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Design and Measurement of a Broadband
Side-wall Coupler for a W-band Gyro-TWA

Liang Zhang, Wenlong He, Craig R. Donaldson, Jason R. Garner, Paul McElhinney and Adrian W.
Cross

Abstract—The input coupler is an important component for a
microwave amplifier. In this paper, a side-wall single-hole input
coupler for a W-band gyrotron travelling wave amplifier
(gyro-TWA) that operates at the frequency range of 90 - 100 GHz
was designed and measured. Instead of using a cutoff waveguide,
a broadband Bragg-type reflector with a small spread in phase
was optimized for use as part of the input coupler. The minimum
radius of the reflector was two times the size of a cutoff waveguide
which reduced the possibility for some of the beam electrons being
collected in this section and lost to the amplifier interaction
region.

Index Terms— gyro-TWA, input coupler, Bragg reflector.

I. INTRODUCTION

yro-devices are high-power coherent radiation sources

based on the electron cyclotron instability. The travelling
wave amplifiers (gyro-TWAS) are one kind of gyro-device that
can be used in various applications including electron
paramagnetic resonance spectroscopy, high resolution radar,
deep space communication and plasma diagnostics. A
high-power wide-frequency-tunable source has significant
advantages in these applications. However, to achieve
broad-band amplification is challenging for the gyro-devices.
For a conventional gyro-TWA using smooth waveguide as the
beam-wave interaction region, broad-band amplification only
occurs far-away from the cutoff frequency, which requires high
beam voltage as well as suffering from a high sensitivity to the
electron beam quality.

The wide frequency tuneability can be achieved by using a
helically corrugated waveguide (HCW) that has a periodic
corrugation on a smooth circular waveguide, as shown in
Fig. 1(a). From the Floquet theory, the periodic structure has an
infinite number of spatial harmonics [1]. From the
coupled-mode theory [2], [3], the axial and azimuthal
periodicities in the HCW allow the coupling of two different
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modes (mode 1 and 2 in Fig. 1(b)) in circular waveguide to
generate new eigen modes (W; and W,). The synchronism
conditions for both of the axial and azimuthal directions are
kl'k2:27'5/d, mi-my=m (1)

where d and m are the axial and azimuthal periodicities of the
waveguide, ki, k, are the axial wave numbers and my, m, are
the azimuthal indices of the two coupling modes. If the
dimensions of the HCW are properly designed, the eigenmode
W, is able to achieve a constant large group velocity over a
large range of axial wavenumbers around zero, as shown in Fig.
1(b). This ensures the gyro-TWA has broadband amplification
(w1 to @,) as well as less sensitivity to the velocity spread of the
electron beam.

Gyrotron backward wave oscillators (gyro-BWOs) and
gyro-TWAs based on HCWSs have demonstrated excellent
results in achieving high-power and wide frequency tuneability
[4]-[6]. A W-band gyro-BWO with a HCW achieved a
maximum output power of 12 kW. The frequency tuning band
in the measurement was 88.0 - 102.5 GHz by adjusting the
cavity magnetic field [7]. A W-band gyro-TWA that shares the
same cusp electron gun, the solenoid system and microwave
output window with the gyro-BWO is currently being
experimentally studied. It is predicted to achieve a saturated
gain of 35 dB, and an output power of 5 kW in the frequency
band of 90 - 100 GHz when driven by a 40 kV, 15 A,
annular-shaped large-orbit electron beam [8].

mode 2

beam line

27d 0 k.
(b)
Fig. 1 (a) The 3D model of a HCW, and (b) mode coupling in the HCW. The
operating mode W has a constant large group velocity over a large range of
axial wavenumbers around zero. d is the axial period of the HCW.
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In contrast to the gyro-BWO, the gyro-TWA requires an
input microwave signal for amplification. The input signal is
coupled into the system between the electron gun and the
interaction region from the radial direction. The configuration
of the side-wall input couplers may be different depending
upon the required operating modes for the interaction, but can
be categorized as a single-hole or a multiple-small-aperture
type coupler. Both types have been used in the gyro-TWA
experiments. The multiple-small-aperture coupler is able to
achieve good coupling over a narrow bandwidth (about 2%)
and the performance degrades as the bandwidth increases. A
multiple-small-aperture input coupler designed for a Ka-band
gyro-TWA achieved about -2 dB transmission coefficient with
17% bandwidth from 33 - 39 GHz [9]. At W-band, higher loss
is expected due to the smaller coupling holes (about 0.3 mm). A
single-hole coupler with a cutoff waveguide achieved 20%
bandwidth at X-band [10]. However it is limited by the usage of
the small-radius cutoff waveguide at high operating frequency.

So far, there are no input couplers reported that operate at
W-band that achieve high transmission as well as broad
bandwidth. In this paper, the single-hole coupler is discussed as
it has the advantage of compact structure with a small area
required to be brazed together to seal the vacuum, which is
more suitable for the W-band gyro-TWA under development
due to the space limitation between the cavity coil and the
vacuum jacket. The input coupler with a Bragg reflector was
optimized to achieve a maximum transmission from the input
TE 1, mode in the rectangular waveguide to the TE;; mode in
the circular waveguide. The preliminary idea of the proposed
coupler was introduced in [11]. In this present paper, a detailed
study of the principle, the simulation and the optimization of
the coupler is reported. The simulation results have been
verified by measurement using a vector network analyzer
(VNA) and good agreement achieved.

This paper is organized as follows. Section Il describes the
T-junction side-wall coupler with cutoff waveguide. Section Il
presents the design of the side-wall coupler with a broadband
Bragg reflector. In Section 1V, the construction and
measurement results of the Bragg reflector as well as the input
coupler are reported and discussed. Section V contains the
conclusion.

Il. SINGLE-HOLE SIDE-WALL COUPLER WITH CUTOFF SECTION

The general geometry of the single-hole side-wall coupler is
a rectangular-to-circular T-junction. It is a basic microwave
structure that can be used in applications such as an ortho-mode
transducer (OMT) [12], polarizer and microwave filter [13].
The scattering parameters of the rectangular-to-circular
T-junction can be efficiently calculated by several methods,
such as finite-difference time-domain (FDTD), finite-element
method (FEM), or mode matching method [14], [15]. If only
the transmission coefficient from the TE;; mode of the
rectangular waveguide to the TE;; mode of the circular
waveguide needs to be calculated, a simple equation as
described in paper [13] can be used to quickly predict the
performance.

However, the T-junction is a symmetrical structure between

port 2 and 3, which means the transmission coefficient between
port 1 and 2 (Sy;) will only have a maximum value of -3 dB
(half of the input power). To improve the transmission
coefficient between port 1 and 2 in the T-junction, a cutoff
waveguide is usually used at port 3. The cutoff waveguide can
also stop the microwave radiation from propagating towards
the electron gun region preventing it from interfering with the
electron beam. The general geometry of the T-junction with a
cutoff waveguide with the definition of the geometry is shown
in Fig. 2. The transmission coefficients S,; with different radii
R and lengths L of the cutoff waveguide are shown as Fig. 3. In
the simulation, the radius R is 1.30 mm which is same size as
the mean radius of the HCW. The dimensions a and b are
1.20 mm and 1.72 mm, respectively, which provide the optimal
S, of the T-junction over the frequency band of 90 - 100 GHz.
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R T
Fig. 2 The geometry of the T-junction with a cutoff waveguide with parameters'
definition.
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Fig. 3 The transmission coefficient as a function of (a) R, when L=0 mm, (b) of
L when R¢=0 mm.
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Fig. 3(a) shows that the S,; is improved as the R, value
reduces when L=0. A simple explanation is less microwave
power will propagate to port 3 due to the geometry
discontinuity of the circular waveguide step. By the principle of
the conservation of energy, this power will either be reflected
back to port 1 or travel to port 2 to enhance the transmission
power. A smaller R, means a higher reflection from the
waveguide step, and a higher transmission coefficient can be
achieved. The waveguide short with R, = 0 has an unity
reflectivity in all the frequencies and has the best transmission
coefficient. If the operating bandwidth of the coupler is defined
by the frequency range of -1dB transmission, the radius of the
cutoff waveguide needs to be smaller than 0.68 mm to achieve
a full bandwidth of 90 -100 GHz.

Fig. 3(b) shows that the bandwidth increases as the length of
the cutoff waveguide reduces when a waveguide short (R.=0) is
used. In this case, the phase response of the circular waveguide
is the only parameter that affects the bandwidth. The phase of
the TE; mode in a circular waveguide with radius R and length
L is -k,-L, where k, is the axial wavenumber of the TE; mode.
The waveguide short has a constant phase response of z. The
overall phase response by the circular waveguide with length L
and the waveguide short is

P(L,w) = -2k, -L + 1 =-2( (wlc)’- (1.841 / R*) 2L+ n (1)
The phase spread in the operating frequency range can be
defined as

Ps(L) =2n - (| P(Liwy) | + | P(Lw2) |) )

where w; and w, are the start and end frequency in equation (2).
Fig. 4 shows the relation between the phase spread and the
bandwidth for different waveguide lengths L. The phase spread
becomes larger as L increases, and the larger the phase spread is,
the narrower the bandwidth will be. The maximum bandwidth
of about 19% can be achieved when L=0, where P(0,w) is a
constant and no phase spread exists. Another useful result from
Fig. 3(b) is the center frequency in the bandwidth shifts as the
length L of the waveguide changes, which allows the coupler to
have some tuning capability.
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Fig. 4 The correlations between the phase spread, the bandwidth and the length
L.

I1l. SIDE-WALL COUPLER WITH BRAGG REFLECTOR

The cutoff waveguide is a general solution to improve the
transmission coefficient for the input coupler. The only

requirement is the radius of the cutoff waveguide needs to be
sufficiently small. For a low frequency microwave vacuum
electronic device, such as the X-band gyro-BWO/TWA, the
requirement is easier to satisfy while keeping a high electron
beam transportation rate. For the W-band gyro-TWA, the
average radius of the annular electron beam is about 0.37 mm at
a beam alpha of 1.56 [16]. The beam radius is even larger in the
input coupler region as the magnetic field is smaller. From the
simulation results presented above, if a cutoff waveguide was
used in the input coupler region then the electron beam would
be separated by a distance of less than 0.3 mm from the inner
surface of the cutoff waveguide. It will be useful to have space
for the electron beam to pass, as this alleviates the alignment
problem of the beam in the diode region. Ideally a waveguide
structure with a large inner radius but having similar
characteristics to a waveguide short is required. From the
analysis and discussion in Section I, this requirement can be
specified by a high reflection coefficient and small phase
spread over the operating frequency band. The phase spread has
greater effect than the reflection coefficient.

(A) Design of the Bragg reflector

Based on the general mode-coupling structure mentioned in
the introduction, a waveguide with only axial periodicity also
allows one mode to couple with its spatial harmonic. In this
case, the azimuthal resonance condition will be automatically
satisfied. The axial resonance condition becomes 2k;=2mn/d,
which is also called “the Bragg resonance condition”. A strong
mode-selective reflection that scatters the incident wave
coherently into a backward wave can be achieved. Also this
axial periodic structure can be overmoded therefore a large
radius is possible. It will be very useful in the high frequency
applications as the dimensions can be relatively large to release
the tolerance requirement. Therefore, it has great potential to
replace the waveguide short used in the coupler if a small phase
spread can be achieved as well.

Among the various axial periodic structures, the simplest
structure is the periodic rectangular-corrugation waveguide
which includes two circular waveguide sections with different
radii in one period. The mode-selective Bragg reflector [17]
based on the rectangular corrugation waveguide can achieve a
high reflection, however the bandwidth is small and not able to
cover the frequency band of the gyro-TWA. It has been shown
that the bandwidth of the Bragg reflector can be improved by
varying the corrugation profile. A 13-section reflector has been
designed to operate in the frequency range 8.0 - 9.5 GHz for an
X-band gyro-BWO to enable electron beam propagation and to
reflect the microwave radiation in the forward direction [18].
Further simulations show that more corrugation sections will
achieve larger bandwidth and higher reflection while the
drawback is a larger ohmic loss.

However, these simulations only considered the reflectivity
of the Bragg reflector. The phase spread is too large to provide
adequate bandwidth to be used in the coupler and further
simulations are required. As there is no analytical method to
predict the performance of the Bragg reflector with arbitrary
corrugation profile, the numerical mode-matching method [19]
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was employed to simulate such a waveguide structure. A
multiple-objective optimization using a genetic algorithm was
used to search for a broadband reflector with variable
corrugation depths. Two goal functions were used in the
optimization. One was to maximize the reflection, and the other
was to minimize the phase spread. The equations are

£.00 = (O TAL (6 F) ~1F 1 NY2 )

f,(x) = MAX(UNWRAP(P, (x)) — MIN(UNWRAP(P,, (X))

where x are the parameters to be optimized. In this case, they
are the dimensions of the reflector. F is the frequency index in
the calculated frequency range, N is the number of the
frequency samples, A, is the reflection coefficient of the Sy;
and P, is the phase of Sy;. The value range of the period can be
simply calculated from the Bragg resonance condition and the
minimum radius of the corrugation section was set as the same
as the mean radius of the interaction region.

Fig. 5 shows the Pareto fronts of the goal functions in
different numbers of corrugation sections. A high reflection can
be achieved (f,(x) close to 0) if the phase spread does not need
to be considered. However, a very high reflection as well as a
small phase spread cannot be achieved at the same time. The
practical design needs to tradeoff between the goal functions.
Increasing the number of corrugation sections will help to get a
better performance but not significantly better after this number
exceeds 15.
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Fig. 5 The Pareto fronts of the multiple-objective optimization with different
corrugation sections.

The optimum geometry of the Bragg reflector was chosen to
have a balanced performance of the reflectivity and phase
spread, as shown in Fig. 6. The dimensions of the corrugation
radii are listed in Table 1. The phase spread is about 1.82. From
Fig. 4, such a phase spread will give rise to a bandwidth larger
than 10 GHz and is sufficient to cover the required frequency
band. The tolerance sensitivity of the Bragg reflector was also
studied by an optimization routine. In the optimization, all the
dimensions were allowed to have random tolerances within

+20 um and the target was to maximize the goal functions in (3).

The Pareto front is shown as Fig. 7(a). The reflectivity becomes
worse with the tolerance applied. The tolerance will generally
result in a larger phase spread while it also is possible to get an
even smaller value. However, the difference is relatively small,

TABLE |
DIMENSIONS OF THE DESIGNED AND MACHINED BRAGG REFLECTOR
the units are all in mm.

Section 4 2 3 4 5 6 7 8
number
Designed
damucr 260 416 350 464 472 344 396 444
Tolerance 5 600 4162 3540 4677 4760 3480 4000 4402
point A
Tolerance 600 4123 3538 4674 4760 3480 3950  4.402
point B
Measured e, 456 361 473 480 347 403 450
diameter
Section 9 10 11 12 13 14 15 16
number
Designed
damil 374 496 452 442 456 418 502 452
Tolerance 5707 5000 4497 4455 4536 4214 5013 4483
point A
ToleranCe 5739 4997 4514 4427 4532 4216 5006 4500
point B
Measured 505 501 458 449 462 435 506 458
diameter

with a maximum change of 0.03. Fig. 7(b) shows the
comparison of the simulation results for the designed geometry
and the ones at point A and B in Fig. 7(a). At point A, the radii
of the 3" to 6™ sections are nearly with maximum tolerance of
20 um. It results in larger phase spread; however it only has a
small effect on the reflectivity. The dimensions at point B
shows the last few sections have a bigger effect on the
reflectivity. With the appearance of a spike at 97 GHz, the
phase spread can be even smaller. Further simulations show
that the spike is mainly caused by tolerance from the 2™
corrugation section. As shown in Fig. 7(c), the spike appears
when using the designed geometry but with tolerance at the 2™
corrugation section, and it disappears when using the geometry
with tolerance at point B except the designed radius at the 2"
corrugation section. The tolerance from the other corrugation
sections has less effect on the amplitude and the phase response
of the Bragg reflector.

Fig. 6 The geometry of the optimized 16-section Bragg reflector (unit in mm).
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Fig. 7 (a) The Pareto fronts of the tolerance sensitivity, (b) the comparison of
the performance with designed parameters and the values at points A and B and
(c) detail tolerance study on section 2.

at 2nd section

(B) side-wall coupler with Bragg reflector

The input coupler composed of the reflector and the
T-junction was simulated using CST microwave studio. A good
transmission of about -0.4 dB can be achieved over the
frequency band of 90-100 GHz using the designed dimensions
of the broadband reflector, as shown in Fig. 8(a). The
simulation of the coupler with the designed Bragg reflector
showed an average transmission coefficient of -0.4 dB over the
frequency band. When considering the tolerance, the average
transmission is still better than -0.6 dB, which meets the design
criteria of the coupler for the gyro-TWA. It also confirms that
the reflectivity of the Bragg reflector does not have a significant

impact on the coupler.
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Fig. 8 The performance of the designed coupler and with tolerance at point A
and B.

IV. CONSTRUCTION AND MEASUREMENT

The reflector was manufactured using an electroforming
method. An aluminum former with the inner cross-section of
the waveguide was firstly constructed by a computer numerical
control (CNC) machine and then copper was grown on it. The
aluminum mandrel was later dissolved away to form the copper
waveguide. Before electroforming, the dimensions of the
reflector were measured and then simulated. The comparisons
of the designed and measured dimension of the broadband
reflector are shown in Table 1. Almost all the radii of the
corrugation sections in the measurement are larger than the
designed values, and the averaged machining error was about
0.1 mm. Generally a well calibrated CNC machine should be
able to achieve a machining accuracy of +20 um if operated by
an experienced technician.

From the simulation, although the magnitude of the
reflection has a different trend with the one designed, the phase
spread of the two structures are similar with a phase shift of
about 17 degrees. This resulted in a shift of the central
frequency. The measured results shown in Fig. 9 agree well
with the simulation results using the actual dimensions. The
spike at 95 GHz is mainly caused by the tolerance at the 2nd

section.
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Fig. 9 The S-parameters of the optimized 16-section Bragg reflector.
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With the actual dimensions, the center frequency of the
bandwidth is down shifted, which means the lower frequency
side has an even better transmission while the higher frequency
side becomes worse. From the analysis in section I, it is
possible to shift the center frequency by reducing slightly the
length of the first section.

To measure the performance of the input coupler, a copper
block that contains a T-junction was machined. The connection
of the components and the measurement setup are shown in
Fig. 10(a). A rectangular-to-circular convertor was used to
convert the TE;; mode of the rectangular waveguide (VNA
port) into the TE;; mode of the circular waveguide (port 2 of
the T-junction). Two waveguide tapers were machined by wire
erosion to match the dimensions of the waveguide components.
The measured transmission and the reflection are shown as
Fig. 10(b) and Fig. 10(c), respectively. The input coupler has an
average -1.0 dB transmission over the desired frequency band.
Itis about 0.7 dB less than the designed performance. However,
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if considering the loss of the input coupler and the relatively big
machining tolerance, such performance is quite acceptable for
use in the W-band gyro-TWA. It also proves that the reflector
with periodic corrugations is not a tolerance-sensitive
waveguide structure. Therefore with a smaller machining
tolerance this design could be used for higher frequency
applications.

VNA port 1

rectangular-
convertor.

/

VNA port 2 reflector
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Fig. 10 (a) The measurement setup, (b) the transmission coefficient and (c) the
reflection coefficient of the input coupler.

V. CONCLUSION

In this paper, a side-wall single-hole coupler based on a
rectangular-to-circular T-junction and a broadband Bragg-type
reflector was designed and measured. The relations between the
bandwidth and the phase spread were analyzed numerically. It
was used as one of the goal functions to optimize the

dimensions of the broadband reflector. The measurement of the
input coupler showed an average -1.0 dB transmission over the
desired frequency band (90-100 GHz), which is acceptable to
be used in the W-band gyro-TWA experiment. The proposed
input coupler has much larger radius compared with the one
using a cutoff waveguide, therefore greatly relaxing the strict
alignment requirement of the gyro-TWA. The proposed coupler
has potential for further improvements, such as using a more
precise CNC machine to reduce the machining tolerance. Also
as the Bragg reflector has a relatively large tolerance allowance,
it is possible to simplify the geometry by combining similar
radii to reduce the machining difficulty, such as combining
corrugation sections 4 and 5, and corrugation sections 11, 12
and 13.
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