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H- and E-plane loaded Slow-wave structure for
W-band TWT

Laxma R. Billa, M. Nadeem Akram, Claudio Paoloni and Xuyuan Chen

Abstract—Sheet beam vacuum electron tubes are an attractive
solution for high-power sources or amplifiers at millimeter-waves.
In this paper, a novel W-band slow-wave structure (SWS) for
traveling wave tube (TWT) amplifier supporting a sheet beam is
proposed. The SWS is based on a rectangular waveguide with H-
plane and E-plane loaded metal corrugations. A test structure of
the proposed H- and E-plane loaded (HEL) SWS with purposely
designed input and output couplers was built in the frequency
range of 91 — 98 GHz (W-band). The measured scattering-
parameters agree well with the simulations showing S;<-15 dB
over 10 GHz bandwidth. A TWT was designed and simulated with
the HEL SWS. It shows very good gain-bandwidth performance.
The SWS is easy to manufacture by low-cost CNC-milling. The
results demonstrated that the HEL SWS is a very good solution to
build high-power, wideband millimeter-wave TWTs for a wide
range of applications that need high power in a broad frequency
range.

Index Terms—Millimeter-wave, Traveling wave tube, Slow-
wave structure, W-band Power Amplifier

I. INTRODUCTION

ACUUM electronics is presently the only technology for

high-power and wide-band signal sources and amplifiers
operating at millimeter waves. The W-band (75 - 100 GHz) is
of particular interest for radar systems and wireless
communication systems for both terrestrial networks and
satellite communications [1-5]. The rapid growth of solid-state
transistor technologies, such as GaN, InP, has enabled the
development of power amplifiers from microwave frequencies
towards millimeter and sub-millimeter frequency ranges [6-7].
However, the solid-state device technology is limited to about
2 W RF power when the operating frequency approaches W-
band. Beyond this frequency, the power reduces substantially.
Vacuum electronic devices are able to provide tens of Watt
power at millimeter waves. Travelling wave tubes (TWTs) in
particular satisfy the system specifications for enabling many
applications in the millimeter-wave frequency range and
beyond [8-10].
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A helix slow-wave structure (SWS) is not suitable for the
frequency above 60 GHz due to the very small dimensions.
TWTs at millimeter waves need all-metal SWS, that can
support high-thermal loading, and must be vacuum compatible
[10-11]. The folded waveguide has been widely used as SWS.
It has been demonstrated in a number of TWTs in the
millimeter-wave frequency range, such as Ka-band TWT [12-
13], W-band TWT [14-15], D-band TWT [15], and G-band
TWT [17]. The folded-waveguide SWS can be manufactured
using CNC (Computer numerical controlled) milling up to G-
band. However, it needs long machining time and requires
complicated assembly [18]. The staggered double-vane SWS
has been demonstrated for sheet-beam TWTs at the millimeter-
wave [19]. The staggered double-vane SWS typically uses a
high-aspect-ratio sheet beam that demands a relatively high
value of an axial magnetic field to confine the modulated beam
in its channel.

A novel SWS has been proposed, named the H-plane and E-
plane loaded (HEL) SWS. It is suitable to be manufactured
using low-cost CNC milling and offers high power and
wideband operation. The performance of the TWT using HEL
SWS has been investigated at 400-GHz frequency band [20].
The manufacturing feasibility of the SWS at this frequency
band has been demonstrated by using LIGA process [21-22]. In
this paper, the design, simulation and testing of a W-band TWT
based on the HEL SWS is presented. Section II presents the
design and electromagnetic simulation of the HEL SWS at W-
band. The PIC (Particle-in-cell) simulation of a W-band TWT
is discussed in section III. Section IV gives the manufacturing
details and the scattering parameters (S-parameters) results of
the HEL SWS.

II. H- AND E-PLANE LOADED SWS DESIGN

A HEL SWS is devised by incorporating metal corrugations
in both H-plane and E-plane of the rectangular waveguide, as
shown in Fig. 1. The E-plane metal corrugation and the H-plane
metal corrugation are loaded capacitively and inductively to the
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Fig. 1. Schmatic of the H-plane and E-plane loaded SWS: (a) 3 D view

(remover top metal sheet), (b) top section view (excluding top metal sheet),
and, (c) side section view (excluding sidewall).

electromagnetic field, respectively. The HEL SWS operates in
the fundamental mode. Thus, the loading effects build the axial
electric field, which allows the beam-wave interaction.
Eigenmode simulations are performed by CST MWS. A unit
period of the SWS is considered with periodic boundary
conditions in the axial direction.

The parameters of the unit-cell structure are optimized to
achieve a linear dispersion curve, at W-band, with a low beam
voltage of ~20 kV. Importantly, the geometrical dimensions are
also defined to ease the machining process by low-cost CNC
tools.
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Fig. 2. Dispersion curve of the SWS.

The dispersion curve is shown in Fig. 2. The 20 kV beamline
is superimposed to show the region of the electron beam
velocity synchronized with the wave phase velocity. The
dispersion curve is related to the first harmonics of the
fundamental mode of the SWS, which covers the frequency
range 80.4 — 104.2 GHz. The overlap of the beamline and the
dispersion curve in the frequency range 87 - 99 GHz indicates
a good synchronism condition for the wideband operation of the
tube. The first higher-order mode is located in the band 117 -
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Fig. 3. Interaction impedance of the SWS for different positions of the beam
with respect to the top of E-plane corrugations.

142 GHz, showing a large bandgap which reduces the risk of
band edge instability.

The Pierce interaction impedance is calculated using
equation (1).
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Where, B, = %f dxfﬁ x Hdy, B, = Bo + 27m/p’ By is
phase constant, ‘S’ is beam cross-section assuming 1.0mmX
0.3mm that is positioned d distance above the top of the E-plane
corrugation, E; is the axial electric field, p is the unit period
length of the SWS and # is the spatial harmonic number. The
K. is calculated using the field components and the dispersion
curve obtained from Eigenmode simulations. The first space
harmonic of axial electric field components of the forward wave
(the phase shift between 360° to 540°) is considered in the
equation (1). Figure 3 shows the interaction impedance of the
SWS for different values of d. If the beam is positioned closer
to the edge of the E-plane corrugation, where the field is strong,
a higher interaction impedance can be achieved. For d =80 um,
the interaction impedance is more than 1 Q over the desired
operating bandwidth.

Tapered Corrugations

Input Port

Fig. 4. Schematic of coupler design (top metal plate removoed).

A coupler is designed for a smooth wave transition from the
rectangular waveguide TE10 mode to the slow-wave mode and
vice versa. The coupler is composed of a finite length of
waveguide section containing a tapered configuration of
corrugations and a tapered waveguide width, as shown in Fig.
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Fig. 5. S-paramters of the coupler design.

4. The width of E-plane corrugations in the coupler section is
gradually narrowed towards the tail end of the SWS from the
interaction section, while keeping other parameters of E-plane
and H-plane corrugations unchanged. The change in the width
of corrugation is of 60 um. The time domain transient solver in
CST MWS software is used to compute the S-parameters of the
HEL-SWS with the coupler.

The simulation model includes ten uniform periods and nine
tapered periods both at the input and the output (shown in fig.
4). The input and output ports are designed to match the WR-
10 waveguide standard flanges. The coupler shows very good
characteristics, S11<-15 dB in the frequency range 84.5 - 98
GHz. A study of the effect of surface roughness on power loss
is performed by simulating the HEL SWS with different values
of conductivity of the OFHC (oxygen-free high thermal
conductivity) copper. With a reduced conductivity, ¢ = 0.598
x107 S/m, the transmission loss of the SWS is about 1.3 dB and,
0.52 dB when the theoretical conductivity, ¢ = 5.98x107 S/m,
is considered, over the operating frequency.

III. 'W-BAND TWT DEMONSTRATION

The performance of the beam-wave interaction of W-band
TWT based on HEL SWS is demonstrated by considering the
interaction length with 85 periods. CST Particle Studio is used
for the beam-wave interaction study. The optimized parameters
derived from the Eigenmode simulations and transient
simulations are used for the PIC simulations which include the
interaction section, the input coupler, and the output coupler.
The rectangular waveguide ports for the input and the output,
the electron particle emitting surface, and the focusing magnetic
field are also included. A reduced conductivity (c = 4.50x107
S/m) of OFHC copper is considered to account the surface
roughness of the metal surfaces. A sinusoidal wave with 10 mW
average power is used as an input signal. A uniform magnetic
field of 0.9 T is applied for the electron beam focusing. The
beam voltage is kept at about 21kV, and the beam current is set
to 0.450 mA.

The initial cross-section dimensions of a rectangular sheet
beam are b»=1.00 mm and b,=0.30 mm. It is positioned at a
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Fig. 6. (a) Schematic of modified beam cross-section from the rectangular-
shaped sheet beam, and modulated sheet beam cross-section at different
instance in the SWS:(b) 0 mm, (c) 30.8 mm, (d) 61.6 mm, and (e) 82.5 mm.

distance of d = 0.08 mm from the top of E-plane corrugations.
It is found that the modulated sheet beam suffered from curling

edges [23]. This curling edge is due to the E x B diocotron

instability effect. The E x B force is always along the
equipotential line, and the electron will drift following the
equipotential line. To minimize the diocotron instability effects,
the shape of the electron beam must match with the
equipotential line. A modified rectangular cross-section with
curved edges of the beam emitting surface is employed, bn- =
0.14 mm and bw.=0.14 mm (shown in Fig. 6(a)). Figure 6(b)-(e)
show the cross-section of the modulated beam at different
distance along the SWS length, during the beam-wave
interaction process. The small-signal gain and output power of
the 85-periods length TWT over the band is about 24 dB and
4.3 W respectively (Fig. 7). The gain of the TWT can be
increased by using two or more sections of the SWS with severs
or by implementing a velocity tapering technique.
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Fig. 7. Gain and Power of the TWT.
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Fig. 8. (a) Optical microscopic images of the CNC-milled SWS, and (b) the
SWS being tested under VNA.

IV. MANUFACTURING AND TESTING

The SWS was built into two parts, one with the corrugations
and couplers, the other is a lid to close the waveguide. The two
parts were assembled with nuts and bolts. As shown in Fig. 1,
the size of the corrugations of the SWS is in the range of
hundreds of microns (the E-plane corrugation with a minimum
size has 0.09 x 0.31 mm in the tapered section). Manufacturing
of such small parts using CNC milling needs a proper
machining process. The tool diameter must be less than the size
of the parts. An appropriate selection of the tools and optimized
machining settings permits to obtain micro-level tolerance and
sharp corners with good surface finish. The minimum distance
between the parts to be machined is 390 pum. A tool with a 200
um cutting diameter was used for machining those parts with
42000 rpm spindle speed.

For prototyping purpose, the HEL SWS was manufactured in
copper alloy. The alloy is grade H62, which is composed of
63% copper, 0.15% Iron (Fe), 0.08% Lead (Pd), 0.005%
Antimony (Sb), 0.002% Bismuth (Bi), and rest is Zinc. The
CNC-milled SWS parts were ultrasonically cleaned with
solvents to degreasing, and to remove organics residues and
metallic debris from the milling process. The surface oxides
were removed with acids. Optical microscopic images of the
manufactured SWS parts are shown in Fig 8(a). The inner 90°
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Fig. 9. Measured S-parameters of the CNC-machined SWS.

corners were machined perfectly sharp, and tolerances are
within 10 pm.

The S-parameters of the HEL SWS were measured using a
Rhode & Schwarz vector network analyzer with W-band
millimeter-wave extension modules. A good agreement
between the simulation and the measurements was achieved, as
shown the S-parameters in Fig. 9. A drift of ~2 GHz was
presented at the lower and upper cutoff frequency. The
reflection coefficient (Si11) was better than 15 dB and RF
transmission loss in the SWS was measured about 4.5 dB over
the operating bandwidth, 91 - 98 GHz. The higher transmission
loss in comparison to the simulation (performed with a very low
o = 0.598%107 S/m) was due to the imperfect metal surface
finishing and the presence of tinny burrs and metal residues
after cleaning. For future TWT hot-test experiments, the SWS
will be manufactured with OFHC copper to improve the
performance.

V. CONCLUSION

A novel SWS, H- and E-plane loaded waveguide, has been
demonstrated as an effective solution for realizing millimeter-
wave sheet beam TWT. The complete HEL SWS has been
designed, manufactured, and validated by S-parameter
measurements. The S-parameters measurements demonstrated
broad bandwidth and low RF losses. The single section 85-
periods HEL-SWS TWT provides 24 dB gain over 89 — 101
GHz. The promising performance of the HEL SWS
demonstrates as suitable for producing an affordable and high
performance millimeter-wave TWTs.
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