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Abstract—In this article, a transmission line system for
the propagation of millimeter-wave radiation is presented.
The full system includes a TE{{-to-TEg; mode converter,
wavegduide tapers, miter bends, and many straight sections.
The design of each of these components is described, and
the optimized simulation results are given. The mode con-
verter shows a greater than 96% mode conversion efficiency
that can be achieved over a 2% bandwidth at the W-band.
The miter bends demonstrate a transmission loss of 0.04 dB
each over the same bandwidth when they are configured
to introduce a mixture of higher order waveguide modes
before the reflecting surface. An example transmission line
system with a propagation length of 20 m, inclusive of four
90° bends with an oxygen-free high conductivity (OFHC)
copper waveguide material, was studied over a 90-96-GHz
frequency range and showed a 0.84-dB transmission loss
at 93 GHz.

Index Terms— Gyro-traveling-wave tube, miter bend,
mode converter, transmission line.

|. INTRODUCTION

ILLIMETER-WAVE (MMW) radiation in W-band,

at the kilowatt power level, is desirable for a number
of applications. With electron paramagnetic resonance (EPR),
the increased peak MMW power improves spatial resolution
and shortens the imaging times [1]. Nuclear fusion research
experiments require quasi-continuous wave (CW) MMW
sources at multimegawatt level power to heat a fusion plasma
[2]. The sources for these applications must often be sited a
significant distance from the point of use. The physical size of
the source, electronic noise from high-voltage power supplies,
and stray magnetic fields are all reasons to locate the source
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some distance from the point of application. Transmitting the
radiation to the point of use with low insertion loss while
maintaining the correct mode pattern becomes an important
issue.

Propagating the MMW in free space is the simplest solution;
however, the transmitting apertures must be large in order
to control losses due to diffraction. Therefore, maintaining a
propagating mode in a metallic waveguide structure is a more
practical method. The TEj;; mode in a circular waveguide
and the HE;; mode in a corrugated waveguide [3]-[5] are
suitable options with attractive properties, such as a centrally
located wave power within the waveguide, which reduces
the field strength at the waveguide wall and minimizes the
conduction losses. It is also possible to couple to either mode
with low insertion loss. The HE;; mode allows propagation
in linear or circular polarization, has a quasi-optical far-field
radiation pattern useful for many applications, and shows
broad operational bandwidth (example, 100-160 GHz for
application in the International Thermonuclear Experimental
Reactor (ITER) [6]). The HE;; transmission line has been
widely used in plasma fusion and dynamic nuclear polarization
(DNP) systems [7]; however, the corrugated waveguide is rel-
atively complicated and expensive to manufacture, especially
at higher operating frequencies where dimensions become
smaller and tolerances tighter. The TEj;; mode also has a
symmetric, and centrally located, electric field with low loss,
yet it propagates in a smooth circular waveguide. An argument
can be made that lower manufacturing costs and more robust
accommodation of manufacturing tolerances support the use
of TEy; transmission systems.

The proposed transmission line system includes: 1) a mode
converter to convert output mode of the source into propagat-
ing mode of the transmission line system; 2) waveguide tapers
to match waveguide diameters; 3) waveguide bends to allow
for directional changes; and 4) straight waveguide sections
with low loss.

A miter bend can introduce mode conversion and thereby
loss of power in the desired modes. In 1993, it was proposed
that these negative effects could be significantly reduced
through the conversion of incoming mode (TEg;) to higher
order TE(, modes [8]. The improved design, incorporating
a mode converter, was measured at W-band frequencies
(93-98 GHz) [9]. Further work at Ka-band focused on a
transmission line system with a mode converter (TE;;—TEq;)
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Fig. 1. Transmission system showing: 1) circular waveguide with
TE41 mode; 2) TE{1-to-TEgy mode converter; 3) linear taper; 4) miter
bends; and 5) output to application.

and a series of the improved miter bends [10]. A significant
reduction in the transmission loss of 15 times was achieved
compared with the conventional miter bend. This approach has
also been utilized in applications, such as the resonant ring for
the testing of components with high-power microwaves [11].
A design of miter bend with a TEy;-mode dominant, with a
weaker mixture of TEqs and TEy modes, has been used for
overmoded gyrotrons [§].

This article presents a 20-m (6250/¢) long transmission line
system for an application where the source is sited away from
the load or antenna or point of use. This article is organized
as follows. The design of the mode converter, waveguide
taper and miter bend, is presented in detail. A transmission
line system suitable for a W-band gyrotron traveling-wave
amplifier (gyro-TWA) [12], [13] with circularly polarized TE;
output is presented.

Il. COMPONENTS IN A TRANSMISSION LINE SYSTEM

The general scheme of the transmission line system is
shown in Fig. 1. The output from the MMW radiation source
is transmitted some distance to the end application through
this system. Four miter bends are included in the proposed
system to show the flexibility of the system, for example,
where obstructions prevent a direct transmission path, as often
occurs in complex systems.

A. Mode Converter

Mode converters of many forms can be designed depend-
ing on the characteristics of the desired input and output
modes [14]-[16]. Even for the same conversion (for example,
the TE;;-to-TEp; mode in the circular waveguide), there are
different ways to realize the mode converter [17], [18].

In this article, a mode conversion approach based on a
mode-coupling theory is used. The surface profile of such a
mode converter has the following expression in the cylindrical
coordinates [19]:

R(z,0) = Ry + e Rycos(2wz/Ap) cos(mph) )

where Ry is the average radius, ¢ is the maximum corruga-
tion amplitude deviation from the average radius, 1p is the
beat wavelength, and mp is the periodicity in the azimuthal
direction. The mode conversion can be examined from the
dispersion curves of the incident mode (mode 1) and the spatial
harmonic of the output mode (mode 2) (see Fig. 2). At the
intersection point, where the Bragg resonance conditions are
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Fig. 2. Dispersion curves of the coupling modes.
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Fig. 3. (a) Scattering parameters of the mode converter. (b) Field pattern
inside the mode converter at the center frequency.

satisfied, the two modes have strong coupling and can convert
the energy of the input mode into the output mode [20].
Theoretically, this kind of mode converter is able to achieve
mode coupling between any two modes.

To convert TE;; mode into TE(; mode at a center frequency
of 93 GHz, the initial geometry parameters of the beatwave
mode converter can be derived from the mode coupling
equation based on the perturbation theory [21]-[23]. This
yields a first-pass design, which can then be optimized to
meet the requirements for coupling coefficient or bandwidth.
For example, reducing ¢ results in a longer structure with
larger bandwidth. Fig. 3 shows the simulation results with
the geometry parameters, Ry = 2.50 mm, ¢ = 0.15, 1z =
10.65 mm, and the overall length 34.30 mm. The central
frequency mode conversion is 99.1%, while at the top and
tail of the 2% passband, the conversion is 98.0% and 96.9%,
respectively.

The length of the mode converter and its effect on the mode
conversion efficiency was investigated, data shown in Fig. 4.
It is seen that with the higher number of beat wavelengths,
the bandwidth reduces, and however, the central mode con-
version increases. Therefore, the choice of length will be a
tradeoff between the requirements of the high/low ends of
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the bandwidth and the mode purity required at the central
frequency.

B. Miter Bend for TEp; Mode and Waveguide Taper

The geometry of a 90° miter bend is shown in Fig. 5(a).
It consists of two straight waveguides, at a 90° angle to each
other with a 45° sloped surface.

The transmission of the operating TEy; mode is entirely
dependent on the diameter of the waveguide (d) and the
distance between its bending point and the sloped surface ().
From the simulations, a small waveguide diameter shows a
large reflection, also the miter bend will suffer from diffraction
losses, and therefore, the diameter of the waveguide needs
to be sufficiently large. A further benefit to the enlarged
waveguide is in a reduction of the field strength. Typically,
a diameter at least a few times, ~5, the size of the guide
wavelength is used. Considering the miter bend with d = 54,
the simulations show a transmission of the TEq; mode
around the —0.4-dB level and reflection better than —30 dB
(see Fig. 6).

For a practical system with multiple bends, of a similar
design, which provides the flexibility to transport the radi-
ation over a required distance, the diffraction losses can be
significant. Further investigation showed that the diffraction
losses can be significantly reduced through introducing a mode
conversion before the miter bend, for example, to convert
from pure TEy; into a mixture of higher order TE(, modes,
which helps to locate the wave energy more centrally. The
conversion can be made by introducing a change of the
waveguide diameter. The profile can be determined speedily

Fig. 7. Simulated mode conversion caused by a linear waveguide taper.

through optimization techniques, such as particle swarm opti-
mization [24]; however, for simple manufacture, a smoothly
tapered waveguide transition [see Fig. 5(b)] was studied.

The connection between two waveguides with different
diameters can be made through a tapered tube. However,
it is important to ensure that any geometry discontinuities are
avoided as these would cause unintended mode conversions.
The simplest method is to use the smooth linear taper, and
the angle of it determines the strength of the conversion to
higher order modes TEy,. Simulations showed that the mode
conversion to TEy, is 4%, 8%, 13.5%, and 20% when the
taper angle was 4, 6, 8, and 10, respectively. An angle of 8°
was chosen, which resulted in a mode mixture of 86% TEy,,
13% TEy,, and 0.2% TE(; into the miter bend, as shown
in Fig. 7. The initial waveguide diameter had a ratio to
wavelength which was set as 5.0 and a length of 18.50 mm.

However, the disadvantage for the linear taper is that in
the case of a large diameter difference, a long waveguide
taper is required. A nonlinear taper, for example, with a sine-
square function profile [25], will achieve better performance to
maintain the mode content while reducing the taper length by
a factor of 2; however, it increases the machining complexity.
Therefore, the final design of the waveguide taper will be a
balance between its length and machining complexity.

The waveguide taper in the mode converter uses the linear
taper. It must be at a specific distance (Lpy) from the miter
bend in order to properly phase the modes at the point of
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Fig. 9. Simulated W-band transmission line system and inset the

simulation model.

the bend. A relatively large taper angle of 8.3° could be
used to make a suitable amount of mode conversion to TE,
modes. Its accurate length was obtained from a parameter
sweep in the numerical simulation. The mode mixture at the
central frequency was 86% TE;, 13.5% TE, and 0.25% TEq;
(see Fig. 7).

In the optimized case, this hybrid miter bend [see Fig. 5(b)]
has an input diameter of d = 5/ and output d, = 6.2y with
taper angle of 8.3° that is set away from the miter bend at
Lpn = 164¢. Therefore, the hybrid miter bend shows an opti-
mized transmission with an average of —0.04-dB transmission
over 92-94 GHz.

[1l. SIMULATION RESULTS OF W-BAND
TRANSMISSION LINE SYSTEM

A W-band gyro-TWA was developed at the University of
Strathclyde. It achieved an output power of 3.4 kW with the
gain of 36-38 dB at a center frequency of 93 GHz [12].
A transmission line system based on the method presented
in this article was designed to transport the MMW radiation
about 20 m away to the application region. A subsection of
this system was investigated with an overall length of 0.4 m
with four waveguide bends. The optimized miter bends had an
input diameter d of 16.00 mm and a phasing diameter d, of
21.40 mm. The taper angle was 8.3°, and the phasing length
was 18.50 mm. Each of the waveguides bends, when analyzed
individually, has a maximum transmission loss of —0.05 dB
with the reflection of under —30 dB.

The simulated geometry (see Fig. 8) comprised of mode
converter, taper, and four miter bends separated with smooth
guides. To reduce the simulation time, the geometry was
simplified; long smooth waveguides were separated into short
waveguide sections. The waveguide wall was set with the poor
conductivity of 1.0 x 10° S/m, and the effect is to simulate
a waveguide length of 0.4 m that is the equivalent of 20 m

of oxygen-free high conductivity (OFHC) copper. The overall
loss was 0.84 dB at the center frequency (see Fig. 9). This
result shows that long lengths of this transmission line are
viable for use with a kilowatt level gyro-TWA. It has been
shown that the conversion of the TEg;-to-TE;; mode in the
overmoded waveguide can be made with high efficiency [26].
This would allow the addition of a TE;; to the HE;; mode
converter, such as the corrugated [27] waveguide or a smoothly
profiled horn [25].

IV. CONCLUSION AND DISCUSSION

In many applications, there is a requirement to transport the
MMW signal across long distances. In this article, a transmis-
sion line system operating with a TEy, mode was studied to
meet those needs. The design of the major components, includ-
ing the mode converter, waveguide taper, and miter bend,
was presented. The frequency-independent design process is
applicable to different frequencies for different applications.
Each component was analyzed as a stand-alone item to achieve
an optimal design with consideration of the manufacturing
process. The miter bend geometry was analyzed with a pure
TEp; input and with additional higher order TE(, modes.
It was found that the inclusion of those modes resulted in
a transmission loss reduction of ten times when compared
to the pure TE(; design. The guides between miter bends
are also very low loss. When considering a conductivity
of 5.8x107 S/m for the metallic waveguide, the ohmic loss is
about 0.006 dB/m at a waveguide diameter of 21.40 mm and a
frequency of 93 GHz. To compare to the corrugated waveguide
a 110-GHz transmission line was designed for ITER with a
calculated loss of 0.002 dB/m at the diameter of 31.75 mm [6].
The full system, with each component and a series of miter
bends, showed that the system is able to transport the output
from a kilowatt-level MMW source over a very long distance.

At the optimal design, the TE;;-to-TEy; mode converter
achieved a central frequency conversion efficiency of 99.1%
while maintaining a better than —35-dB return loss. The miter
bend with the higher order mode mixture showed an average
of 0.04-dB transmission loss over 92-94 GHz. As an example,
a transmission line system that would be situated at the output
of a W-band gyro-TWA was designed. The circular polarized
TE;; mode, which is the output mode from the gyro-TWA,
was used as the input to the system. With an equivalent overall
length of 20 m and four miter bends, the transmission loss was
about 0.84 dB, at 93 GHz, when the waveguide was OFHC
copper. An extended bandwidth of 90-96 GHz was studied,
and the system showed a maximum loss of —2 dB.
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