using mechanical roll bending of the copper strip. However, there was a
problem found on the ML SWS, that the feasibility was difficult to guarantee when welding
the metal meander line and dielectric rods. The assembly process is still complex.

Therefore, in order to simplify the assembly process, a novel attenuator supporting
meander-line (ASML) SWS is presented in this paper. Its main feature is using the dielectric
attenuator block to support the ML at the bottom, instead of welding them together on
the side, which makes the connection between the ML and dielectric rods much easier.
Instead of using traditional helix rods with an attenuator, the dielectric attenuator block
simplifies the assembly process and retains the function to absorb the backward oscillation
at the same time. In addition, by reducing the distance between the bottom metal shield
and the ML, the operation voltage is further reduced. According to the simulation results,
with the electron beam voltage of 4.4 kV, an output power of 126 W can be obtained
from the ASML SWS TWT, with a maximum gain and electronic efficiency of 24.1 dB and
14.3%, respectively.

In addition, the fabrication processing and the measurement of the surface roughness
and reflection-transmission characteristics of this structure are discussed. By using a laser
confocal microscope to measure the surface roughness, it is verified that the surface rough-
ness has been improved after copper coating on the ML's original material of molybdenum
(Mo). The measured S-parameters characteristics of the SWS shows during the designed
band of 36-39 GHz, the Sq; is below —20 dB and the Sy; of the ML varies around —8 to
—12 dB and the Sy; of the attenuator is below —40 dB. This new structure inherits the
characteristics of the ML, such as high output power, planarization and low working
voltage, further reducing the difficulty of processing and assembly which makes it easier
to manufacture and mass produce.

The rest of the paper is organized as follows: in Section 2, the structure model and
parameters are presented, as well as the high frequency characteristics of the ASML SWS. In
Section 3, the input and output structures are designed and fabrication issues are discussed.
In addition, the surface roughness and S-parameters measurement results are presented
and analyzed. In Section 4, the results of beam-wave interaction obtained from particle-in-
cell (PIC) simulation are shown to predict the potential performance of a TWT based on
the ASML SWS. At the end, Section 5 gives the conclusion of the article.

2. Structure Model and High Frequency Characteristics of the ASML SWS

In order to study the dispersion characteristics of the ASML, a single period model is
established. Figure 1 shows the perspective view of the one-period structure with labelled
dimensional parameters and the cross-sectional view showing the relative positions of the
meander-line, electron beam and metal shield, respectively. The metal meander-line is in a
U shape with right angle corners. The thickness of the meander-lines is t, the width is g,
and the length of the long arms is d. The distance between the adjacent straight lines is j, so
the length of a single period in z directionis p = 2 X (a +).
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The height of the metal shield is ay, the distance from the bottom metal shield is dy.
When dy is small, it can be regarded as loading the ridge on the bottom layer, which reduces
the working voltage.
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Figure 1. The different view of one period of the ASML SWS in the (a) 3-D, (b) xz plane and
(c) xy plane.

Different from the PDU-MML SWS [12], this kind of SWS is supported from the
bottom by the attenuator located around the middle of the SWS instead of welding the line
and dielectric rods, as shown in Figure 2. Similar to the fabrication of the conventional helix
TWTs, the attenuator can be obtained by evaporating a carbon film on the boron nitride
(BN) block easily. The dimensional parameters’ values after optimization are provided in
Table 1.

Table 1. The critical dimensional parameters of the ASML SWS.

Parameters Value (mm) Parameters Value (mm)
d 1.6 ay 0.756
a 0.07 dy 0.1
i 0.07 d1 0.7
p 0.28 d2 0.2
0.2 d3 04

The dispersion curves of the ASML SWS are calculated by using the eigenmode solver
of the commercial simulation software CST STUDIO SUITE. For the dimension values in
Table 1, the effects of dy on the dispersion curves are investigated and plotted in Figure 3a.
It can be seen that the curves become flat when dy reduces, which means the phase velocity
of the electromagnetic wave is becoming smaller. Finally, the dy = 0.1 mm is used in the
later TWT design. The Figure 3b indicates the interaction impedance is above 40 Ohms
from 10-40 GHz.
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Figure 2. Geometry of the attenuator part in 3-D view.
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Figure 3. (a) The dispersion curves versus frequency for different values of dy and (b) the
interaction impedance.

3. Fabrication and Measurement Issues
3.1. Fabrication and Assembly

Figure 4a gives the assembly sketch of the ASML SWS, and as can be seen, the metal
enclosures (pink parts) with transition stepped ridge waveguides and flanges are fabricated
together with the same processing in order to reduce the assembly error as much as possible.
The upper and lower metal enclosures will be fixed by the clamps (blue parts). As for the
metal meander-line, the fabrication process contains two steps. The first step is through the
picosecond laser cutting molybdenum sheet to fabricate the required pattern of the ML.
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The second step is covering the whole ML with a thin copper film (~3 pm) by magnetron
sputtering, which can improve the surface roughness and the conductivity of the ML.

Assembly
Sketch

Flange

Metal
meander-line

Clamp

(a) (b)

Figure 4. (a) The assembly sketch of ASML SWS with clamp, (b) the input-output couplers of the
stepped ridge waveguide transition.

In order to connect the ASML SWS to a standard WR-28 rectangular waveguide
(3.556 mm x 7.112 mm), the stepped ridge waveguide to strip line transition that could
gradually transform the TE;y waveguide mode to quasi-TEM mode has been proposed as
input-output couplers for beam-wave interaction. Figure 4b shows the half part of the SWS
and the detailed transition structure with main dimensional parameters for designing the
suitable mode converter. The values of the transition structure are listed in Table 2.

Table 2. The main dimensions of the staggered stepped ridge waveguide transition.

Parameters Values (mm) Parameters Values (mm)
drl 6 hrl 2.3
dr2 2.55 hr2 1.5
dr3 3.5 hr3 0.8
dr4 2 hrd 0.2
wr 1.1 - -

Figure 5 shows the fabricated SWS, in which the ML has already connected with the
ridge of the input-output couplers by using spot welding. There are two sets of SWSs
fabricated for measuring the main transmission loss of the ML with and without the
attenuator, respectively. One is the ML with normal BN block (white block in Figure 5a).
The other is the ML with the attenuator block that is fabricated by evaporating carbon on a
BN block, which is shown in Figure 5b.

() (b)

Figure 5. The two sets of the fabricated SWSs, (a) the ML with normal BN block, (b) ML with
attenuator block.
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3.2. The Surface Roughness Measurement

To demonstrate the improvement on the surface roughness after magnetron sputtering
of the copper film on the Mo meander-line, the values of roughness are measured by using
a laser confocal microscope (Olympus LEXT 5000). Because the ML is cut by the laser from
the top, the side surfaces are much rougher than the top surface. Figure 6a shows the side
surface of the Mo ML, in which the laser cutting strip marks are obvious. The surface
roughness of three random sample points varies from 410 to 670 nm. Figure 6b shows the
side surface of the Mo ML after the copper film sputtering. It can be seen that the laser
cutting marks are not obvious, and the values vary from 220 to 360 nm. As for the top
surface of the ML, the surface roughness of the Mo ML varies from 90 to 170 nm, and the
Mo ML with copper film varies from 70 to 120 nm.

Figure 6. Test image of surface roughness by Olympus LEXT 5000 at the side surface of (a) Mo ML
and (b) Mo ML with copper film.

According to the calculation equation of effective conductivity (o), Equation (1) [24],

(o
Oef = 5 2 1

(1+ %arctan(l.él X (%) )

It can be seen that the effective conductivity can be improved by two aspects. One is
increasing the material conductivity, as the conductivity of copper (5.8 x 107 S/m) is much
better than that of Mo (2 x 107 S/m); the other one is to reduce the surface roughness (Rg)
that is improved by coating copper as demonstrated above. The J is skin depth, which is
339 nm at 38 GHz. According to the measured surface roughness, the effective conductivity
of the ML with copper film is calculated to be around 3 x 107 S/m.

3.3. S-Parameters Measurements

To study the reflection-transmission characteristics of the 54-period ML with BN block
and attenuator block supporting, respectively, two sets of SWSs are fabricated (Figure 5)
and measured (Figure 7). For comparison, the simulations are also conducted by using
CST STUDIO SUITE, in which the conductivity of the ML varies from 2 x 107 S/m to
5 x 107 S/m. The relative permittivity and loss tangent of the BN material are set as ¢, = 4
and tand = 0.0005, respectively.
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The comparisons of the measured and simulated S1; and Sp; results are shown in
Figure 8a. The Sy results show a good agreement between the measured and simulated
results, which is below —20 dB from the designed frequency band of 36 GHz to 40 GHz.
As for the Sy1, the measured result varies around —8 dB to —12 dB from 36 GHz to 39 GHz,
which shows a good agreement with the simulation of conductivity of 3 x 107 S/m. In
addition, this result also approximately meets the result calculated by using the surface
roughness measurement results.
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Figure 8. The comparison of S-parameters of the ML SWS with (a) BN block supporting and
(b) attenuator supporting.

As for the ML with attenuator support, the relative permittivity of the attenuator
is set to & = 4 and the loss tangent is set to tand = 0.5 in the simulation. According to
Figure 8b, it can be seen that the S1; stays approximately the same between the measured
and the simulated results, with or without the attenuator. With regard to the Sy, during
the 35-39 GHz, the measured and the simulated results are both below —40 dB, which
means that the attenuator absorbs the majority of the wave energy and works well.

4. “Hot” Performance of the ASML TWT

To fully study the beam-wave interaction characteristics of the ASML TWT, 3-D
particle-in-cell (PIC) simulations are carried out by CST PARTICLE STUDIO. A sheet
electron beam with an operation voltage and current of 4.4 kV and 200 mA is used in the
simulation. The cross-sectional dimensions of the sheet-beam are 960 pum x 100 um with
a current density of 208 A/cm?. A solenoid magnetic field of 0.4 T is used to maintain
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the transmission of the sheet electron beam. The conductivity of the metal line is set to
=3 x 107 S/m for eventual ohmic losses due to surface roughness.

Figure 9 shows the time and frequency domain information of the output signal at
38 GHz, in which an input signal with an average power of 0.5 W is used. After 2 ns the
output signal becomes stable with a power of 126 W, corresponding to a maximum gain
of 24.1 dB and an electronic efficiency of 14.3%. In the 20 ns simulation time, as shown in
Figure 9a, the output signal also stays stable, showing that no oscillation occurred.

The output spectrum in Figure 9b shows the fundamental is 60 dB higher than the sec-
ond harmonic. The beam trajectories and phase-space diagram of the strongly modulated
electron beam are shown in Figure 10. It indicates a strong beam-wave interaction, and the
wave gets plenty of energy from the electron beam.

5 Time Signals 150 o2.pic_FT [Magnitude in dB]
o s 1 H H h H ' H H H H
10 ¢-- -160 -
‘ " . 1 1
a ).signall] i
:i 5 180_"
B s -200
Sl 220
-15
‘20..r‘.‘.‘.‘.‘.:.rl-?.-’l(]illllilll
0 2 4 6 8 10 12 14 16 18 20 020 60 100 140 200
Time / ns Frequency / GHz
(a) (b)

Figure 9. Output signal in (a) time-domain and (b) frequency-domain.
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Figure 10. Electron beam bunching and phase space diagram.

Figure 11a shows the output power at 38 GHz as a function of input power with
different values of beam current. When the current is 200 A, the output power increased
from 5 W to 126 W, as the input power increased from 0.01 W to 0.5 W. However, in the case
of the current of 0.1 A, no saturation is observed. In order to study this phenomenon, the
further simulation is conducted and the results are shown in Figure 11b, which indicates
that the output power at 38 GHz increased from 5 W to 185 W, as the current increased
from 0.05 A to 0.25 A, when the input power is 0.5 W. Considering the beam focusing
issues, a 0.2 A beam current is used for further study.
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Figure 11. Variation of output power at 38 GHz with (a) input power and (b) beam current.

Figure 12 shows the variation of the output power with frequency for different beam
voltages. The 3-dB hot-bandwidth for 4.4 kV is ~2.5 GHz. Moreover, thanks to the relatively
wide cold bandwidth of the ASML, the center frequency can shift from 35 GHz to 40 GHz
by changing the beam voltage.
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Figure 12. Output power vs. frequency for different beam voltages.

5. Conclusions

The ASML SWS for Ka-band planar TWTs has been proposed and investigated. The
structure model and high frequency characteristics of the ASML SWS have been presented.
The stepped ridge waveguide to strip-line couplers, which has been designed for connecting
the standard Ka-band waveguide, is described. The fabrication of the ML and assembly of
the ASML SWS are discussed. To improve the surface roughness of the ML, a thin copper
film is coated on the original material Mo by using magnetron sputtering. The surface
roughness measurement also verifies this improvement quantitatively. The S-parameters
characteristics of the ASML SWS are also studied experimentally. The measured results
show that during the designed band of 36-39 GHz, the Sy; is below —20 dB and the Sy
of the ML varies around —8 dB to —12 dB and the S,; of the SWS with the attenuator is
below —40 dB. Furthermore, the “hot” characteristics of the ASML SWS TWT are studied
by simulation. The PIC simulation results show the maximum output power of 126 W at
38 GHz is obtained with using a 4.4 kV and 0.2A beam. The maximum gain and electronic
efficiency are 24.1 dB and 14.3%, respectively.
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