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Abstract—This paper is the first demonstration of multiplexed
wideband data transmission in the millimeter-wave range using
rectangular-coordinate orthogonal multiplexing (ROM) antennas.
This spatial wireless multiplex communication method can be ap-
plied at several hundred GHz for further improvements in the
data rate because much wider bandwidth is available and this
multiplexing method does not require any signal processing. The
multiplexing is achieved through the spatial eigenmodes of a novel
antenna based on a rectangular coordinate system and magic-T
which eliminates the need for computational signal processing
efforts. The aperture distributions of these spatial eigenmodes are
designed to have different polarities to avoid crosstalk and operate
over a wide bandwidth range. We demonstrate their performance
with four eigenmodes, achieving crosstalk between modes below
−37.8 dB over a 14.6% relative bandwidth (57–66 GHz). We have
introduced these antennas on a photonics-enabled real-time wire-
less data transmission, transmitting over two channels simultane-
ously, without any signal processing at the transmitter (multiplex)
or the receiver (demultiplex). The two multiplexed channels show
a total data rate up to 9.0 Gbps at most (5.875 Gbps and 3.125
Gbps for each channel) limited by the bandwidth of the low noise
amplifiers at the receiver. The measured bit error rate (BER) is
below the forward error correction (FEC) limit.

Index Terms—Radio-over-fiber (RoF), real-time multiplex
wireless communication, rectangular-coordinate orthogonal
multiplexing (ROM), Spatial multiplex wireless communication,
waveguide slot array antenna.

I. INTRODUCTION

R ECENT network forecasts show the explosive growth in
wireless data traffic, urging to find new ways to increase

data capacity [1]. The current available bandwidth allocated in
the microwave range (3 to 30 GHz) is clearly insufficient and
different ways to increase the capacity are being explored. It has
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become needed to open new portions of the spectrum where
bandwidth is available, mainly in the millimeter-wave range
(30 GHz to 300 GHz). Over the past years, regulatory bodies
have been allocating spectrum bands for wireless communica-
tions in this range, starting with the historic 2003 ruling of the
US Federal Communications Commission (FCC) to promote
the use of this part of the spectrum, opening the E-band at
71–76 GHz, 81–86 GHz and 92–95 GHz (70/80/90 GHz). After
the key milestone of Japan’s NTT demonstrating a wireless link
at 120 GHz carrier to provide live TV coverage at the 2008
Beijing Olympics [2], recent rulings have continued to open
higher frequency bands above 100 GHz. In 2014, Japan allocated
the 116–134 GHz band to accommodate such service, and more
recently (March 15, 2019), the FCC freed a record 21.2 GHz
of bandwidth for unlicensed use in the bands at 116–123 GHz,
174.8–182 GHz, 185–190 GHz, and 244-246 GHz [3]. The Ter-
ahertz frequency band [4][5], defined from 0.1 THz to 10 THz,
is a prime candidate for ultra-high-data-rate short-distance LOS
communication because of the large available bandwidths in that
region, in contrast to the overcrowded sub-6 GHz frequency band
[6]–[9]. For example, 260-Gbit/s wireless communication using
300-500 GHz has been demonstrated [8].

In addition to frequency bands with wider bandwidth, it is
crucial to develop technologies to make efficient use of the
available spectrum. Among the different techniques, spatial
multiplexing greatly increases channel capacity and can be
used in combination with other techniques, such as polarization
multiplexing and high modulation schemes.

The polarization duplex is a method to increase channel
capacity by using two orthogonal polarizations such as vertical
and horizontal or left- and right-handed circular polarization.
Another spatial multiplexing for a line of sight (LOS) commu-
nication is multiplexing by spatial eigenmodes. Orbital angular
momentum (OAM) mode multiplexing uses spatial orthogonal
eigenmodes which have phase variations in the circumference
direction [10][11]. Each eigenmode creates an independent
channel between Tx and Rx antennas and the channel capacity
increases n times where n is the number of eigenmodes [12]–
[15]. The great advantage of spatial eigenmode multiplexing is
that it can realize more than the two degrees of multiplexing of
the polarization duplex.

To date, the main drawback of OAM mode multiplexing is
that the software-based multiplexing and demultiplexing are
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Fig. 1. Aperture distributions and radiated fields of four rectangular-
coordinate spatial orthogonal eigenmodes.

challenging when the carrier frequency is high such as at several
hundred GHz or terahertz [4][5]. Therefore, OAM multiplexing
would benefit greatly from hardware multiplexing and demul-
tiplexing, especially at the millimeter-wave range to enable
multiplying the channel capacity by the number of eigenmodes.
The OAM multiplexing uses spatial orthogonal eigenmodes
which have uniform amplitudes and variated phase distributions
in the circumference direction. Laguerre-Gaussian beam modes
[16] are one of the eigenmodes used in OAM multiplexing,
however, wideband generation of these phase distributions by
hardware is difficult and bandwidth is limited [12]–[14]. This
increases crosstalk among the multiple links and the signal to
interference and noise ratio (SINR) deteriorates especially when
wide bandwidths are used for communication. To overcome
the hardware limitations, OAM-MIMO has been proposed and
successfully demonstrated multiplex communication [17]–[19].
However, when the carrier frequency becomes very high and
wide bandwidth is used, software processing becomes difficult.
Therefore, hardware multiplexing and demultiplexing are de-
sired especially for high-speed wireless links.

To overcome the drawbacks of OAM, rectangular-coordinate
orthogonal multiplexing (ROM) has been proposed [20] and is
suitable for hardware-based real-time wideband operation. Two
spatial orthogonal eigenmode antennas are designed and used
for multiplexing and are suitable for hardware-based real-time
wideband operation. The eigenmodes are based on the rectan-
gular coordinate system and have a different polarity of the field
distribution. For example, the four lowest order eigenmodes
have different polarities in four quadrants as shown in Fig. 1.
These eigenmodes can be generated and separated by a magic-T
[21][22] over a wide frequency range. The Hermite-Gaussian
[16] beam is one among the eigenmodes which have differ-
ent polarities in the subdivided region. We have previously
demonstrated four-mode ROM antennas operating in the E-band
[20] and V-band [23] for four multiplexing and four-mode
dual-polarized ROM antennas in the V-band [24] for eight
multiplexing. However, wireless data transmission has not been
experimentally demonstrated so far. In the present work, we
have for the first time used microwave photonic feed to excite
the antennas.

In this paper, we present and experimentally demonstrate for
the first time to the best of our knowledge, wideband hardware
multiplexing and demultiplexing and establish a two-channel

Fig. 2. Concept of ROM communications by four-mode rectangular orthogo-
nal multiplex antennas.

multiplexing wireless link using four-mode ROM antennas in the
V-band as shown in Fig. 2. The V-band ROM antennas designed
and characterized in [23] are used for ROM transmission. To
make full use of the wider bandwidth of the antennas, the
ROM antenna feeds are connected to a high-speed photodiode
(HS-PD) with 100-GHz −3-dB bandwidth. The transmission
signal is generated using microwave photonics techniques, us-
ing an optical heterodyne source which allows us to tune the
carrier frequency over the entire HS-PD bandwidth, including
the entire V-band range. Receiving antenna ports are connected
to wideband Schottky barrier diodes (SBD) [25] to convert RF
signals to baseband signals over the entire V-band range. Here,
we demonstrate a two-channel ROM wireless link using the PD
and the SBD with on-off-keying (OOK) modulation. Promising
applications of fiber-based short-range wireless communication
include front- and backhauling of base stations, wireless con-
nections over difficult-to-access terrains such as a river, wireless
connections in data centers.

II. RECTANGULAR ORTHOGONAL MODE MULTIPLEXING

Multiplexing is realized by spatial orthogonal eigenmodes
based on a rectangular coordinate system. Each eigenmode has
a different combination of polarities in the subdivided region
of the antenna aperture as suggested in Fig. 1. The radiated
field from each of the aperture distributions shown in Fig. 1
has a different number of beams and the beam directions are
different among the eigenmodes. For example, mode 1 has the
same polarity in the subdivided regions and radiates a single
beam in the boresight. Mode 2 has different polarities at the top
and bottom in the antenna aperture and radiates two beams to
the top and bottom directions. Hermite-Gaussian modes have
similar aperture distributions and radiated fields. The Tx and Rx
antennas have four ports and each port radiates and receives one
of the four eigenmodes. Crosstalk between the modes can be
suppressed over a wide bandwidth as will be discussed in the
following section.

A. Antenna Structure and Performance Enabling ROM

The magic-T enables the generation and separation of the
four orthogonal modes over a wide frequency band. A magic-T
is a waveguide-based four-port microwave circuit as shown in
Fig. 3(a). When a Σ port is excited, the input power is divided
into two output ports with the same amplitude and in-phase.
When a Δ port is excited, the input power is equally divided
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Fig. 3. (a) Structure of magic-T. (b) Output phase of the magic-T.

Fig. 4. Four ROM modes generation by magic-T. (a) Configuration of two-
stage cascaded magic-T configuration. (b) Output phase distribution excited by
each port.

into two output ports with the same amplitude and out-of-phase
as shown in Fig. 3(b). The Σ port and the Δ port are isolated
from each other. By connecting the four magic-T ports as shown
in Fig. 4(a), four orthogonal modes are generated as shown in
Fig. 4(b). When port 1 is excited, the four outputs have the same
polarity in the four subdivided regions. When port 2 is excited,
the two top outputs have plus polarity and the two other output
ports have minus polarity.

An antenna that can generate and separate the four orthogonal
modes consisting of four magic-T and waveguide slot arrays
was designed. The antenna configuration shown in Fig. 5(a)
is composed of a magic-T circuit, four corporate-feed circuits,
and a radiation element shown in Fig. 5(b). The four magic-T
circuits are connected as suggested in Fig. 4(a) to generate
the four orthogonal modes and the magic-T circuit feeds the
four corporate-feed circuits. The corporate-feed circuit feeds
the radiation element with the optimum amplitude and phase to
increase channel capacity [23]. The design targets of this antenna
system are reflection < −9.54 dB (VSWR < 2), isolation >
20 dB for 57–66 GHz and uniform transmission for four modes
at 40-cm Tx-Rx distance at 61.5 GHz.

Fig. 5. (a) Four-mode ROM waveguide slot array antenna. (b) 2 × 2-element
subarray.

The antenna was fabricated by diffusion bonding of etched
thin copper plates. Simulated S-parameters are shown in Fig. 6
and reflection is below VSWR of 2 and isolation is 28 dB over
57–66 GHz. Measured S-parameters are available in [23] and
the correspondence of simulated and measured reflection is good
because the measured reflection is less than VSWR of 2 over 57–
66 GHz. However, measured isolation was degraded compared
with the simulated one. Especially measured S21 and S43 was
30 dB whereas simulated one is 50 dB.

B. Transmission Characteristics Between Two ROM Antennas

Wireless transmission between the two designed waveguide
slot array antennas realizes high isolation for the four modes. The
S-parameters between the two antennas with 40-cm separation
were analyzed by an electromagnetic simulator, Ansys HFSS,
based on a finite element method. 40 cm is selected because
channel capacity starts to decrease when the transmission dis-
tance exceeds 40 cm as shown in Fig. 8 of [23]. When we increase
the distance channel capacity decreases because radiated beam
starts to diverge and transmission becomes lower and isolation
degrades. When we decrease the transmission distance, channel
capacity is almost unchanged because the radiated beam does not
diverge yet. The results are shown in Fig. 7 and 0 dB corresponds
to the direct connection of the waveguides without the antennas.
The average transmissions from 57.0 GHz to 66.0 GHz are−3.9,
−4.9, −5.4, and −6.4 dB for modes 1, 2, 3, and 4, respectively.
The isolation is well suppressed over a wide bandwidth, with



7824 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 24, DECEMBER 15, 2021

Fig. 6. Simulated S-parameters of the four-mode ROM waveguide slot array
antenna. (a) Reflection. (b) Isolation.

the poorest value of −37.8 dB from 57.0 GHz to 66.0 GHz in
mode 4.

Measured S parameters between the Tx and Rx antennas are
also shown in Fig. 7. The isolation of the modes between the Tx
and Rx antennas was degraded from −37.8 dB to −12.0 dB
in the worst case. The measured S parameters show ripples
because of multiple reflections between the Tx and Rx antennas.
Hence, the isolation was calculated by averaging the measured
S parameters over 57–66 GHz. This degradation results from
fabrication tolerance of the ROM antenna and misalignment
of the Tx and Rx antennas. The measured S parameters of the
ROM antenna itself were degraded especially in isolation. This
isolation degradation of the ROM antenna itself deteriorates the
isolation between the Tx and Rx antennas. Misalignment of the
antenna has a large impact on the isolation between the Tx and
Rx antennas as discussed later in this section.

Isolation deteriorates by longer transmission distance and
isolation of mode 4 deteriorates most quickly and that of mode 2
and 3 follows. Isolation is the ratio of desired main transmission
signal Si’i to undesired cross-talk signals Si’j where i’ � j.
Main transmission changes by distance because of divergence
of beam modes. As shown in Fig. 5(b) of [23], the transmission
of mode 4 decreases most quickly among the four modes and
mode 2 and 3 follows because the higher-order mode of beam
mode diverges quickly compared with lower-order mode. Cross
talk level does not change by distance and is determined by
the performance of the ROM antenna itself especially magic-T.
Our prototype of the antenna showed degraded isolation which

Fig. 7. Simulated and measured frequency characteristics of the S-parameters
Sij (i = 1’, 2’, 3’, 4’, j = 1, 2, 3, 4) between the Tx (port 1, 2, 3, and 4) and Rx
(port 1’, 2’, 3’, and 4’) antennas with 40-cm separation. (a) Sij, j = 1, (b) Sij, j
= 2, (c) Sij, j = 3, (d) Sij, j = 4. The definition of the port number is depicted
in Fig. 2.
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Fig. 8. Simulated horizontal and diagonal misalignment effect on (a) the S-
parameters Sij (i = 1’, 2’, 3’, 4’, j = 1, 2, 3, 4) between the Tx (port 1, 2, 3,
and 4) and Rx (port 1’, 2’, 3’, and 4’) antennas and (b) BER of a channel using
mode 1.

results in the increment of cross-talk level. Therefore, when
the distance increases, isolation of mode 4 deteriorate most by
longer transmission distance and mode 2 and 3 follows.

Misalignment has a large impact on isolation resulting in
degradation of BER. Simulated S parameters between Tx and Rx
antennas with horizontal and diagonal misalignment are shown
in Fig. 8(a). Horizontal misalignment breaks orthogonality be-
tween modes 1 and 3 and between modes 2 and 4 because of the
aperture distributions of each mode shown in Fig. 4b. Isolation
between modes 1 and 3 and between modes 2 and 4 is degraded
by horizontal misalignment as shown in Fig. 8(a). Diagonal mis-
alignment breaks orthogonality among all combinations of four
modes and isolations of all mode combinations are degraded as
shown in Fig. 8(a). BER of a channel using mode 1 is calculated
from SNR which is assumed to be equal to the isolation between
two modes. BER becomes larger than the FEC limit when the
horizontal and diagonal misalignment is larger than 6.3 mm and
8.8 mm, respectively, as shown in Fig. 8(b).

III. EXPERIMENTAL DEMONSTRATION OF THE ROM

A. Measurement Setup

A two-channel wireless multiplexing communication mea-
surement system was built and the multiplexing performance
by the designed waveguide slot array antennas was evaluated.
A schematic diagram of the transmission experiment setup is
shown in Fig. 9(a). A pulse pattern generator (PPG) generates

Fig. 9. Two-channel wireless data transmission test setup. (a) Schematic
diagram of the transmission experiment setup. (b) Photo of the implemented
transmission experiment setup. RF: radio frequency, BB: base band, EOAM:
electro-optic amplitude modulator, EDFA: erbium doped fiber amplifier, PD:
photodiode, Ant.: antenna, LT: load termination, SBD: Schottky barrier diodes,
LNA: low noise amplifier, LA: limiting amplifier, Ch.: channel, PPG: pulse pat-
tern generator, BERT: bit error rate tester, DA: driver amplifier, WG: waveguide.

digital signals modulated by on-off-keying (OOK) and a bit
error rate tester (BERT) measures the bit error rate (BER) of
the received signals. Optical sub-carriers are generated by two
1550-nm continuous-wave lasers (f1 and f2) and modulated by an
electro-optic amplitude modulator (EOAM). The optical signals
are converted to RF signals by high-speed PIN photodiodes
(PD). The wavelength of the lasers is determined so that f2
− f1 = fRF = 61.5 GHz. The two PD are connected to the
Tx antenna. The Rx antenna is placed to face the Tx antenna
and the separation distance is maintained at 40 cm. The metal
breadboard was covered by absorbers when the measurement
was performed to reduce undesired reflection and scattering by
the metal breadboard. The two Rx antenna ports are connected by
WR-15 horn antennas to couple the received signal to the lens-
mounted Schottky barrier diodes (SBD) [25]. The other ports
of the Tx and Rx antennas are terminated by load terminations
(LT). The PD has an interface of the 50-ohm 1.0-mm coaxial
connector and both the ROM antenna and the horn have WR-15
waveguide interface. A 1.0-mm coaxial-to-waveguide adapter is
used to connect the PD and the ROM antenna. The ROM antenna
and the horn are connected using a standard WR-15 waveguide.
The detected RF signals are converted to baseband (BB) signals
by the SBD and then transmitted to the BERT through a low noise
amplifier (LNA) and a limiting amplifier (LA). The transmitted
signals are demodulated and BER is measured by the BERT in
real-time.

B. Back-To-Back Measurement

Channels excluding the ROM antennas here are evaluated by
directly connecting the PD and the horn antennas as shown in
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Fig. 10. Partially extracted schematic diagram of the direct-connected trans-
mission experiment setup.

Fig. 11. Channel quality excluding the ROM antennas where photocurrents
of the PD are fixed at 5.0 mA and 6.4 mA for channel 1 and 2, respectively.

Fig. 12. Partially extracted schematic diagram of the direct-connected trans-
mission experiment setup.

Fig. 10. Fig. 11 shows the BER characteristic dependence on
bit rate for channel 1 using a 100-GHz PD. It realizes a BER
of less than the FEC limit of 4.5 × 10−3 [26] up to 10 Gbit/s.
Channel 2 using 50-GHz PD shows poorer BER characteristics
than channel 1 because the carrier frequency is 61.5 GHz higher
than the operating frequency of the 50-GHz PD. The bit rates
in the range of 3.125−4.0 Gbit/s and 6.25−8.0 Gbit/s are not
available in the PPG/BERT used in this experiment.

C. Single Channel

To further evaluate the transmission characteristics between
the ROM antennas, a single-stream is here tested by the exper-
iment setup shown in Fig. 12. The BER dependence on the bit
rate is shown in Fig. 13. Compared to the directly connected
case shown in Fig. 11, the BER of all modes is deteriorated
because of imperfections in the transmission between the ROM
antennas such as reduced transmitted power, limited bandwidth,
group delays, and others. Here, it is important to mention that
the reason why the BER does not increase monotonically is that
multiple reflections occur between the Tx and Rx antennas, as
well as in the interface between horn antenna and lens SBD
and as communication quality deteriorates depending on the
bandwidth.

Fig. 13. Channel quality of the ROM antennas. (a) Mode 1, (b) Mode 2, (c)
Mode 3, (d) Mode 4 where photocurrents of the PD are fixed at 5.0 mA and 6.4
mA for channel 1 and 2, respectively.
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Fig. 14. Two-channel wireless transmission results. (a) Mode 4 and 2. (b) Mode 4 and 1. (c) Mode 3 and 1. (d) Mode 3 and 2. (e) Mode 1 and 2. (f) Mode 3 and
4. Ch.: channel, M: mode, FEC: forward error correction, PD: photodiode.

D. Two Channels

The two-channel wireless multiplexing communication with
low interference between two modes was verified by the mea-
surements. The measurement setup shown in Fig. 9 is used for the
measurement. The BER characteristics are measured by varying
the optical input power in one of the two PDs while maintaining
a fixed output from the other. The measured results are shown
in Fig. 14 for different two-mode combinations. The BER of
channel 1 depends on the DC photocurrent of the PD used,
and the BER of channel 2 remains low as shown in Fig. 14(a).
Conversely, the BER of channel two depends on the photocurrent
of channel 2, and as expected the BER of channel one remains
low in the simulations. The same tendency is observed for the
combinations of modes 1 and 4, 3 and 1, 3 and 2. However, with
the mode combination of 1 and 2, the channel 1 photocurrent
affects both channel 1 and 2 BER. This suggests that interference

TABLE I
MAXIMUM BIT RATE BELOW THE FEC LIMIT [26]

Ch.: channel, PD: photodiode, BER: bit error rate.

between modes 1 and 2 is not negligible. One of the reasons for
the interference is that both modes 1 and 2 use the same first stage
magic-T. A similar tendency is displayed in the 3 and 4 mode
combination. The measured S parameter of the antenna itself
[23] showed that S21 and S43 were degraded up to−30 dB where
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TABLE II
COMPARISON OF SPATIAL MULTIPLEX WIRELESS COMMUNICATION

λ0 is a free space wavenumber at a carrier frequency
aPolaization duplex is used.

simulated S21 and S43 were −50 dB because of the fabrication
tolerance of the first-stage magic-T. This degradation of the
isolation between ports in Tx or Rx antenna causes interference
between modes 1 and 2 and between modes 3 and 4.

The maximum total bit rate of channels 1 and 2 with BER less
than a forward error correction (FEC) limit of 4.5 × 10−3 [26] is
detailed in Table I. The maximum bit rate reaches 9.0 Gbit/s with
modes 4 and 2. Because OOK modulation requires the double
bandwidth of the bit rate, the 5.6 Gbit/s bit rate of channel 1
using mode 4 corresponds to 18.2% relative and an 11.2 GHz
bandwidth. This suggests the wideband characteristics of this
multiplexing method by ROM.

IV. DISCUSSION

The maximum obtainable bit rate for the ROM-based wireless
setup alone is expected to be 18 Gbit/s and 36 Gbit/s for two- and
four channels when QPSK and 9-GHz (57.0–66.0 GHz) band-
width are used. The bit rate is estimated under the assumption
that the SNR equals isolation and the measured S parameters
are used to calculate the isolations. For the two-channel case,
the worst isolation is 12.0-dB as shown in Fig. 7. For the
four-channel case, total isolation is calculated by summation
of transmission of the other three modes and the worst total
isolation is 11.4 dB. When SNR is 11.4 dB, QPSK is available
with BER less than 10−5. Therefore, the maximum bit rate is
expected to be 18 Gbit/s and 36 Gbit/s for two- and four-channel
cases when QPSK and 9-GHz (57.0–66.0 GHz) bandwidth are
used with a roll-off rate of 1 for the raised cosine filter.

Comparison of spatial multiplex wireless communications is
shown in Table II. The highest bit rate of OAM type is 32 Gbit/s
using 60-GHz band, 2 modes, polarization duplex, and 16QAM
[13]. The one of OAM-MIMO type is 100 Gbit/s using a 40-GHz
band using 7 modes, polarization duplex, and 256QAM [19].

However, their bandwidth is limited to less than 4% and the data
were processed offline. The maximum bit rate of our proposing
ROM is limited to 9.0 Gbit/s using 2 modes, single-polarization,
and OOK. However, this work showed the largest bandwidth
of 14.6% with real-time data processing. Therefore, ROM is
suitable for wideband mode multiplex at the Terahertz frequency
band.

Transmission distance is proportional to their antenna area
when Tx and Rx antennas have the same area because the
Rayleigh range of Hermite-Gaussian modes including higher-
order mode is proportional to the cross-sectional area of beam
waist [27]. Therefore, for example, when the transmission dis-
tance becomes twice, both the Tx and Rx antenna areas are
required to be twice.

The longest transmission distance is 117.0 m (15610λ0) using
1.1-m2 (20133λ2

0) antenna at the 40-GHz band. The efficiency
of transmission distance over antenna area in wavelength is
0.78/λ0. The most efficient method is [17] and the efficiency is
1.06/λ0. The proposed ROM system has the efficiency of 0.43/λ0

and current efforts are directed towards improving the efficiency.

V. CONCLUSION

We have proposed a multiplexing method by spatial eigen-
modes with different polarities and demonstrated two-channel
wireless multiplexing communication. The spatial eigenmodes
can be multiplexed and demultiplexed over wide bandwidths
by magic-Tees. Crosstalk between different modes transmitted
from Tx to Rx antennas is suppressed to less than −37.8 dB
over a 14.6% relative bandwidth (57-66 GHz). Real-time two-
channel wireless multiplexing is characterized by the measure-
ments and low crosstalk has been confirmed. Changing the trans-
mitted power of one channel does not affect the BER of the other
channel. This suggests that crosstalk between the two modes
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is sufficiently low. However, two of the mode combinations
showed higher crosstalk levels. The maximum total data rate of
9.0 Gbps was confirmed using two-channel multiplexed wireless
communication. Wideband hardware multiplexing and demul-
tiplexing were shown by 5.6 Gbit/s bit rate of OOK modulation
corresponding to 11.2 GHz and 18.2% relative bandwidth.

The proposed multiplex method can be applied to higher fre-
quencies such as several hundred GHz because the spatial eigen-
mode can be multiplexed and demultiplexed only by the hard-
ware with low crosstalk levels. The OAM multiplexing suffers
from narrower bandwidths of crosstalk and requires signal pro-
cessing to multiplex and demultiplex modes making it difficult
to apply to the several hundred GHz bands. Different from OAM
multiplexing, ROM multiplexing does not require software pro-
cessing and is one of the most attractive candidates for achiev-
ing multiplexing at several hundred GHz bands. The required
antennas can be fabricated by micromachining and have shown
high-efficiency characteristics at several hundred GHz [28].
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