
Received 2 July 2023, accepted 14 July 2023, date of publication 18 July 2023, date of current version 25 July 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3296477

A Two-Dimensional 6×4-Way Hollow Waveguide
Beam-Switching Matrix
QI LI 1, (Graduate Student Member, IEEE), JIRO HIROKAWA 1, (Fellow, IEEE),
TAKASHI TOMURA 1, (Member, IEEE), YUTA TAKAHASHI 2, NAOKI KITA 2, (Member, IEEE),
AND NELSON J. G. FONSECA 3, (Senior Member, IEEE)
1Department of Electrical and Electronic Engineering, Tokyo Institute of Technology, Tokyo 152-8552, Japan
2NTT Access Network Service Systems Laboratories, Nippon Telegraph and Telephone Corporation, Yokosuka-shi 239-0847, Japan
3Antennas and Sub-Millimetre Waves Section, European Space Agency, NL-2200 AG Noordwijk, The Netherlands

Corresponding author: Qi Li (li.q.ag@m.titech.ac.jp)

ABSTRACT This paper presents a design of a two-dimensional (2-D) 6 × 4-way hollow waveguide
beam-switching matrix working at 28.25 GHz, with a fractional bandwidth of 7.1%. It is the first time that a
2-D one-body hollow waveguide beam-switching matrix is proposed with different number of beams in two
orthogonal directions. This matrix is partially adopting two-plane couplers to reduce its overall dimensions.
A prototype of the complete matrix is manufactured and measured using a planar scanning near-field setup to
verify the simulation results. At the center frequency of 28.25 GHz, the highest directivity is obtained for the
beam having the smallest tilting angle, with a value of 21.1 dBi in simulation and 21.3 dBi in measurement.
The lowest directivity corresponds to the beam having the largest tilting angle, with a simulated value of
16.0 dBi and a tilting angle of 52◦ from the boresight, which represents a worst-case scan loss of 5.1 dB.
The measured value is overestimated in that specific case, as a consequence of the truncation in the planar
near-field test setup which has higher impact on the most tilted beams. The patterns are nevertheless in
good agreement and the proposed matrix is a good candidate for applications requiring a different beam
distribution in two orthogonal directions.

INDEX TERMS Beam-switching matrices, hollow waveguide, two-plane coupler, 2-D beam-switching.

I. INTRODUCTION
Beam-switching circuit technology has received a great deal
of attention over recent years, mainly for its increasingly
wide application in massive MIMO systems and terrestrial
or non-terrestrial communication systems [1], [2]. As far
back as the early 1960s, when the Blass matrix [3], the
Nolen matrix [4], [5] and the Butler matrix [6] were pro-
posed, all the way till now, many investigations have been
undertaken to further broaden the types and functionalities
of beam-switching matrices. In 2021, [7] introduced a novel
configuration of generalized one-dimensional (1-D) parallel
matrix with an arbitrary number of beams, as an improvement
of the parallel Nolen matrix design in [8] and resulting in a
more compact configuration.

The associate editor coordinating the review of this manuscript and
approving it for publication was Feng Lin.

Butler matrices are very popular among researchers
because of their relatively simple design, which requires only
hybrid couplers. In addition, only half of 1-D matrices need
to be designed taking advantage of their symmetry. As sug-
gested in the seminal paper by Butler and Lowe [6], 2-D beam
switching can be realized by cascading 1-D beam switching
matrices implemented along two directions. Similarly, the
symmetries in the 2-Dmatrices enable to reduce the design to
a quarter portion of the complete structure, as the remaining
portions can be mirror-like duplicated. However, the But-
ler matrices in their standard form are restricted to beam
numbers in the form 2n, where n is a positive integer. The
Nolen matrix, however, can have by design any number of
beams. An asymmetricalN -wayNolenmatrix is composed of
N (N − 1)

/
2 units with the couplers having several different

values, leading to a complicated design process. In addition,
the Nolen matrix in its original form is usually not wideband,
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FIGURE 1. Configuration of the 1-D beam-switching matrices: (a) 6-way
matrix. (b) 4-way matrix (θ1 = π/4, θ2 = π/2, θ3 = arccos(1/

√
3)).

as a direct consequence of the series-fed configuration. The
generalized 1-D matrix with an arbitrary number of beams
introduced in [7], combines merits of both the Butler matrix
and the Nolen matrix. According to the methodology in [7], a
1-D 2n-way matrix having all (2n)! permutations of the beam
assignments and associated adjacent output phase differences
can be obtained adjusting the values of the phase shifters.
Some of the solutions from those beam assignments exhibit
a symmetrical structure by adequate selection of the values

of the phase shifters. This is beneficial since it reduces the
design effort.

Many 1-D or 2-D beam-switching matrices are reported in
the literature, using various transmission line technologies,
such as microstrip line [9], [10], [11], [12], [13], [14], sub-
strate integrated waveguide (SIW) [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24] and metal-wall waveguide [25],
[26], [27]. For those dielectric-filled transmission lines, their
loss is significant at higher frequency bands and in partic-
ular, millimeter-waves. In contrast, metal-wall waveguide,
also referred to as hollow waveguide, is a transmission line
technology with much reduced conductive loss [26] com-
pared with those of dielectric planar transmission lines. The
concept of the two-plane hollow waveguide coupler was
first introduced in [28], and employed in a 2-D 4 × 4-way
Butler matrix [26], and a 2-D 8 × 8-way Butler matrix [27].
It improves drastically the design of hollow-waveguide beam-
switching matrices due to their physical miniaturization
compared with the more conventional cascading of H-plane
and E-plane couplers. The bandwidth of the two-plane cou-
pler can be enhanced for the demand of specific practical
applications by utilizing 2-D FEM (Finite Element Method)
analysis [29] and by introducing an arbitrary shape of the
coupling region [30].

This paper presents the details of a 1-D 6-way matrix
and a 1-D 4-way matrix with a symmetrical structure. Based
on that, the configuration of a 2-D symmetrical 6 × 4-way
beam switching matrix is reported. To the best of the authors’
knowledge, this is the first time that a 2-D beam-switching
matrix is described having different number of beams in two
orthogonal directions. This more general design enables to
better adapt the number of beams and their distribution to a
given application. For example, terrestrial wireless communi-
cation systems often require more beams in azimuth than in
elevation angle. A prototype of the proposed 2-D 6× 4-way-
matrix is manufactured using CNC (Computer Numerical
Control) milling and tested. The simulated and measured
results are compared and discussed. Finally, a conclusion
together with perspectives on future works are given.

II. CONFIGURATION OF THE 2-D 6×4-WAY MATRIX
A 2n-way generalized parallel symmetrical matrix has a sym-
metrical port assignment,

p (k) = −p (2n+ 1 − k) (1)

Here p and k mean the phase difference between adja-
cent output ports and the input port number with incident
signal, respectively. Based on the original model in [7], and
by adjusting positions of some components, the employed
symmetrical 1-D 6-way and 4-way matrix configurations
are obtained, as shown in Fig. 1. Each quadrature coupler
is identified by an angle θi, which defines its transmission
matrix,

Ti =

(
cos θi −j sin θi

−j sin θi cos θi

)
(2)
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For different port assignments of the 6-way and 4-way
matrices, the coupling ratio of each quadrature coupler is
fixed. By reviewing the 6-way matrix in Fig. 1(a), the struc-
ture can be a mirror-like self-duplication of 3-way Nolen
matrices, by referring to [7], and the following condition is
verified,

ϕ6
3 = ϕ6

4 (3)

The values of the phase shift ϕ6
i in the proposed 6-way

matrix and ϕ4
i in the 4-way matrix together with their corre-

sponding port assignments are listed in Table 1. It is notewor-
thy that although all 2n (n!) permutations of symmetrical port
assignments have corresponding matrix configurations [7],
the 6-way and 4-way matrices with enforced symmetrical
configuration have only four solutions each, reported in
Table 1. Because all the quadrature couplers employed in the
6-way and 4-way matrix configurations have a transmission
phase, compensating phase shifters are introduced in a prac-
tical design [8]. With regard to the 4-way matrix in Fig. 1(b),
the first port assignment in Table 1(b) is equivalent to that of
the conventional 4-way Butler matrix, based on the topology
in this paper where we assume that all couplers, including
crossovers (θ2 = π /2), as set in eq. (2), have a 90◦ phase delay
in the crossing path, while all the crossovers in a Butler matrix
have no phase differences between the two output ports.

As schematically represented in Fig. 2(a), the first step in
the definition of the 2-D 6× 4-way matrix consists in having
6-way matrices horizontally-placed (H-plane) and vertically-
stacked (E-plane), connecting with vertically-placed and
horizontally-stacked 4-way matrices. Each layer of the 6-way
matrices is labelled as Hn and those of the 4-way matrices as
Vn, which stands for the transmission matrix of the associated
layer. The transmission of the entire cascaded 2-D 6× 4-way
matrix can be expressed as,

T = H1H2H3H4H5H6H7H8H9V1V2V3V4V5V6 (4)

Considering the commutativity between the vertically-
stacked and horizontally-stacked layers,

HiVk = VkHi (5)

Consequently, 5005 permutations can be derived adjusting
the order of each layer. To properly merge phase shifter
layers in the 6-way matrix and 4-way matrix, the following
transmission is adopted into the design,

T = (H1V1)H2V2 (H3V3)H4H5H6H7V4H8V5 (H9V6) (6)

Fig. 2(b) gives the perspective view of the three-
dimensional (3-D) inner waveguide cavities of all the com-
ponents of the 2-D 6 × 4-way matrix. The center frequency
of this matrix is 28.25 GHz. The layer (H1V1) in eq. (6) is
designed using two-plane couplers, which is a hybrid coupler
with the physical parameters in [30], while the remain-
ing couplers are all designed as conventional H-plane or
E-plane couplers. Note that the structure could be further
simplified and miniaturized using more two-plane couplers.

TABLE 1. Port assignments with corresponding phase shifts.

However, in this specific case, some constraints related to
the CNC milling process limit the design of the couplers.
The frequency bandwidth of the targeted application is from
27.25 GHz to 29.25 GHz, corresponding to a 7.1% fractional
bandwidth, which is difficult to achieve with the two-plane
coupler having rectangular notches. Here, only the two-plane
coupler of layer (H1V1), which is a balanced coupler in
both directions, achieved the desired bandwidth with accept-
able amplitude and phase variations. For further miniaturiza-
tion, the two-plane coupler with an arbitrary shape of the
coupled region [30] may be used to achieve the range of
coupling needed while maintaining the targeted bandwidth.
However, this design is generally not compatible with the
CNC milling process combined with the mechanical design
of the overall assembly cutting waveguides through their
E-planes. This limitation of fabrication may be overcome in
the future by adopting other advanced fabrication technolo-
gies, such as 3-D printing [31]. Before the layer (H1V1),
a segment of oblique waveguides is introduced to realize
a transition from the input ports to the matrix body, the
size and spacing of which correspond to those of an exist-
ing 64-port coaxial-to-waveguide transformer, used for test
purposes. The designed 2-D 6 × 4-way matrix only utilizes
24 ports of the transformer, while the remaining ones are left
unconnected.

In this design, the Port 1 assignment for the 6-way matrix
and the Port 1 assignment for the 4-way matrix in Table 1
are employed together with corresponding phase shift val-
ues. However, the phase shifters in the layers (H3V3), H6
and (H9V6) should not only introduce the phase shift value
required by design, but also compensate the transmission
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FIGURE 2. (a) Direct cascading of vertically-stacked 6-way matrices and horizontally-stacked 4-way matrices. (b) Perspective view of 3-D inner waveguide
cavities of the proposed 2-D 6×4-way matrix.

FIGURE 3. Numbering of (a) input ports and (b) output ports. Red dotted line: symmetrical axes.

phase of the couplers and oblique waveguides they are
connecting with, comparing with a given reference port in
each phase shifter layer.

III. PERFORMANCE OF THE 2-D 6×4-WAY MATRIX
The performance of this 2-D 6×4-way matrix is demon-
strated in two steps. The first one concerns the S-parameters
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FIGURE 4. S-parameters of the 48-port network for incidence from Port 1 in terms of (a1) reflection and isolations. (a2) Output
amplitudes. (a3) Phase difference with reference to Port 25 in the horizontal direction. (a4) Phase difference with reference to
Port 25 in the vertical direction. For incidence from Port 9 in terms of (b1) reflection and isolations. (b2) Output amplitudes. (b3) Phase
difference with reference to Port 25 in the horizontal direction. (b4) Phase difference with reference to Port 25 in the vertical
direction.

of the entire 48-port network obtained in simulation, and the
second one reports on the radiation of the open-ended 24-port
network, in which the output ports are directly radiating
into free space without loading external antennas, verified
by both simulation and measurement. Note that due to the
size of the matrix, a complete experimental verification is

time consuming. For this reason, measurements were only
performed in the most relevant configuration, corresponding
to the radiating case. The numbers of the input and output
ports as shown in Fig. 3, are marked from 1 to 24 and
from 25 to 48, respectively. Considering the 2-D symmetry
with respect to the transverse directions, the performance
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of the entire matrix is fully validated investigating cases of
incidence from a quarter of the input ports, such as Port 1, 2,
3, 7, 8 and 9 as defined in Fig. 3(a).

Fig. 4 provides the S-parameters of the 48-port network
from 27.25 GHz to 29.25 GHz assuming incidence from
Port 1 and Port 9 as examples, in terms of reflection and
isolations at the input ports, output amplitudes and phase
differences with reference to Port 25 of Ports 26, 27, 28,
29 and 30 in the horizontal and Ports 31, 37 and 43 in the ver-
tical directions. From the results in Fig. 4(a1), it appears that
most of the reflections and isolations are suppressed under
−15 dB, with the exception of few of them with a higher
level but all under −10 dB. Meanwhile, in Fig. 4(a2), the
output amplitudes are nearly centering at −13.8 dB, which
corresponds to the value in decibel of an identical power
dividing by 24 ports. Some of the outputs have large devia-
tions, which even go below−20 dB at some frequency points.
However, considering the overall 24 ports, these few ports
with higher deviation are expected to haveminor influence on
the uniformity of the field distribution at the output ports, and
thus on the radiation performance. In Fig. 4(a3) and (a4), the
phase difference with reference to Port 25 also remains stable
around the ideal distribution, except for values in the vertical
direction for incidence from Port 1 in the upper part of the
frequency range analyzed. Interestingly, it can be noted that
although the simulated values deviate from the theoretical
ones, the trend is the same for all ports reported (Ports 31,
37 and 43), which indicates the deviation results from the
reference Port 25 mainly. Thus, similarly to the dispersion
observed on the amplitude, these larger deviations affecting
only a few ports are expected to have limited influence on
the overall phase distribution at the output ports, and as a
consequence on the radiation performance. Considering the
complexity of the complete 48-port system, the deviations
in both amplitude and phase are considered acceptable, and
result from a superimposition of smaller deviations intro-
duced by each component.

Based on the S-parameters of the full model, the insertion
loss and conductor loss can be estimated as additional key
indicators of the performance of this 2-D 6 × 4-way matrix.
The insertion loss (IL) corresponding to incidence from Port
n is derived as,

ILn = 1/
∑48

i=25
|Sin|2 (7)

While the conductor loss (CL) corresponding to incidence
from Port n is,

CLn = 1/
∑48

i=1
|Sin|2 (8)

Fig. 5 shows the insertion loss and conductor loss of
the proposed 2-D 6 × 4-way matrix across the operation
bandwidth. The material of the matrix is aluminum, with an
electrical conductivity of 3.8×107 S/m assumed in themodel,
and the length of the entire matrix, including the transition
from the input ports to the layer (H1V1) in Fig. 2, is about
650 mm. The numerical results indicate that the conductor

FIGURE 5. Insertion loss and conductor loss of the 2-D 6×4-way matrix.

FIGURE 6. Reflection and isolation performances of the 2-D 6×4-way
matrix when the output ports are directly radiating into free space for
incidence from (a) Port 1. (b) Port 9. Solid line: measurement. Dotted line:
simulation.

loss is stable and around 0.6 dB, which is comparable to
previous works [26], [27]. The insertion loss is generally
under 2 dB, except for Port 4 with values slightly larger,
up to about 2.2 dB at 29.25 GHz, which remains a reasonable
deviation and is also expected to have limited impact on the
radiation performance.

Fig. 6 presents the reflections and isolations at the input
ports when the output ports are directly radiating into free
space, which are all below −10 dB. The data reported is
post-processed to exclude the insertion loss of the coaxial-to-
waveguide transformer. Noting that the open-ended waveg-
uides at the output ports are 6.8 mm×3.21 mm in dimension,
with the distance between adjacent ports being 7.8 mm
(0.73λ) in the H-plane and 6.9 mm (0.65 λ) in the E-plane
directions, it is expected that strong port-to-port coupling will
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FIGURE 7. Planar scanning near field measurement setup.

FIGURE 8. Contour plots at 3.9 dB below the peak directivity for the six
tested beams of the complete 2-D 6×4-way matrix at 28.25 GHz. O: peaks
in measurement. X: peaks in simulation. Blue: measurement. Red:
simulation. #: main lobes. S: grating lobes.

occur andmay lead to differences in reflections and isolations
compared to Fig. 4(a1), (b1) where the output ports were
ideally matched. The results in Fig. 6 are more representative
of the actual operating performance and are suitable for the
targeted applications.

TABLE 2. Directivity of each tested beam at 28.25 GHz.

FIGURE 9. Contour plots at 3.9 dB below the peak directivity of all the
beams of the complete 2-D 6×4-way matrix at 28.25 GHz. O: peaks in
measurement by mirror-like duplication of the six tested beams. X: peaks
in simulation. Blue: measurement. Red: simulation.

The radiation performance is verified using planar scan-
ning near-field measurements. Fig. 7 depicts the test setup of
the planar scanning near-field measurements when the 2-D
6 × 4-way matrix is loaded in the chamber surrounded by
absorbers. Some fixtures are utilized to support the matrix
body. The probe position is 54.0 mm above the aperture, and
the scanning range is a square area of size 660mm×660mm,
corresponding to an 80.7◦ angle tilting from the zenith. The
resulting truncation effect, due to the radiated energy not
captured in the scanning area, is a known limitation of planar
scanning near-field measurements. This usually has a limited
impact on the beams closer to zenith, while larger deviations
are expected for the most tilted beams.

Fig. 8 displays the contour plots at −3.9 dB below the
peak directivity of each beam at the center frequency of
28.25 GHz. The peak values as well as directions in elevation
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and azimuth are listed in Table 2. The definitions of kx and
ky are sin θ cosϕ and sin θ sinϕ, respectively, where θ and ϕ

are spherical coordinate angles. From Fig. 8, the contour of
the main lobe for each beam agrees very well. This is also
reflected in the values in Table 2, where the angular deviation
in elevation or azimuth between measurement and simulation
never exceeds 5◦. Beams 1 and 7 are accompanied with
grating lobes in the kx direction while Beams 8 and 9 generate
grating lobes in the ky direction. However, the grating lobes
of Beams 1 and 7 are almost not visible at −3.9 dB levels
in measurement. The directivity values of Beams 1, 2, 3 and
8 are in good agreement for simulation and measurement
data, with no more than 0.9 dB discrepancy. Beam 9 gives a
slightly worse deviation of 1.7 dB. However, Beam 7 has the
largest discrepancy of up to 3.8 dB. The discrepancy of the
measured results away from the simulated results, including
a higher directivity of the main lobes and a reduced level of
the side lobes, mainly comes from the lower accuracy of the
planar scanning near-field measurement for large angle tilted
beams resulting from the truncation effect discussed above,
as Beam 7 corresponds to the phase difference in the H-plane
of 5π /6 and in the E-plane of −3π /4, both of which stand
for the largest phase differences in either directions of the
matrix, as well as a largest tilted angle of 52◦ with reference to
the boresight direction. Considering the symmetry of beams,
the full 24 beams contour map are provided in Fig. 9 by
mirror-like duplication of the six tested beams.

The radiation patterns at the center frequency are given
in Fig. 10 for each measured beam, fixing kx such to cut
through the peak direction and scanning along the ky direc-
tion, or alternatively fixing ky such to cut through the peak
direction and scanning along the kx direction. The beam
shapes in measurement are consistent with those in simula-
tion. From Fig. 10(a)(c), it can be noticed that the sidelobe
levels of Beams 1 and 7 in measurement are lower than
those in simulation, leading to sidelobe contours in Fig. 8
disappearing.

Table 3 provides a detailed comparison of this work with
other related works, particularly putting emphasis on the
comparison of waveguide-type matrices to show the dif-
ference on performance as a function of the numbers of
beams. This works reports on the first 2-D hollow-waveguide
beam-switching matrix with different number of beams in
two orthogonal directions, which is the main differentiating
factor compared to all previously reported works of Table 3.
The design in this paper does make use of two-plane cou-
plers. However, as explained in Section II, the bandwidth
requirements combined with some fabrication technology
limitations constrained their use to the hybrid couplers only,
corresponding also to the type of couplers used in previous
works. Compared with the 2-D 4 × 4-way Butler matrix
in [26] and the 2-D 8 × 8-way Butler matrix in [27], the
proposed 2-D 6 × 4-way matrix has intermediate insertion
loss, which is in line with the corresponding number of ports
as well as the overall network complexity. The length of this
2-D 6 × 4-way matrix, particularly in the longitudinal

FIGURE 10. Radiation patterns at 28.25 GHz of Beams 1, 2 and 3 in
(a) kx -plane. (b) ky -plane. Beams 7, 8 and 9 in (c) kx -plane. (d) ky -plane.

direction, is greater than that of the 2-D 8 × 8-way Butler
matrix in [27], which is a consequence of use of conven-
tional H-plane and E-plane couplers, based on fabrication
consideration. Extending the use of two-plane couplers in
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TABLE 3. Comparison with related works on 2-D switching matrices.

the proposed design would bring higher integration at the
expense of a reduced frequency bandwidth unless alternative
manufacturing techniques are considered.

IV. CONCLUSION
This paper has introduced a 2-D hollow waveguide 6×4-way
beam switching matrix working from 27.25 GHz to
29.25 GHz, with a 7.1% fractional bandwidth. This is the
first time that a 2-D waveguide beam-switching matrix is
proposed with different number of beams in two orthogo-
nal directions. Taking advantage of the 2-D symmetry in
the transverse directions, the design complexity is signifi-
cantly reduced. The 2-D 6×4-way matrix has at most 2.2 dB
insertion loss over the operation bandwidth. The radiation
performance is verified by planar scanning near-field mea-
surements. The maximum directivity is obtained for Beam 2
with a value of 21.3 dBi in measurement and 21.1 dBi in sim-
ulation. The minimum directivity in measurement is 17.7 dBi
corresponding to Beam 1, with a tilted angle of 34◦ with
reference to boresight, corresponding to a scan loss of 3.4 dB.
The minimum directivity in simulation is 16.0 dBi, obtained
for Beam 7 at an angle of 52◦ with reference to the boresight,
corresponding to 5.1 dB scan loss, which has the largest
discrepancy between measurement and simulation, with the
measured results of 19.8 dBi in directivity, 1.5 dB in scan loss
and 48◦ tilted angle referring to the boresight.
This 2-D 6×4-way matrix may be improved in future

works exploring alternative and advanced manufacturing
technologies, such as 3-D printing [31], to enable fur-
ther physical miniaturization and complexity reduction by
employing more two-plane couplers to replace the conven-
tional H-plane and E-plane couplers.
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