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Abstract— Mobile traffic growth requires the advancement of
not only the wireless access networks but also their backhaul
and fronthaul. Terabit-class wireless backhaul and fronthaul
can be an alternative to optical fiber transmission and will be
one of the key technologies to construct a more flexible and
less expensive network infrastructure for sixth-generation mobile
networks (6G). However, it is a challenge to provide an extremely
high-capacity wireless link for point-to-point connection without
spatial multiplexing gain obtained by the multi-path rich environ-
ment. We demonstrated the world’s highest wireless transmission
data rate of 1.58 Tbps in the sub-terahertz (sub-THz) band
for 6G backhaul and fronthaul networks on the basis of the
orbital angular momentum (OAM) multiplexing technology with
a wideband Butler matrix. Terabit-class wireless transmission
was achieved by designing a wideband 8 X 8 Butler matrix
with two types of 3-dB couplers for the structure without
crossover and differential phase shifters that give the desired
phase difference over wide bandwidth. Our Butler matrix is
capable of multiplexing eight OAM beams and show a high mode
isolation of greater than 15 dB and low insertion loss of less
than 1.5 dB from 135 to 170 GHz. We implemented the Butler
matrices in our OAM multiplexing transmission system, in which
the physical-layer data rate of 1.58 Tbps wireless transmission
was confirmed with eight OAM modes and dual polarization
using the 32 GHz bandwidth.

Index Terms— Orbital angular momentum (OAM), sub-THz,
Butler matrix, wireless backhaul, electromagnetic signal and
information theory (ESIT).

I. INTRODUCTION

IRELESS communication supports daily activities, and

the amount of traffic continues to grow. The prolifera-
tion of connected devices is expected to accelerate the creation
of new services, which require higher capacities such as
augmented/virtual reality (AR/VR) and high-definition video
transmission. Discussions of the next generation of wireless
networks, i.e., sixth-generation mobile networks (6G), have
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begun, with visions for a variety of services and require-
ments [1], [2], [3]. The transmission data rate of wireless
networks that aggregate various wireless traffic is expected
to reach the terabit-class [4], so the capacity of backhaul
and fronthaul for the base stations in the networks must
be enlarged accordingly. Various backhaul architectures with
different technologies have been considered [5], [6], [7] and
such high-capacity requirements will arise, particularly in
point-to-point (P2P) connections between core networks and
base stations or between base stations. While the optical
backhaul and fronthaul links provide stable large capacity
regardless of the climate condition, wireless connectivity is
advantageous in terms of the hardware costs [6] and deploy-
ment flexibility. Therefore, we believe terabit-class wireless
transmission can provide a breakthrough in flexible high-
capacity network infrastructure for 6G by taking advantage
of wireless connectivity. In such P2P links, the connection is
typically line-of-sight (LoS) [5], and it is assumed that mil-
limeter wave (mmWave) and sub-terahertz (sub-THz) bands
will be used for high directivity and wide and contiguous
bandwidth utilization. A wideband transmission in such a high-
frequency band is also highly compatible with fiber optics
technologies [8], [9], [10], in which dozens of GHz bandwidth
is typically used, and a combination of these technologies was
proposed for broadband real-time transmission and seamless
connection of fiber optics and wireless radio networks.

Thus, assuming LoS P2P wireless communication in
mmWave and sub-THz bands for backhaul and fronthaul con-
nections, the transmission channel between antennas is fixed
and stable, and the environment is not multipath-rich, so the
spatial resources are limited compared with conventional wire-
less systems based on multiple-input multiple-output (MIMO).
Therefore, more efficient spatial utilization and system design
are expected in the new framework of electromagnetic signal
and information theory, which takes into account more fun-
damental physical properties of electromagnetic (EM) waves
including near-field behavior and arbitrary wavefronts such
as holographic MIMO [11], reconfigurable intelligent sur-
faces [12], and time-space coding meta-surfaces [13], [14].

Orbital angular momentum (OAM) is a physical property of
EM beams with spatial phase and amplitude distributions and
the beams with different OAM modes are orthogonal to each
other. OAM multiplexing transmission technology enables the
transmission of multiple independent data streams via the

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0001-5061-0761
https://orcid.org/0000-0001-8310-5382

1614

OAM beams. In OAM multiplexing transmission, the spatial
multiplexing gain is obtained without multi-path propagation
by increasing the number of available OAM modes even in
an LoS environment. The spatial distribution, or wavefront,
of the OAM beams is physically defined, so their generation
and separation process can be fixed, which means low-cost
passive analog devices can be used. It is especially important
for the practical implementation of wideband high-capacity
transmission using dozens of GHz bandwidth in the high-
frequency band since the development of dedicated high-speed
digital signal processing (DSP) devices for spatial multiplexing
is very difficult and operational costs including power con-
sumption are assumed to be large. If passive analog devices
can take on all of the multiplexing processing, seamless
connections to other optical networks [8], [9], [10] can be
expected. Studies on the methods of OAM beams forming
have been conducted such as on spiral phase plates [15],
[16], holographic plates [17], meta-surfaces [18], and uniform
circular arrays (UCAs) [19], [20], [21], and multiplexing
transmission has also been demonstrated in both the optical
and radio communication fields [20], [21], [22], [23]. Unlike
other methods, the use of UCAs does not require coaxial
beam synthesis using a beam combiner or similar device
and enables simultaneous generation of OAM beams with
a simple antenna configuration, so we consider it practical
and suitable for radio communications. When using UCAs,
the beamforming process is also fixed, i.e., discrete Fourier
transform (DFT), and an analog circuit called a Butler matrix
can be used [24]. There have been numerous reports on the
design and implementation of Butler matrices in the field of
analog beamforming technology [25] not only for OAM mul-
tiplexing [26]. We have conducted several UCA-based OAM
multiplexing transmission experiments using Butler matrices
in the 28 and 40 GHz bands with a maximum physical-layer
data rate of 200 Gbps under 100 m [27], [28], [29], [30].

To achieve terabit-class wireless transmission for backhaul
and fronthaul wireless networks, we focused on the sub-THz
band, especially the D-band (110-170 GHz), considering both
a wide and continuous bandwidth utilization of a few dozen of
GHz and the availability of various practical radio frequency
(RF) devices. We developed a Butler matrix in the sub-THz
band and investigated OAM multiplexing transmission using
this Butler matrix and quickly reported a demonstration of
1.44 Tbps wireless transmission [31]. In this paper, we further
improve our Butler matrix to increase the data rate and present
the details of its design and performance that have not been
presented. A summary of the contributions in this paper is as
follows:

o Versatile design methodology for wideband differential
phase shifters (DPSs) used in our Butler matrix: We
focus on the dispersion curves of two waveguides and
theoretically derive their geometries that give both the
desired differential phase and gradient alignment of the
dispersion curves enabling the uniform differential phase
characteristics over a wide bandwidth. Since the DPSs
include geometry variations in the width, we also pro-
pose a geometry design methodology for continuously
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tapered waveguides to facilitate micromachining. This
methodology was derived on the basis of the charac-
teristic impedance of the transmission medium, and the
frequency is a tunable parameter, so it can be applied to
both waveguides and transmission lines for any frequency
band. The feasibility of this methodology was experimen-
tally confirmed using waveguides.

o Design and implementation of wideband high-precision
sub-THz 8 x 8 Butler matrix for OAM multiplexing:
OAM multiplexing requires very high precision of
DFT processing, and slight phase and amplitude errors
cause intermodal interference. We designed a hollow-
waveguide-based multi-layer 8 x 8 Butler matrix without
crossover. This Butler matrix incorporates the aforemen-
tioned DPSs, geometry-optimized 3-dB couplers, and
feeding networks to the UCA with an isoelectric lengths
design. The fabricated 8 x 8 Butler matrix shows remark-
able performance with low insertion loss of less than
1.5 dB and high mode isolation greater than 15 dB
from 135 to 170 GHz for all OAM modes, and the
average of the mode isolation within the band ranged
from 19.2 to 25.2 dB.

o Experimental demonstration of 1.58 Tbps physical-layer
data rate with OAM multiplexing in the sub-THz bands:
A physical-layer data rate of 1.58 Tbps was recorded,
experimentally outperforming current radio communica-
tions and the highest ever to the best of our knowledge.
Note that the spatial multiplexing processing was per-
formed only using the Butler matrix over the 32 GHz
bandwidth in the sub-THz band, which would enable
seamless connection to the other networks or utilization
of generally commercialized high-speed digital signal
processors for optical fiber communications in parallel
without modification

The outline of this paper is as follows. In Section II,
we provide an overview of the OAM multiplexing transmission
technology. In Section III, we presents the multi-layer layout
design of a hollow waveguide based Butler matrix, followed by
the novel geometry design methodologies of its components,
i.e., DPSs and 3-dB couplers. In Section IV, we present a
three-dimensional (3D) model based on the layout design and
performance evaluation of our prototype Butler matrix. Finally,
in Section V, we discuss our OAM multiplexing transmission
experiments using our Butler matrix in the sub-THz band and
demonstration of a physical-layer data rate of 1.58 Tbps.

II. OVERVIEW OF UCA-BASED OAM MULTIPEXING
TRANSMISSION TECHNOLOGY

OAM beams are characterized by helical wavefronts,
as shown in Fig. 1 (a). Fig. 1 (b) shows the phase distribution
on a plane vertical to the beam propagation axis. The phase
rotates linearly around the beam propagation axis at an integer
multiple of 27, guaranteeing a periodicity for circumferential
direction that maintains the OAM states during propagation.
Accordingly, the numbers representing the OAM modes take
integer values, and their absolute values and signs represent the
number of phase rotations and their directions, respectively.
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Fig. 1. (a) Wavefront of the OAM modes and (b) spatial phase distribution
on a plane vertical to the propagation axis.
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Fig. 2. Schematic of UCA based OAM multiplexing.

OAM mode 0 means the beam has no OAM, which is
equivalent to a plane wave beam but is properly orthogonal
to other beams with OAM. Note that the power distribution
is uniform on the same circumference. Therefore, the OAM
modes are circumferential Fourier modes.

Among the various methods of OAM multiplexing transmis-
sion, the mathematical background of that using oppositely
arranged UCAs is described as follows. Fig. 2 shows a
schematic of UCA-based OAM multiplexing. Let N be the
number of antenna elements in a UCA, thus the channel-
response matrix between oppositely arranged UCAs Hoam €
CN*N is a circulant matrix because of the axisymmetric
arrangement of the antenna elements. It is well known that
the eigenvectors d; of a circulant matrix are the Fourier modes
and can be written explicitly as

dl = (1a Ulav2l7' t 7U(N71)l)/\/ﬁa (D

where v = exp (27j/N) is the complex N-th root unity and
7 is the imaginary unit. The OAM mode [ takes an integer
value from [—N/2] to [N/2] — 1, where [x] denotes the
ceiling function. The phase gradient of 2% given by ¢! in
d; corresponds exactly to the phase distribution of the OAM
mode [ on the UCA. Note that the general range of [ is denoted
as 0 to N — 1, but d; and d,_ is mathematically equivalent
by definition, so it is defined in the aforementioned range to
correspond to the number of phase rotations and the rotation
direction of the OAM modes.

From these properties, the eigenvectors are the columns of
the DFT matrix D € CV*N;

D=[di_nm - d din-1], @

and Hoay is diagonalized by D as

A =D"HoaD, 3)
Ao (p=q=1)
A, = , 4
e { 0 (79 @
where *f represents the Hermitian conjugate of a matrix,

A; is the eigenvalue of Hoaym corresponding to the channel
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coefficient of the OAM mode [, and A,, , represents the ele-
ment of the row and column corresponding to the eigenvectors
d, and d,, respectively. Thus, the OAM can be generated
and separated by Fourier modes in the same way within its
degrees of freedom even when spatially discretized by the
array antenna.

Since the cyclicity of Hoam does not depend on the
distance between UCAs, the multiplexing transmission process
in the OAM modes is fixed as DFT processing, independent
of the distance. In other words, the orthogonality between the
OAM modes does not depend on the propagation distance,
making deployment flexible, which is a strength of OAM
multiplexing transmission. Moreover, the process corresponds
to singular value decomposition, thus provides an upper bound
on the capacity between UCAs derived from the MIMO theory

as
P
C= (1 + tzl) : 5)
g
1
where o2 represents the power of white Gaussian noise and

P; is the transmitting power.

Then, OAM modes with higher || have wider beam diver-
gence resulting in lower eigenvalues, quantitatively [32]. Thus,
when the variation in eigenvalues is very large, the number of
utilized OAM modes can be limited to reduce, for example,
hardware size and power consumption, since the modes with
small eigenvalues contribute little to the capacity in (5). This
trend occurs at distances farther than the Rayleigh distance,
which is given by d?/2A as a reference of transmission
distance, where d is the diameter of UCAs and A is the
wavelength [19].

OAM and polarization can independently multiplex as
degrees of freedom. A number of methods for enabling their
combined use for multiplexing involve sharing each antenna
element using a dual-polarized antenna or using double the
number of UCAs and assigning half of them to one polar-
ization [28]. Note that the axisymmetric distribution of the
OAM restricts the propagation axis of only the multiplexed
OAM beams, not necessarily the concentric arrangement of
antennas for different polarization.

III. LAYOUT AND COMPONENTS DESIGN OF OUR 8 x 8
BUTLER MATRIX

A. Layout Design of Our Butler Matrix

A Butler matrix is an analog beamforming circuit for multi-
beam antenna technologies [24]. A block diagram of an 8 x 8
Butler matrix circuit is shown in Fig. 3. The corresponding
OAM modes are noted in parentheses next to the indexes of
the input/output (I/O) ports. The Butler matrix is composed of
3-dB couplers and various DPSs, and it operates in a manner
equivalent to that of the fast Fourier transform algorithm.
However, the phase gradients given by the general K x K
Butler matrix for beamforming with K antenna ports are
(20 + 1) 7/ K, which are partially different from the vectors
of a DFT matrix in (1). Thus, the DPSs surrounded with a
dotted frame in Fig. 3 are installed and the phase gradients
are corrected to form integral-order OAM modes.
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Fig. 4. Schematic design of our multi-layer 8 x 8 Butler matrix for OAM
multiplexing.

Several techniques for constructing a Butler matrix have
been reported, such as using microstrip lines [33], substrate
integrated waveguides [35], and hollow waveguides [36].
In high-frequency bands, such as the sub-THz band, hollow
waveguides have an advantage in terms of low insertion
loss. Although the crossovers are often used where circuits
intersect, they have a frequency dependence that leads to
performance degradation, especially in wideband transmission.
Since poor orthogonality due to circuit imperfections causes
intermodal interference in OAM multiplexing transmission,
a sufficiently high accuracy is required for this circuit over a
wide bandwidth. Previous studies showed radiation patterns of
the OAM beams using a Butler matrix or similar circuit [38],
[39], [40]. However, in addition to being able to form OAM
beams with spatial phase rotation, the crosstalk between OAM
beams must be reduced and sufficient signal quality must be
obtained to achieve OAM multiplexing transmission.

We design a rectangular hollow waveguide based multi-
layer Butler matrix without crossover, as shown in Fig. 4. It has
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DPSs and two types of 3-dB couplers, cross-layer and inner-
layer. Each cross-layer coupler connected with a dashed line is
one across two layers. The waveguide can be manufactured by
forming grooves in each of the several metal plates and fitting
them together. Considering the transmission characteristics of
a rectangular waveguide, the H-plane height does not affect to
the propagation of fundamental mode TE10, but the E-plane
width does. Therefore, we designed the waveguide orientation
so that the E-plane of the rectangular waveguide is parallel
to the split planes, i.e., the surface of each layer. In this way,
the E-plane width can be precisely micro-machined on each
metal plate, which prevents phase errors. Accordingly, the
cross-layer and inner-layer couplers are E-plane and H-plane
couplers, respectively. The waveguide ends labeled Ay (y =
1,2,...,8) are connected to the corresponding antenna ports
on the top layer through the feeding networks.

B. Design of Butler Matrix Components

The wavelength of the sub-THz waves is a few millimeters
or less, so machining accuracy becomes a dominant hurdle
to fabricate small and complex waveguides. The internal
corners in the waveguide may have a slight but non-negligible
roundness that causes unexpected performance errors. Thus,
we investigated continuous geometries to avoid such errors
and facilitate micromachining with end mills and similar tools.
In this section, we propose geometry design methodologies for
tapered waveguides and DPSs in which the waveguide width
is continuously varied with low reflection. We then present
the details of the geometry optimization design methodology
of the 3-dB couplers based on a multi-objective optimization
algorithm. Note that the effectiveness of these methodologies
was confirmed experimentally.

1) Tapered Waveguide: In our waveguides, the geometries
vary where the different components are connected and in
the DPSs described in the following, so we first discuss
the tapered waveguide and present a continuously-tapered-
waveguide-design methodology that minimizes the reflection.
To facilitate theoretical analysis, we then consider the funda-
mental mode TE10 and either keep the waveguide size under
the cutoff frequency of higher modes or make its geometry
symmetric to prevent the excitation of asymmetrical modes
such as TE20 mode.

The characteristic impedance Zj in a rectangular waveguide
with a E-plane width of a at an angular frequency w is defined
by
WHo

Ver /e = (x/a)

where c is the light speed, p is the magnetic permeability of
free space, and ¢, is the relative permittivity. The reflection
wave V,. shown in Fig. 5 is then derived by integrating the
reflection waves at the tapered area of length L; as follows,
with the characteristic impedance at x as Z (z):

= () el )

)

Zy =

) (6)
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Fig. 5. E-plane view of the waveguide tapered section.

Let Z,; and Zgo be the characteristic impedance of waveg-
uides of widths a; and a9 at w,, respectively, which means that
Zg1 and Zgo are the characteristic impedances at x = 0 and
L, in Fig. 5. That is

Welbo
Zg = ; (®)
We 2 T \2
(%) = (3)
Zg2 _ We b ) (9)

To reduce the reflection, i.e., to solve V,. = 0, the characteristic
impedance Z. at w. is assumed to be a linear function of x
as

(Zg2 — Zgl)

Z.(x) = I

2+ Zy. (10)
With this assumption, Z, (z) varies from Zg; to Zgo linearly
and the waveguide geometry a (x) shown in Fig. 5 is given

by

o= (%) - (3)) - 0zesm

(11)
Then, the length of the tapered section is derived as
mm Z 1 — Z 2
L, = g =, (12)
" Wepto log (Zg1/Zy)
where m is a natural number, and m = 1 is used for all

fabricated waveguides with the tapered section in this paper.

2) Differential Phase Shifter (DPS): Analog beamformers
often require a constant phase difference between antennas
in large relative bandwidth, which is especially important for
OAM multiplexing. However, most DPSs adjust the phase
shift by varying the length or width of the waveguides, but
they are tuned to a specific frequency. To operate the DPS
over a wide bandwidth, a number of DPSs such as corrugated
structures [41] and glide-symmetric pin structures [42] have
been proposed; however, the structures are rather complex,
costly, and difficult to manufacture. Since the differential
phase is basically not uniform over a wide bandwidth due to
the wavelength-dispersion characteristics in waveguides, this
section provides a theoretical design methodology for DPSs
with simple and continuous geometries operating over a wide
bandwidth.

Fig. 6 shows the design principle of our broadband DPSs
derived from the dispersion curves of two waveguides. It is
well known that the dispersion curves representing phase-
frequency characteristics in waveguides are nonlinear curves
unlike in free space. If the dispersion curves have not only a
desired phase difference ¢, but also the same gradient at w,,
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the phase difference between the two waveguides may become
uniform over a wide band.

Therefore, we first simply assume two waveguides of differ-
ent lengths and widths, as shown in Fig. 7, and set the objective
functions as follows, with the phase rotation in waveguides A
and B as @41 and @g4a, respectively:

Pg1 (WC) = Pg2 (wc) + ¥s, (13)
89091 83092
6(&) (WC) - 80} (wC) .
The phase rotation ¢, in a waveguide with a length of L is
then given by

(14)

1

L
g (W) = —wuo/o mdm.

Thus, the functions contained in (13) and (14) are derived
from (15) as

5)

weltoL
pot (we) =~ (16)
gl
weltoL
P2 (we) = ==, a7
g
0
I () = —LgrercoZyn, (18)
0
(;ij (wc) = _Lg25r502g2~ (19)

From the aforementioned process, we obtain the geometries of
the two waveguides by solving (13) and (14) simultaneously
as

21 209>
Ly =—C20008 (20)
wetto (Zg1” — Zg2”)
Zg’Z
Lgp=— 2ol %02 @1
Welo (Zgl - 92)
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Fig. 8. Assumed DPSs geometries in waveguides.

When considering the implementation in a waveguide cir-
cuit, there are cases in which the phase shift is given while the
widths of the two waveguides change from a; to as (as shown
in Fig. 8 (a)), and those of the two waveguides remain at a,
(as shown in Fig. 8 (b)). Accordingly, the 7 /4 DPSs in Fig. 4
between the inter-layer 3-dB couplers have the geometry in
Fig. 8 (b) and the other DPSs have the geometry in Fig. 8 (a).
For the geometry in Fig. 8 (a), (20), and (21) can be applied
directly, since the only difference between waveguides A and
B is the gray regions, and the substantive condition is the same
as that for Fig. 7. For the geometry in Fig. 8 (b), an additional
phase rotation at the tapered section ¢, must be taken into
account in waveguide B. Thus, the objective functions (13)
and (14) become

g1 (We) = @g2 (We) + 201 (We) + @5 (22)
8<:091 - 84;092 %
where
P (we) = —m, 24)
0p; mm €r€o Z912 - 922
— (W) = —— . 25
Ow (we) 2 wepo log (Zg1/Zg1) 2

Consequently, we obtain the geometries of the two waveguides
by solving (22) and (23) simultaneously as

Zo1 { mm Zoo? (ps — 2mm) }
Ly =—~ ! , (26)
gt Welbo IOg (Zgl/ZQ2) Zg12 - Z922
Lo mm Z12(<p —2m7r)}
Ly =22 o . Q@7
92 Welho {log (Zgl/ZQQ) Zgl2 - Zg22 ( )

We then designed and fabricated 45°, 90°, 135°, and 180°
DPSs to evaluate the performance of both the DPS and tapered
waveguide design methodologies. Since the size of the /O
ports is based on the WR-06 standard flange specifications,
the structure shown in Fig. 8 (b) was applied to the design
with a; =1.651 mm. Fig. 9 shows the measured differential
phase-frequency responses of the DPSs that have almost flat
differential phase-frequency characteristics within the range of
135 to 170 GHz. Although a large differential phase results in
a larger error at the edges of the band, the in-band standard
deviation of phase error is 1.36° even for the 180° DPS.
Note that the maximum differential phase in the layout of the
Butler matrix is 157.5°. Fig. 10 shows the measured reflection
frequency responses of the DPSs. Despite the included tapered
sections, the reflection power was less than —30 dB.
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Fig. 10. Measured reflection properties of the DPSs with tapered sections.

3) Design of 3-dB Couplers: We designed two types of
3-dB couplers that are required in the layout of our Butler
matrix: E-plane and H-plane couplers for the sub-THz band.
We studied design methodologies to obtain a wideband perfor-
mance with as simple geometries as possible and designed the
E-plane and H-plane couplers on the basis of the multi-branch
coupler [43], [44] and short slot coupler [45], [46], [47],
respectively. However, in theoretical designs, the corners are
right-angled, so it is necessary to give roundness to a number
of corners for micromachining. Therefore, after rounding a
number of corners, the geometries were optimized by para-
metric studies using a multi-objective optimization algorithm
based on the Kriging response surface model using HFSS,
which is full-wave 3D electromagnetic simulation software.
Note that the required performance of the 3-dB couplers is that
the transmit power (S31 and S41) should be equally —3 dB
over a wide bandwidth and that the reflection loss (S11 and
S21) be as low as possible.

Fig. 11 shows the geometries of the E-plane and H-plane
couplers. A number of corners are rounded to a radius of
0.1 mm. Note that the H-plane coupler has a groove at the
coupling section to give more degrees of freedom for optimiza-
tion and to obtain better characteristics. The coupling section
of the H-plane coupler is wider, enabling multiple transmission
modes to exist. The current distribution on the E-plane in a
wide waveguide is shown in Fig. 12. Note that the waveguide



SASAKI et al.: 1.58 Tbps OAM MULTIPLEXING WIRELESS TRANSMISSION WITH WIDEBAND BUTLER MATRIX

Port 1 Port 1

Y Port3  por2- Port 3
Port 2

Port 4
or Port 4

(@) (b)

Fig. 11. Geometries of (a) E-plane coupler and (b) H-plane coupler.

TE10

TE20

Propagation

Fig. 12. Current distribution on the E-plane of a rectangular waveguide with
a width greater than the wavelength where the TE10 and TE20 modes exist.

0
ST Simulated Measured
....... sl — su
-10p s21 s21
S31 S31
sb L sa1l | — sa1
_@ ~~~~~~ Port 1
= N,
=20 PO,
: ™
& a5t
30t \\/\/\\ {
-, \n l &
_40 . . . MR | VAN
130 135 140 145 150 155 160 165 170
Frequency [GHz]
Fig. 13.  Simulated and Measured S-parameters of the H-plane coupler with

a groove at the coupling section.

operates as a 3-dB coupler when the phase rotation in the
coupling section is exactly a 90° difference between the TE10
and TE20 modes. The TE10 mode has currents only parallel to
the propagation direction in the center of the coupling section
(surrounded with a blue frame), whereas the TE20 mode has
currents transverse to the propagation direction. Accordingly,
the propagation of the TE20 mode was controlled by forming
a ridge or groove on the E-plane parallel to the propagation
direction. For the H-plane coupler, a prototype was fabricated
to verify the effect of the newly formed groove structure.
Fig. 13 shows the simulated and measured S-parameters of the
H-plane coupler. The measurement results showed agree with
the simulated results, and the measured amplitude imbalance
of S31 and S41 was 0.29 dB and the reflections were smaller
than —20 dB from 135 to 170 GHz.

C. 3D Model Design of Butler Matrix

On the basis of the above discussion and layout design,
we designed a 3D model of our Butler matrix. Fig. 14 shows
the 3D model and fabricated prototype of our Butler matrix.
The 3D model includes feeding networks to the antenna ports
that are arranged in a circle uniformly as the UCA. Note that
the feeding networks are wired so that the angle and number
of bends are aligned, and the electrical lengths are the same.
The 3D model is divided into five metal plates, which are
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Fig. 14.  One side view of the representative layer including all components
designed in this paper.

s Al

— R
Fig. 15. One side view of the representative layer including all components
designed in this paper.

precisely engaged and screwed together. The two layers in the
layout, containing the 3-dB couplers and DPSs, are formed
by grooving both sides of a single metal plate and covering
it from both sides; one side of the metal plate is shown in
Fig. 15.

IV. PERFORMANCE EVALUATION OF PROTOTYPE
BUTLER MATRIX

Fig. 16 shows the measured differential phases of each
antenna port relative to the phase of antenna port 1 (Al).
They all are very uniform over the wide band, and the average
phase imbalance of all OAM modes was 3.03° in the 135—
170 GHz band. We then evaluated the mode isolation of our
Butler matrix, which is defined as the ratio of the power of
the desired OAM mode to that of the intermodal interference
to or from the other OAM modes. Thus, the mode isolation
index represents the OAM spectrum purity generated from the
Butler matrix. If the Butler matrix was operating correctly
as a DFT processor, the measured S-parameter S should
revert to a diagonal matrix through the inverse-DFT (IDFT)
process. Therefore, let R denote the IDFT-processed .S, which
is expressed as

R =D's, (28)

where each diagonal component of R represents the gain
of the corresponding OAM mode, and the other components
represent that of the intermodal interference. Thus, the mode
isolation ; for OAM mode [ is defined as

Ry
PR
ch;el |Rl,r|

where R, , represents the element of the row and column
corresponding to OAM modes p and ¢. Fig. 17 shows the

M= (29)
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Fig. 16. Measured differential phase between antenna ports (A1-8) relative to antenna port 1 (Al) and standard deviation of differential phase imbalance

from 135 to 170 GHz.

TABLE I
COMPARISON BETWEEN THE REPORTED BUTLER MATRICES FOR BEAMFORMING
Ref. [33] [34] [35] [36] [37] This work
Technology Micﬁﬁztrip Finline STW WG Gap WG WG
Frequency [GHz] 1.98-3.14 74.0-82.5 28.0-32.0 19.3-19.7 77.5-92.5 135-170
Fractional bandwidth [%] 453 11 133 2.1 17.6 23
Order 4x4 4x4 4x4 64%x64 4x4 8x8
Return loss [dB] -10 -10 -10 -10 -10 -17.5
Insertion loss [dB] 0.8 2.42 1.8 1.8 1.17 1.46
Amplitude imbalance [dB] 1 - 1 4 1.5 0.41
Phase imbalance [degree] 7 16 11 40 17 3.03
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Fig. 17. Mode isolation of a fabricated Butler matrix for each OAM mode.

mode isolation for each OAM mode. The mode isolation
was greater than 15 dB from 135 to 170 GHz for all OAM
modes, and the average within the band ranged from 19.2 to
25.2 dB. Since the wavelength of the sub-THz band is very
short (a few mm), the variation in isolation values for the OAM
modes could be better controlled by improving manufacturing
accuracy. Fig. 18 shows the frequency response of the gain
for each OAM mode corresponding to |Rl,l\2 in (29), and

reflection characteristics measured at I/O ports. Despite the
large scale of the waveguide, the average losses for all OAM
modes were less than 1.5 dB from 135 to 170 GHz. Note
that the losses include not only the conductor resistive losses
but also reflections and leakage into undesired OAM modes.
The reflection was less than —20 dB in the same frequencies.
Table I shows a performance comparison with previously
reported Butler matrices for beamforming. Our Butler matrix
achieves much higher operation frequency, lower return loss,
and less amplitude/phase imbalance over a wide bandwidth.

V. EXPERIMENT ON OVER 1 TBPS WIRELESS
TRANSMISSION

Fig. 19 shows the configuration of our OAM multiplex-
ing transmission experimental system for the sub-THz band,
and Table II lists the specific parameters of our experi-
mental setup. An offline DSP is implemented in parallel
for each OAM mode, and the Butler matrices perform the
generation and separation of the spatially superposed OAM
beams, so additional equalization processing between the
OAM modes is not required. Digital intermediate frequency
(IF, 0.5-16.5 GHz) waveforms are created with an adaptive
quadrature amplitude modulation (QAM) system of a single
carrier with frequency domain equalization (SC-FDE) [48].
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Data streams are coded with low density parity-check (LDPC)
code and Bose-Chaudhuri-Hocquenghem (BCH) code on the
basis of a standard for digital video broadcasting second
generation (DVB-S.2) [49] used as forward error collection
(FEC). The quasi error free (QEF) quality is defined in the
DVB-S.2, which approximately corresponds to a packet error
ratio PER < 1077, Since the DVB-S.2 standard modulation
specification is phase shift keying (PSK), the performance
requirements of the ratio between the energy per symbol to
noise power (E;/Ny) for QAM are calculated in the same
manner through numerical simulation. Table III summarizes
the performance requirements at the QEF over additive white
Gaussian noise. In our offline DSP, the modulations and coding
rates are adaptively determined, and the data rates are mea-
sured as the sum rates of the transmission satisfying the QEF
quality in each of the eight OAM modes. Digital-to-analog and
analog-to-digital conversion are executed using synchronized
arbitrary waveform generators (AWGs, Keysight M8195A)
and a digital sampling oscilloscope (Tektronix DPO72304X),
respectively. Up- and down-conversion between IF and RF are
executed using subharmonic mixers (VDI WR6.5CCU/CCD).
The local signals are supplied from signal generators (R&S
SMB100A) to the subharmonic mixers, which multiply the
local signals by six for the up- and down-conversion. The
power amplifiers (PAs, VDI WR6.5AMP, 20 dB gain) and
low noise amplifiers (LNAs, Radiometer, 15 dB gain, 6 dB
noise figure) are placed before and after the Butler matrices
at the transmitter (Tx) and receiver (Rx), respectively, since
they cause phase and amplitude imbalance. Note that the
peak-to-average power ratio increases at the antennas due to
the combination of multiple OAM modes and exceeds the
waveguide losses in our configuration, which is another reason
that the amplifiers are placed in the configuration. Since the
receiving UCA is placed opposite the transmitting UCA, the
coordinate system is inverted and the process in the receiving
Butler matrix is equivalent to the IDFT. Therefore, the OAM
mode and I/O port correspondence shown in Fig. 3 are the
same for the transmitter and receiver.

Fig. 20 shows a photograph of our experimental system
constructed in the shield room. The propagation axes of the
oppositely arranged UCAs are aligned using optical lasers
and fine-tuned to minimize the intermodal interferences. The
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TABLE I
PARAMETERS OF OUR EXPERIMENTAL SETUP

Radio frequency

136-152 GHz / 152-168 GHz

Bandwidth 16 GHz x 2
Polarization 2 (horizontal and virtical)
Distance 1 m

Transmission power

5 dBm (—4 dBm/stream)

OAM mode

-4,-3,-2,-1,0,1,2,3

No. of antenna elements

8 elements / UCA

Diameter of UCA

6 cm

Error correction

LDPC & BCH (DVB-S.2)

Prepared
LDPC coding rate

1/4, 173, 2/5, 112, 3/5, 2/3,
3/4, 4/5, 516, 8/9, 9/10

Equalization algorithm

SC-FDE

Frame length

32,400 symbols

Modulation QPSK, 16QAM, 64QAM
TABLE III
Egs/No PERFORMANCE AT QUASI ERROR FREE PER = 10~7
Mode Es/Ny [dB] Mode Eg/Ny [dB]

QPSK 1/4 -2.35 16QAM  2/3 8.82
QPSK 1/3 -1.24 16QAM  3/4 10.08
QPSK 2/5 -0.30 16QAM  4/5 10.84
QPSK 12 1.00 16QAM  5/6 11.42
QPSK 3/5 2.23 64QAM  3/5 12.66
QPSK 2/3 3.10 64QAM  2/3 13.72
QPSK 3/4 4.03 64QAM  3/4 15.24
16QAM  2/5 4.61 64QAM  4/5 16.23
QPSK 5/6 5.28 64QAM  5/6 16.93
16QAM 12 6.30 64QAM  8/9 18.32
16QAM  3/5 7.88 64QAM  9/10 18.57

alignment is required once before transmission and all OAM
waves are transmitted simultaneously. The diameter of the
UCAs is 6 cm, and the Rayleigh distance in this case is roughly
0.9 m, so all OAM modes are considered available at a distance
of 1 m. This distance can be extended arbitrarily by enlarging
the diameter of UCAs or using parabolic reflectors [50] or
dielectric lens [51] to expand the effective diameter of the
UCAs. From the definition of the Rayleigh distance (d?/21)
[19], the achievable transmission distance is proportional to the
square of the diameter of a UCA. For a transmission distance
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Fig. 19. Configuration of our OAM multiplexing transmission system.

'\ /\—< J : . %’ -
Fig. 20. Photograph of our experimental system in a shielded room. The

transmitting and receiving UCAs were mechanically aligned using an optical
laser.
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Fig. 21. Measured equivalent channel responses between transmitter and
receiver in the 136-152 GHz and 152-168 GHz bands at a distance of 1 m.

of 100 m, for example, an effective UCA diameter of 60 cm
would give eigenvalues approximately equivalent to those for
the configuration in this experiment.

Fig. 21 shows the channel-response matrices of the received
signal power at a distance of 1 m. Each signal power was
measured using a dedicated preamble with an orthogonal
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Fig. 22.  (a) Photograph of cross-polarization experimental system and
(b) measured inner- and cross-polarization channels in the 152—-168 GHz band.

sequence. Ideally, the channel response should be a diagonal
matrix, as in (4), and the non-diagonal components are inter-
modal interference. They include the effects of all receiving
devices, such as circuit losses shown in Fig. 18, cable losses,
amplifier gain, and quantization noise, so the noise level at
the receiving end is also listed for reference. With such a
wideband transmission, the quantization noise in the analog-to-
digital converter (ADC) is one of the dominant factors, so the
noise level varies with the received signal power. The OAM
modes with the same |[| are basically identical transmission
characteristics because of the symmetrical spatial distribution,
although there are slight differences due to variations in the
gain characteristics of the RF amplifiers and the other RF
devices. The channel response matrices represent our OAM
multiplexing transmission system quality and show the effect
of the transmitting and receiving Butler matrices and trans-
mission paths on intermodal interference. Thus, the higher the
mode isolation of the prototype Butler matrix shown in Fig. 17,
and the lower the error factors such as misalignment and
multipath, the lower the intermodal interference components
and the closer the channel response matrix approaches the
diagonal matrix.

Next, we investigated the impact of cross-polarization inter-
ference. Due to the convenience of the measurement, the
receiving signal power between the vertical and horizontal
polarization was measured by arranging two Tx antennas
side-by-side with different polarization. Fig. 22 (a) shows
a photograph of the experimental system. Transmission was
executed between the Tx-1 and Rx with horizontal polarization
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TABLE IV
EXPERIMENTAL RESULTS OF PHYSICAL LAYER DATA RATES

Frequency 136-152 GHz 152-168 GHz
OAM mode Es /Ny Modulation Spectrum Data rate Es /Ny Modulation Spectrum Data rate
[dB] (Coding rate)  efficiency [Gbit/s] [dB] (Coding rate)  efficiency [Gbit/s]
0 10.90 16 QAM (3/4) 2.9881 47.810 14.38 64 QAM (2/3) 3.9852 63.763
+1 10.16 16 QAM (2/3) 2.6568 42.509 6.67 16 QAM (1/2) 1.9881 31.810
+2 12.82 16 QAM (5/6) 3.3235 53.175 13.33 64 QAM (3/5) 3.5822 57.316
+3 10.30 16 QAM (2/3) 2.6568 42.509 11.48 16 QAM (4/5) 3.1881 51.010
-1 9.53 16 QAM (2/3) 2.6568 42.509 6.77 16 QAM (1/2) 1.9881 31.810
-2 9.55 16 QAM (2/3) 2.6568 42.509 10.62 16 QAM (3/4) 2.9881 47.810
-3 11.24 16 QAM (4/5) 3.1881 51.010 11.79 16 QAM (5/6) 3.3235 53.175
-4 13.23 64 QAM (3/5) 3.5822 57.316 17.10 64 QAM (4/5) 4.7822 76.516
Frequency Data rate Sum data rate (single pol.) Sum data rate (dual pol.)
136-152 GHz 379.34 Gbivs 792.55 Gbit/s 1.58 Tbit/s
152-168 GHz 413.21 Gbit/s
OAM mode 0 OAM mode 1 OAM mode 2 OAM mode 3 and coding rate were adaptively determined in accordance
64 QAM (2/3) 16 QAM (1/2) 64 QAM (3/5) 16 QAM (4/5) with their signal quality in advance, and the transmission
i S ae o600 channel in the fixed LoS environment was stable, so all
Lo E M, measured F /Ny values were beyond the QEF quality shown
3 o .; in Table III. For reference, no bit error occurred after decoding
¥ ot in a few dozen of signal frames by which the constellations
0116\1(\24/\11;2‘2;3 ??g:ggz 01/6\1(\)’1:;2‘1:/3 %ﬁgAﬁizg‘)‘ were obtained. We confirmed a total physical-layer data rate of
R o e i 1.58 Tbps in the sub-THz band using eight OAM modes and
gty Fasiitgaily. D0Ce0aaY R . . . C.
: 3 Sthes fogescasa; dual polarization without digital equalization between them.
3 9, 9 § e b
Cohhs AR

Fig. 23.  Representative constellations of the transmitted signals in the
152-168 GHz band.

(H pol.), and the Tx-2 transmitted signals with vertical
polarization (V pol.) at the same time, which resulted in
cross-polarization interference. Since the signals were all
transmitted simultaneously, this is equivalent to the cross-
polarization interference conditions during dual-polarization
parallel transmission. Fig. 22 (b) shows the measured inner-
and cross-polarization channels in the 152-168 GHz band. The
notation is the same as that in Fig. 21, and the elements within
the same polarization and between different polarizations are
framed in red and green, respectively. Since the noise floor was
a minimum of —47.39 dBm and the receiving power of cross-
polarization was less than —66.29 dBm, the cross-polarization
interference was all less than —20 dB relative to the noise floor,
which was negligible. There was no difference in transmission
data rates with or without cross-polarization interference, and
the OAM and polarization could be used independently and
simultaneously, confirming that the data rate can be doubled
using dual polarization.

Table IV summarizes the experimental results of the
physical-layer data rates. The F,/Nj, modulation, LDPC
coding rate, and spectrum efficiency of each OAM mode and
frequency band are also listed. Fig. 23 shows representative
constellations of the transmitted signals on the OAM modes in
the 152—-168 GHz band. As mentioned earlier, the modulation

VI. CONCLUSION

We proposed a wideband hollow waveguide based Butler
matrix for the sub-THz band and presented a demonstra-
tion of 1.58 Tbps wireless transmission on the basis of
OAM multiplexing technology using our Butler matrix was
presented. Our Butler matrix has a multi-layer layout and
composed of DPSs and 3-dB couplers. The geometric design
methodology for the DPSs and that for the 3-dB couplers
were devised on the basis of the parametric optimization
algorithm. Note that the aforementioned contributions of this
paper facilitate fabricating a waveguide Butler matrix in
different target bands. The prototype Butler matrix showed
losses of less than 1.5 dB and a mode isolation of more than
15 dB from 135 to 170 GHz. We then constructed an OAM
multiplexing transmission experimental system using the pro-
totype Butler matrices in the sub-THz band and demonstrated
1.58 Tbps wireless transmission at a distance of 1 m using
eight OAM modes and dual polarization, which is the highest
data rate achieved in wireless radio transmission to the best
of our knowledge. The transmission distance can be extended
by using parabolic reflectors or dielectric lens to expand the
effective antenna size on a Butler matrix, so we believe that the
OAM multiplexing transmission system with our Butler matrix
can provide terabit-class wireless backhaul and fronthaul for
distances over 100 m by designing the appropriate effective
antenna size. Note that DSP was independently processed in
each data stream, where no equalization between the streams
was applied since all multiplexing processing was conducted
in the Butler matrices. Therefore, physical-layer processing,
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such as modulation and demodulation schemes, can be generic
for single stream transmission and highly compatible with
generally commercialized high-speed digital signal processors
such as those for fiber optics communications to provide low-
cost real-time communication systems.
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