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Abstract

As one of the wireless communication technologies for extreme NaaS (network as a service), NTT
Access Network Service Systems Laboratories previously proposed a system configuration to effectively expand the coverage area of high-frequency-band wireless systems. This configuration can separate the functions of a wireless base station and simplify remote radio units by using the analog radioover-fiber technique. High-frequency-band wireless systems require beamforming to improve receiving
sensitivity. This article describes remote beamforming schemes to enable beamforming with simplified
remote radio units.
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1. Introduction
One key component of extreme NaaS (network as a
service) is wireless communication systems that use
high-frequency bands such as millimeter-wave band.
High-frequency-band wireless systems can enable
larger transmission capacity through their wider
bandwidths. However, many wireless base stations
must be densely deployed because the propagation
loss becomes large as the frequency increases. Therefore, we previously proposed a system configuration
that uses the analog radio-over-fiber (RoF) technique
to separate the functions of wireless base stations into
a central station (signal processing unit) and remote
radio unit (antenna unit) [1]. Signal-processing functions, including analog-to-digital (A/D) and digitalto-analog (D/A) conversions, are executed in the
central station, and simple remote radio units are
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connected via analog RoF links. Since our configuration drastically simplifies the remote radio units,
coverage-area expansion can be efficiently achieved.
Our configuration is expected to be a promising areaexpansion technology for sixth-generation mobile
communication (6G) systems [2].
Beamforming to improve receiving sensitivity is
necessary in high-frequency-band wireless systems
since their propagation loss is significant. To enable
beamforming with simplified remote radio units that
have no signal processing unit, it is necessary to
remotely control beamforming by the central station.
Therefore, we also previously proposed two remote
beamforming schemes that enable the central station
to remotely control beamforming by remote radio
units [3, 4].
Since these remote beamforming schemes have
both advantages and disadvantages, it is important to
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Fig. 1. Remote beamforming scheme with fixed wavelength allocation.

apply the appropriate remote beamforming scheme
for each use case. This article details these remote
beamforming schemes and describes suitable use
cases.
2. Problems with existing remote
beamforming schemes
Existing remote beamforming schemes control the
beam direction by changing the wavelength assigned
to each antenna element and using the chromatic dispersion of the optical fiber link [5, 6]. However, these
schemes have the following limitations; (1) optical
fiber length information is required, (2) optical filter
control in remote radio units is required, and (3) wireless signal form is restricted if high-frequency bands
or long optical fibers are used. Therefore, it is difficult to apply these schemes for function separation of
high-frequency-band wireless systems.
3. Scheme (1): Remote beamforming scheme
with fixed wavelength allocation
Scheme (1) is a remote beamforming scheme with
fixed wavelength allocation. This scheme is explained
using the example of a transmitter (Fig. 1). The central station assigns a fixed wavelength to each antenna
element; wavelength division multiplexing (WDM)
combines the signals and transmits one optical signal
to the remote radio unit. Due to the chromatic dispersion of the optical fiber link, signals input to each
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antenna element have different time delays depending on the wavelength and optical fiber length. However, if the wavelengths corresponding to each
antenna element are allocated at narrow and equal
intervals, the time delays due to chromatic dispersion
will also be equal. Therefore, the antenna elements
receive input signals that have equal phase differences. When signals with equal phase differences are
transmitted from each antenna element, signals to be
transmitted are synthesized in-phase to yield a certain
beam direction. The beam direction is determined by
the phase difference between antenna elements.
Therefore, beam direction control is possible by
adjusting the phases corresponding to each antenna
element beforehand to have equal phase differences,
while arbitrary equal phase differences are achieved
by adjusting the phases and adding phase rotation by
optical fiber transmission.
We investigated the applicable conditions and the
effectiveness of scheme (1) through simulations and
experiments [7]. We conducted a verification experiment using 10-GHz signal frequency, a 4-antenna
element linear array in the remote radio unit, 10-km
single mode fiber, and 1500-nm band wavelengths.
The beam direction can be controlled by changing the
phase interval (α) between adjacent wavelengths at
the central station. Figure 2 shows the results of this
experiment in which the beam direction was scanned
by changing α at the central station; the wavelength
interval was set to 50 GHz. The results confirmed that
changing α changes the beam direction. We also
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Fig. 2. Validation of remote beamforming scheme with fixed wavelength allocation.

confirmed that the obtained beam patterns in the
experiment was almost equal the ideal beam pattern
for a 4-antenna element array antenna. The wavelength interval of 50 GHz is one of the intervals
specified in the dense WDM standard. This experiment confirmed that scheme (1) can enable almost
ideal beamforming even when using off-the-shelf
devices that comply with industrial standards and that
continuous beam scanning is possible by phase
adjustment in the central station.
In scheme (1), there are restrictions on wavelength
allocation because it is necessary to allocate wavelengths at narrow and equal intervals. Since the number of wavelengths must equal that of antenna elements used, the number of antenna elements is limited, and it is difficult to apply for massive antenna
arrays. Since the remote radio unit requires only
optical-to-electrical (O/E) conversion, each remote
radio unit can be greatly simplified. Scheme (1) can
form beams in arbitrary directions. Therefore, it is
suitable for cases in which the area covered by one
remote radio unit is relatively small, and a massive
antenna array is not required, for example, roombased remote radio units in an office building that are
connected to the same central station.
4. Scheme (2): Remote beamforming scheme
using passive beamformer
Scheme (2) is a remote beamforming scheme that
uses a passive beamformer (Fig. 3). The remote radio
unit has the passive beamformer, and different waveNTT Technical Review
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lengths are assigned to its input ports. The central
station selects and uses the wavelength assigned to
the input port corresponding to the desired beam during electrical-to-optical (E/O) conversion. The signal
transmitted from the central station is then passed to
only the input port corresponding to the desired beam
after passive WDM filtering and O/E conversion by
the remote radio unit. Therefore, the input port of the
passive beamformer can be switched by selecting the
wavelength at the central station, and the beam can be
switched remotely.
We tested scheme (2) using prototype devices [8].
This test was conducted with 28-GHz band wireless
signals, 20-km single mode fiber, and 1500-nm band
wavelength. A reflector array was also used as the
passive beamformer in the remote radio unit. The
reflector array consists of feeding antennas that radiate radio waves and a reflecting surface made of
metamaterial. The metamaterial reflector is designed
so that the reflecting directions of waves radiate from
the feeding antennas depending on the positions of
the feeding antennas. Since the radiated waves are
reflected strongly in specific directions, beams can be
formed. The beam direction can be changed by
changing the feeding antennas. In the test, the reflector array had nine feeding antennas, thus formed nine
beams, as shown in Fig. 4 left side. The beam direction can be switched by switching the feeding antenna to which the signal is input. The input ports of each
feeding antenna are assigned wavelengths in the
1500-nm band with 100-GHz intervals, and beam
patterns are measured while switching wavelengths
40
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Fig. 4. Validation of remote beamforming scheme using passive beamformer.

used for E/O conversion at the central station. The
results shown in Fig. 4 right side confirm that the
beam direction changes with the wavelength, which
is selected at the central station. The reason the beam
gain decreases as the beam direction diverges from
the front is due to the reflection characteristics of the
reflector array.
It is necessary to set a beamformer at the remote
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radio unit so that the functionality of the remote radio
unit will increase and installation sizes will be larger
than with scheme (1). Since beam direction is determined by the design of the beamformer, there is a
problem that only discrete beam directions are possible. However, when high beamforming gain is
required, fewer wavelengths are needed compared
with scheme (1) because the number of beams is
41
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expected to be lower than that of antenna elements
when using massive antenna arrays. It is also possible
to form multiple beams simply by inputting signals to
multiple input ports. Since only one wavelength is
used for one beam, there are no restrictions on wavelength allocation. Therefore, scheme (2) is suitable
when one remote radio unit covers a wide area and
high beamforming gain is needed, for example, wide
service areas outdoors.
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[3]
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5. Future outlook
We will continue to improve remote beamforming
characteristics to reduce the number of wavelengths
required, increase beamforming gain, and enable
arbitrary beam directions. We will also consider integration with distributed antenna systems and try to
support 6G toward high-frequency-band wireless
systems using analog RoF.

[5]

[6]

[7]

References
[8]
[1]

K. Ito, M. Suga, Y. Shirato, N. Kita, and T. Onizawa, “Efficiently
Accommodating High-frequency-band Wireless Systems by Using
Analog Radio-over-fiber,” NTT Technical Review, Vol. 18, No. 5, pp.

NTT Technical Review

Vol. 19 No. 10 Oct. 2021

19–23, May 2020.
https://www.ntt-review.jp/archive/ntttechnical.php?contents=
ntr202005fa3.html
NTT DOCOMO, “White Paper on 5G Evolution and 6G,” Version 3.0,
Feb. 2021.
https://www.nttdocomo.co.jp/english/binary/pdf/corporate/
technology/whitepaper_6g/DOCOMO_6G_White_PaperEN_
v3.0.pdf
K. Ito, M. Suga, Y. Shirato, N. Kita, and T. Onizawa, “A Novel Centralized Beamforming Scheme for Radio-over-fiber Systems with
Fixed Wavelength Allocation,” IEICE Communications Express, Vol.
8, No. 12, pp. 584–589, 2019.
K. Ito, M. Suga, T. Arai, Y. Shirato, and N. Kita, “Remote Beamforming Scheme for Higher Frequency Bands Radio-over-Fiber Systems,”
The 2021 IEICE General Conference, CI-7-5, Mar. 2021.
S. Akiba, M. Oishi, Y. Nishikawa, K. Minoguchi, J. Hirokawa, and M.
Ando, “Photonic Architecture for Beam Forming of RF Phased Array
Antenna,” 37th Optical Fiber Communication Conference and Exposition (OFC 2014), San Francisco, CA, USA, Mar. 2014.
M. Tadokoro, T. Taniguchi, and N. Sakurai, “Optically-controlled
Beam Forming Technique for 60 GHz-ROF System Using Dispersion
of Optical Fiber and DFWM,” OFC/National Fiber Optic Engineers
Conference (NFOEC) 2007, Anaheim, CA, USA, Mar. 2007.
K. Ito, M. Suga, Y. Shirato, N. Kita, and T. Onizawa, “Experimental
Evaluation of Remote Beamforming Scheme with Fixed Wavelength
Allocation for Radio-over-fiber Systems,” Proc. of 44th European
Conference on Optical Communication (ECOC 2020), Brussels, Belgium, Dec. 2020.
K. Ito, M. Suga, T. Arai, Y. Shirato, N. Kita, Y. Kishiyama, S. Suyama,
S. Nagata, and T. Asai, “Remote Beamforming Scheme Using Passive
Beamformer for Higher Frequency Bands RoF Systems,” The 2021
IEICE General Conference, B-5-8, Mar. 2021.

42

Feature Articles

Mizuki Suga

Engineer, NTT Access Network Service Systems Laboratories.
She received a B.E. and M.E. in engineering
from Chiba University in 2012 and 2014. In
2014, she joined NTT Access Network Service
Systems Laboratories and is currently researching high-frequency-band systems for wireless
communications. She received the Young
Researcher’s Award in 2017 from the Institute of
Electronics, Information and Communication
Engineers (IEICE). She is a member of IEICE.

Kota Ito

Engineer, NTT Access Network Service Systems Laboratories.
He received a B.S. and M.S. from Tokyo Institute of Technology in 2013 and 2015. He joined
NTT EAST in 2015 and has been with NTT
Access Network Service Systems Laboratories
since 2017. He is currently engaged in researching RoF systems. He received the Young
Researcher’s Award in 2019 from IEICE. He is a
member of IEICE.

Takuto Arai

Research Engineer, NTT Access Network Service Systems Laboratories.
He received a B.S. and M.S. in computer science and engineering from Waseda University,
Tokyo, in 2010 and 2012. Since joining NTT
Access Network Service Systems Laboratories in
2012, he has been engaged in the research and
development (R&D) of Massive MIMO techniques for wireless access systems. He is currently researching and developing future wireless
systems for 5G Evolution and 6G mobile communications systems. He received the Best Paper
Award in 2018 from IEICE. He is a member of
the IEICE.

NTT Technical Review

Vol. 19 No. 10 Oct. 2021

Yushi Shirato

Senior Research Engineer, NTT Access Network Service Systems Laboratories.
He received a B.E., M.E., and D.E. in electrical
engineering from Tokyo University of Science in
1990, 1992, and 2018. Since joining NTT Wireless Systems Laboratories in 1992, he has been
engaged in R&D of adaptive equalizers, modems
for fixed wireless access systems, and softwaredefined radio systems. He is currently engaged in
R&D of millimeter-wave-band very high
throughput fixed wireless backhaul systems. He
received the Best Paper Award in 2018 and the
Young Engineer’s Award in 2000 from IEICE,
and the 18th Telecom System Technology Award
from the Telecommunications Advancement
Foundation in 2003. He is a senior member of
IEICE.

Naoki Kita

Senior Research Engineer, Supervisor, Group
Leader, NTT Access Network Service Systems
Laboratories.
He received a B.E. from Tokyo Metropolitan
Institute of Technology in 1994 and M.E. and
Ph.D. from Tokyo Institute of Technology in
1996 and 2007. Since joining NTT in 1996, he
has been researching the propagation characteristics of wireless access systems and developing
future satellite communication systems. From
2009 to 2010, he was a visiting scholar at Stanford University, CA, USA. From 2013 to 2014,
he was a visiting research scholar at Waseda
University, Tokyo. He is currently researching
and developing future wireless access networks.
He received the Young Researcher’s Award, the
Communications Society Best Paper Award, and
Best Paper Award from IEICE in 2002, 2011, and
2014, respectively. He also received the Best
Paper Award at the International Symposium on
Antennas and Propagation 2016 (ISAP2016) in
2016. He is a senior member of IEICE and a
member of the Institute of Electrical and Electronics Engineers (IEEE).

Takeshi Onizawa

Executive Research Engineer, Supervisor,
Executive Manager - Wireless Entrance Systems
Project, NTT Access Network Service Systems
Laboratories.
He received a B.E., M.E., and Ph.D. from
Saitama University in 1993, 1995 and 2003.
Since joining NTT in 1995, he has been engaged
in the R&D of personal communication systems,
high data rate wireless LAN systems, future
wireless access systems, and radio propagation.
He is in charge of management strategies of wireless communication systems. He received the
Best Paper Award, Young Investigators Award,
and Achievement Award from IEICE in 2000,
2002 and 2006, respectively. He received the
Maejima Hisoka Award in 2008 and the Best
Paper Award at ISAP in 2016. He is a senior
member of IEICE and a member of IEEE.

43

