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PAPER
Control of Radiation Direction in an Aperture Array Excited by a
Waveguide 2-Plane Hybrid Coupler

Yuki SUNAGUCHI†a), Takashi TOMURA†, Members, and Jiro HIROKAWA†, Fellow

SUMMARY This paper details the design of a plate that controls the
beam direction in an aperture array excited by a waveguide 2-plane hybrid
coupler. The beam direction can be controlled in the range of ±15–32 deg.
in the quasi H-plane, and ±26–54 deg. in the quasi E-plane at the design
frequency of 66.425GHz. Inductive irises are introduced into tapered
waveguides in the plate and the reflection is suppressed by narrow apertures.
A plate that has a larger tilt angle in the quasi E-plane and another plate
with conventional rectangular waveguide ports as a reference are fabricated
and measured. The measured values agree well with the simulation results.
key words: waveguide 2-plane coupler, hybrid junction, radiation direc-
tion, diffraction suppression, reflection suppression

1. Introduction

Spatial division multiple access (SDMA) [1] represented
by massive MIMO (Multiple-Input and Multiple-Output)
[2], [3] is an important methodology of multiplexing for
enhancing the channel capacity. In order to implement an
SDMA system, several types of beam scanning technologies
can be used: phase scanning, frequency scanning, time delay
scanning, and beam switching scanning.

The Butler matrix is one of the multibeam forming
networks. Basically, aButlermatrix has 2n input ports and 2n
output ports where n is an integer, and the input ports switch
the beams. Each beam has spatial orthogonality. Since a
Butler matrix can be composed of only passive elements, it
has a lower insertion loss than other active beam scanning
networks.

The Butlermatrix offers only 1D beam switching. In or-
der to steer two dimensionally, vertical and horizontal beam
steering matrices should be cascaded [4]–[10]. In [5], a
one-body 2D Butler matrix was proposed. It has low in-
sertion loss and a simpler configuration than cascades 2D
Butler matrices since waveguides are used for the transmis-
sion lines of the combined 2DButlermatrices, and thematrix
is composed of 2-plane hybrid couplers, 1- and 2-plane cross
couplers, and phase shifters [11], [12].

The waveguide 2-plane hybrid coupler [11] has 2 × 2
ports at both sides of the coupled region as shown in Fig. 1.
It can be regarded as a coupler combined with a waveguide
H-plane coupler [13]–[15] and an E-plane coupler [16], [17]
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Fig. 1 Waveguide 2-plane coupler.

functionally. The ideal operation of this coupler is as follows:
Taking the example of a wave incident from Port 1, Ports 1–
4 have no outputs and Ports 5–8 have an amplitude of a
quarter of the input, respectively. Ports 6 and 7 have 90-
deg. delays and Port 8 has a 180-deg. delay in comparison
with Port 5. A beam radiating from these four ports is tilted
two-dimensionally, and the four input ports switch the beam
directions. This makes it possible for the 2-plane hybrid
coupler to be considered a 4×4waveguide 2DButler matrix.

All of the radiation aperture distances need to be
changed to control the beam direction. However, the po-
sitions of the ports cannot be changed because they alter
the coupling characteristics of modes in the coupled region
of the coupler and deteriorate properties as a 2-plane hybrid
coupler. Reflection characteristics also need to be considered
changing the position and the size of the ports.

In this paper, plates for controlling the beam directions
of the waveguide 2-plane hybrid coupler are designed. We
design the control plates individually for each plane direc-
tion, and evaluate their performance. The types of beams
of the plate applied for the performance evaluation are as
follows: a strongly tilted beam in the quasi E-plane, a small
tilted beam in the quasi E-plane, a strongly tilted beam in the
quasi H-plane, and a small tilted beam in the quasi H-plane.

2. Antenna Configuration

The proposed control plate and the 2-plane hybrid coupler
are as shown in Fig. 2. The basic structure of the waveguide
2-plane hybrid coupler is designed by mode matching/FEM
hybrid analysis [18]. The design parameters in Fig. 2 are
listed in Table 1.

The beam radiation of the conventional waveguide 2-
plane hybrid coupler is affected by diffracted waves at its
edges. The edges are rounded to suppress the diffraction.

Copyright © 2022 The Institute of Electronics, Information and Communication Engineers
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Fig. 2 Waveguide 2-plane hybrid coupler and control plate.

Table 1 Design parameters of thewaveguide 2-plane hybrid coupler (unit
[mm]).

Fig. 3 Aperture design parameters and the equivalent magnetic current
of the control plate.

Taper waveguides are set on the output port side instead
of on the original rectangular waveguide port to suppress
reflections maintaining the coupling condition of the hybrid.
When the aperture spacings are dE and dH in the vertical and
horizontal directions, as shown in Fig. 3, the beam direction
(θ, φ) satisfies the following two equations:

dH cos θ sin φ =
λ

4
(1)

dE sin θ =
λ

4
(2)

Fig. 4 Ridged waveguide apertures in the plate for control in the quasi
H-plane by narrower dH apertures.

where λ is the wavelength in free space.
By changing the control plate, θ in the quasi E-plane

and φ in the quasi H-plane can be controlled almost inde-
pendently.

3. Simulation Results

Table 2 details the design parameters and the simulated
performance such as peak direction and beam width for
each beam of the 2-plane hybrid coupler with the control
plate. The design frequency of this coupler and the plate is
66.425GHz. The values in parentheses are calculated from
array factors when 2 × 2 magnetic currents whose lengths
are equal to the width wo of the apertures are arranged. The
distances of each of the magnetic currents are dE and dH

as shown in Fig. 3 and the magnetic currents are assumed
to have the phase difference produced by the 2-plane hybrid
coupler. When a magnetic current distribution Ms is placed
along the x axis, the Eθ component of the electric field is
calculated from the following equation:

Eθ = − j k0
Ms

4π
e−jk0r

′

r ′
cos φ

� − j k0
Ms

4π
e−jk0(r−x sinφ)

r
cos φ (3)

where
k0 wave number in free space,
r ′ distance between the magnetic current element and the

observation point,
r distance between the origin and the observation point,
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Table 2 Design parameters and simulated performance of the control plates.

Fig. 5 Waveguide with irises in the plate for control in the quasi E-plane
by narrower dE apertures.

x distance between the origin and the magnetic current
element,

φ crossing angle between the corresponding vectors to x
and r ′.

The magnetic current distribution Ms in the waveguide aper-

Fig. 6 Frequency characteristics of the scattering matrix on the input side
in the waveguide 2-plane hybrid coupler with the plate for control in the
quasi E-plane (dashed line: conventional rectangular waveguide port, solid
line: narrower dE aperture spacing).

Table 3 Design parameters of the plate with the ridged waveguide aper-
tures (unit [mm]).

ture whose width is wo is assumed to be

Ms = M0 cos
(
πx
wo

)
(4)

then Eθ of each single waveguide aperture can be calculated
as
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Table 4 Design parameters of the plate with the waveguide apertures
with irises (unit [mm]).

Fig. 7 Fabricated (a) waveguide 2-plane hybrid coupler and (b) transition
unit from aWR15waveguide port to the input port of the waveguide 2-plane
hybrid coupler.

Table 5 Peak direction and gain of measured beam pattern.

Eθ =
∫ wo

2

−
wo
2

− j k0

M0 cos
(
πx
wo

)
4π

e−jk0(r−x sinφ)

r
cos φdx

=
− 2π
wo

cos φ

(k0 sin φ)2 −
(
π
wo

)2 e−jk0r cos
(

k0wo

2
sin φ

)
(5)

The array factor of the magnetic currents in the control
plate can be calculated by summing up the radiated elec-
tric fields considering the phase differences and the position
offsets. The array factors do not consider diffractions at
the edges of the plate. The original coupler has rectangular
2.67 × 1.40mm waveguide ports and the beam directions
are ±32 deg and ±16 deg in the quasi E-plane and the quasi
H-plane, respectively.

The plate can change the beam direction in the range
of ±15–32 deg. for the quasi H-plane control. When the tilt
angle is large, the aperture spacing must be small. However,
the width of the waveguide port cannot be wide enough to
be able to avoid stay inside its cutoff frequency. There are
two methods proposed for reducing the cutoff frequency of
the control plate. One is filling the taper waveguides of the
plate with polycarbonate. The other is introducing ridges
on the top and bottom walls at the output ports as suggested
in Fig. 4. The design parameters of this plate are shown in
Table 3. The plate with the ridged waveguides has a slightly
larger tilt angle than that with polycarbonate. However, the

Fig. 8 Frequency characteristics of the scattering matrix on the input side
in the waveguide 2-plane hybrid coupler with the control plate (a) The plate
with original rectangular port, (b) The plate with narrower dE apertures
(solid line: measured results, dashed line: simulated results).

beamwidth of the plate with the ridgedwaveguides are wider
than that with polycarbonate.

The plate can change the direction in a range of ±26–
54 deg. for the quasi E-plane control. When the tilt angle
is large, the impedance of the apertures is reduced because
the height of the apertures must be small to shorten the aper-
ture spacing. Inductive irises are introduced to the tapered
waveguides in the plate with beam direction ±54 deg in the
quasi E-plane to match the impedance of the apertures and
the wave impedance as shown in Fig. 5. The design param-
eters are listed in Table 4. The frequency characteristics of
the scattering matrix in the input side in the coupler and the
plate for the quasi E-plane control are shown in Fig. 6. For a
plate having the narrower aperture spacing, S41 is suppressed
less than −20 dB at 65.1–66.4GHz. However, S21 becomes
larger than−10 dB at frequencies higher than 64.3GHz. This
is caused by the mutual coupling between Ports 5 and 7, or
6 and 8. The tilt angle cannot be larger than ±54 deg in the
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Fig. 9 Far fieldmeasurements of the fabricated waveguide 2-plane hybrid
coupler and control plate.

quasi E-plane because of this mutual coupling.

4. Experimental Results

Based on the simulated results, thewaveguide 2-plane hybrid
coupler and the control plate with the conventional rectangu-
lar waveguide ports and the plate for controlling in the quasi
E-plane by narrower dE apertureswere fabricated. Themate-
rial of all these devices is aluminum(A6061). The fabricated
waveguide 2-plane hybrid coupler is shown in Fig. 7(a). The
size of the coupler is 25.0 × 25.0 × 17.0mm, and its weight
is only 28 g. For connecting the input port of this coupler
to a standard WR15 waveguide, a transition unit is also fab-
ricated as shown in Fig. 7(b). Figure 8 shows the measured
frequency characteristics of the scattering matrix on the in-
put side in the waveguide 2-plane hybrid coupler with the
control plates. Due to manufacturing errors, the measured
results of the control plate with the conventional rectangular
waveguide ports disagree slightly with the simulated results.
However, the measured scattering matrix is within −12.2 dB
at the design frequency. The measured characteristics of
the narrower dE control plate agrees well with the simulated
results however. They are below −11.8 dB at the design
frequency.

The radiation patterns were measured in an anechoic
chamber as shown in Fig. 9. In this picture, the coupler is
tilted so that the quasi H-plane faces in the horizontal di-
rection. The coupler and its measurement system rotates
horizontally and the quasi H-plane beam pattern can be ob-
tained. If the coupler is mounted so that the quasi E-plane
is oriented to the horizontal direction, and the quasi E-plane
beam pattern can be measured. The radiation patterns in the
quasi E-plane and the quasi H-plane of each control plate
are shown in Figs. 10 and 11. Considering the symmetric-
ity, only the beams from Ports 1 and 2 are measured. The
peak direction and gain of each beam pattern are listed in
Table 5. Due to the ripples in the measured pattern and the
gain reduction in the quasi E-plane of the 2-plane waveguide

Fig. 10 Radiation characteristics of the 2-plane waveguide coupler with
the conventional rectangular port: (a) Radiation for the quasi E-plane at
66.43GHz, (b) Radiation for the quasi H-plane at 66.43GHz (solid line:
measured results, dashed line: simulated results).

coupler with the conventional rectangular port arising from
manufacturing errors, the simulated and measured results
show differences. However, the approximate shapes of the
simulation and measurement directivities agree well.

Table 6 summarizes and compares with other simi-
lar work available in the literature in terms of frequency,
transmission line, configuration, beams, size, and ampli-
tude/phase error [2], [5], [9], [10], [19]–[23]. The ampli-
tude/phase error has the largest difference between the mea-
sured and theoretical values at the design frequency. The
waveguide-type matrices in this paper and [5] are somewhat
bulky three-dimensionally, however, they display smaller
amplitude/phase errors than microstrip/SIW-type matrices.

5. Conclusions

We have designed a plate to control beam directions in the
waveguide 2-plane hybrid coupler. The radiation direction
can be changed in both the quasi H-plane and the quasi E-
plane. The coupler and the plates with the original rectangu-
lar waveguide ports and with the narrower dE apertures were
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Table 6 Reported results with other work.

Fig. 11 Radiation characteristics of the 2-plane waveguide coupler with
the plate for control in the quasi E-plane by narrower dE apertures: (a)
Radiation for the quasi E-plane at 66.43GHz, (b) Radiation for the quasi
H-plane at 66.43GHz (solid line: measured results, dashed line: simulated
results).

fabricated and measured. Good agreement was observed be-
tween the evaluation results of the fabricated plates and the

simulated results. At the design frequency of 66.43GHz,
the peak directions in the quasi E-plane of the plate with the
original rectangular ports and the narrower dE control plate
were measured to be 21 deg. and 53 deg., respectively, while
those in the quasi H-plane were very similar. At this fre-
quency, the maximum reflections in the waveguide 2-plane
hybrid coupler with the plates were −12.2 dB and −11.8 dB,
respectively.
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