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1.   Introduction

NTT proposed the Innovative Optical and Wireless 
Network (IOWN) [1] in May 2019 to construct future 
optical and wireless networks for the 2030s. IOWN 
will provide innovative optical technologies, high 
transmission capacity, and huge computer resources 
compared with conventional networks. However, the 
sixth-generation mobile communications system 
(6G) has been announced worldwide and focuses on 
extreme high data rate/capacity, coverage extension, 
and low energy [2], which have been published in 
white papers of many research institutes [3]. In Japan, 
NTT DOCOMO first published a white paper related 
to 6G wireless technologies in January 2020 and has 
updated its content for the 5th edition in Nov. 2022 
[2]. 

We at NTT Access Network Service Systems Labo-
ratories believe that IOWN and 6G have the same 
targets for future networks. Therefore, we are inves-
tigating wireless technologies combined with optical 

technologies for actualizing 6G/IOWN. However, we 
need to obtain worldwide agreement for the future of 
6G. Therefore, NTT and NTT DOCOMO are expand-
ing 6G collaboration with world-leading vendors [4] 
in Japan and overseas. 

Regarding the wireless technologies for 6G, it is 
effective to use the millimeter-wave and sub-tera-
hertz bands to increase transmission capacity. How-
ever, we need to use a large amount of wireless equip-
ment to transmit wireless signals. This is because 
radio-propagation loss increases in higher frequency 
bands such as millimeter-wave and sub-terahertz 
bands. Therefore, we also need a more flexible wire-
less-area design compared with conventional cellular 
network design. We have been investigating a new 
radio (NR) network topology in the space domain, as 
shown in Fig. 1. To achieve this topology, we use 
many remote radio units (RRUs), which consist of 
wireless equipment and antennas, to transmit wire-
less signals. Therefore, distributed multiple-input 
multiple-output (MIMO) is effective in transmitting 
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wireless signals from different RRUs. We connect a 
central station (CS) to RRUs by using optical fiber 
because of low optical transmission loss. To use the 
advantages described above, we proposed a distrib-
uted MIMO system connected by analog radio over 
fiber (A-RoF) in higher frequency bands. 

Because we construct a flexible network topology 
by using this NR network topology, this topology is 
also suitable for coverage extension involving satel-
lites and high altitude platform stations (HAPSs) and 
application-area expansion.

This article introduces wireless technologies focus-
ing on high-capacity transmission, coverage exten-
sion, application-area expansion, and low energy, 
which are common issues with 6G/IOWN and their 
future prospects [5].

2.   High-capacity transmission

We now describe the distributed MIMO systems in 
higher frequency bands, as shown in Fig. 2. We use 
A-RoF, which connects a CS to RRUs.

2.1   A-RoF
As shown in Fig. 2, a star topology is the basic 

topology for A-RoF transmission. However, a cas-
cade topology is considered from the viewpoint of 

network flexibility. A cascade topology uses optical 
power splitters and an optical multiplexer/demulti-
plexer. Therefore, optical transmission loss passing 
through these optical devices increases. Consequent-
ly, there is the problem of a limited number of con-
necting RRUs using a conventional cascade topology. 

To solve this problem, we proposed a cascade-
topology approach that involves using an optical 
thin-film filter. This filter enables the selected wave-
length with low optical transmission loss to pass 
through and reflect other wavelengths, which makes 
it possible to increase the number of connected 
RRUs.

By aggregating RRUs’ signal processing, which 
requires high energy, at a CS, A-RoF enables simple 
and low-power-consumption RRUs. We also investi-
gated a remote beamforming scheme [6] and con-
ducted an experiment of 5G-NR signal transmission, 
which is based on the physical specification of 5G 
NR developed by the 3rd Generation Partnership 
Project (3GPP), using the remote beamforming 
scheme with beam table. This experiment success-
fully demonstrated simultaneous 4K-video transmis-
sion in both uplink and downlink directions.

We also measured the error vector magnitude 
(EVM) of 5G-NR signals by using 20-km single 
mode fiber from a CS to RRUs. The measured EVM 

Fig. 1.   Example solution of NR network topology [2].

Source: NTT DOCOMO, “White Paper 5G Evolution and 6G (Version 5),” Jan. 2023.
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and signal constellation on each measured point of 
the experimental system are shown in Fig. 3. On the 
basis of the measured EVM of 5 m over the air, we 
confirmed about 3.36% EVM performance, which 
satisfies the 3.5% requirement by the 3GPP physical 
layer specification for 256 quadrature amplitude 
modulation [5]. 

2.2   Distributed MIMO technology
There are several issues, described in a previous 

study [2], that need to be addressed for developing a 
distributed MIMO system in higher frequency bands. 
To construct MIMO propagation paths, we use mul-
tiple distributed antennas as the transmitting points. 
This subsection introduces technologies for control-
ling distributed propagation paths. 

To operate many RRUs effectively, high-density 
deployment of RRUs is required. Therefore, we also 
need to carry out a large amount of beam-search pro-
cessing. To solve this problem, we proposed a simul-

taneous-beam-search method with multiple distrib-
uted antennas in RRUs that use the same frequency 
bands and search timing. We found that this method 
experimentally achieves better performance com-
pared with the conventional method. The search time 
with our method is not proportional to the number of 
RRUs and terminals [5]. It should be noted that this 
method does not increase beam-search overhead 
resources in the time domain. 

NTT, NTT DOCOMO, and NEC demonstrated a 
distributed MIMO system, which enables continuous 
wireless connections in the 28-GHz band by elimi-
nating shielding issues [7]. This system adaptively 
selects connected RRUs’ antennas on the basis of the 
environmental information of radio propagation and 
terminal location with the distributed-control 
approach. An overview of the experimental area and 
system is shown in Fig. 4. We compared A-RoF 
transmission with coaxial cable transmissions in 
terms of throughput performance. This system  

Fig. 2.   Distributed MIMO systems in higher frequency bands.
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consists of distributed MIMO with A-RoF transmis-
sion, which connects a CS to two RRUs. We experi-
mentally confirmed wireless transmission with bi-
directionally time-division duplex operation in dis-
tributed MIMO using A-RoF transmission for the 
28-GHz band. A-RoF transmission achieved almost 
the same throughput performance as coaxial cable 
transmissions.

3.   Coverage extension

NTT is pursuing the Space Integrated Computing 
Network, which achieves 100% coverage area 
including terrestrial and non-terrestrial, by using the 
multi-layered non-terrestrial network (NTN) system 
[8]. As shown in Fig. 5, the multi-layered NTN sys-
tem consists of geostationary orbit (GEO) satellites, 
low-Earth orbit (LEO) satellites, and HAPSs. There-
fore, we can select the optimum wireless transmis-
sion route by taking into account the effect of radio 
propagation loss and channel capacity. For example, 
because the wireless-transmission route has increased 
path loss due to rain attenuation, we can control the 
wireless-transmission route by selecting the clear-
weather route without rain attenuation. Therefore, we 
proposed a route-control technique to increase the 
channel capacity of the multi-layered NTN system [5, 
8].

Satellite communication requires a high-capacity 
feeder-link from the satellite to earth station. This is 
because the satellite must transmit a huge amount of 

data from many terminals on Earth through the ser-
vice-link. From this point of view, we studied satellite 
MIMO transmission of the feeder-link and developed 
prototype satellite MIMO equipment, which will be 
used in the experimental evaluation in LEO [8]. NTT 
has been cooperating with the Japan Aerospace 
Exploration Agency (JAXA) to demonstrate the prac-
ticality of satellite MIMO technology in LEO. NTT 
and JAXA will continue the experimental evaluation 
of this technology with the Innovative Satellite Tech-
nology Demonstration-4*, followed by an experi-
mental evaluation with the Innovative Satellite Tech-
nology Demonstration-3 [5]. 

4.   Application-area expansion

To increase the potential advantages of high-capac-
ity transmission and coverage extension, we investi-
gated the following two wireless technologies by 
focusing on application-area expansion.

The first is the base-station-selection-control tech-
nology that is based on localization information using 
wireless communication radio. A localization tech-
nology has attracted attention for 6G. The conven-
tional base-station-selection technology uses the 
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Fig. 4.   Overview of the experimental area and system.

* Innovative Satellite Technology Demonstration-4 and Innovative 
Satellite Technology Demonstration-3: Projects in JAXA’s Inno-
vative Satellite Technology Demonstration Program to provide 
opportunities for on-orbit testing of equipment and parts devel-
oped by private companies, universities, and research institutions 
by installing them on satellites.
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received-signal-power-based approach without sleep 
control in the base station. Our technology uses the 
terminal-localization information using wireless 
communication radio to recognize the communica-
tion area. Therefore, it enables the terminal to pre-
cisely select the base station without use of localiza-
tion systems, such as the Global Positioning System. 
We evaluated the performance of our base-station-
selection-control technology using the license-free 
60-GHz band. This evaluation experiment involved 
using a wireless local area network system, called 
WiGig, located on a formula car traveling over 300 
km/h as a terminal. We also conducted an experiment 
from the view point of low energy in base stations [9]. 
When the formula car approached two base stations, 
one base station was powered on and the other 
remained off. The other base station is then powered 
with the formula car approaching by using our local-
ization technology. It should be noted that the for-

mula car traveled over 260 km/h. We found that our 
technology decreased the active time of base stations 
by 60% compared with the conventional technology. 

The second technology is for non-contact damage 
inspection of large structures [10]. We began a practi-
cal experiment on applying this technology to inspect 
a wind power windmill to contribute to a future car-
bon-neutral society. We expect good results by apply-
ing this technology to the inspection of ocean-based 
wind-power equipment. This technology can also be 
combined with the coverage-extension technologies 
described above.

As shown in Fig. 6, our non-contact inspection 
technology transmits a weak radio signal between 
two drones sandwiching the target structure (weak 
radio equipment can be operated without a license). 
Our technology detects and analyzes the variation in 
the received signal level at the receiver drone. There-
fore, we can detect the damage on a large structure in 
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Fig. 5.   Route-control technologies in the multi-layered NTN, which includes satellite and HAPS networks.

Fig. 6.   Practical image of non-contact damage-inspection technology.
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a non-contact manner. The conventional technology 
requires a non-operation period because it requires 
on-site visual structural inspection as well as inspec-
tion from images. We plan to use our non-contact 
damage-inspection technology in combination with 
the conventional technology to shorten the non-
operation period.

5.   Conclusion

This article described our research and develop-
ment of wireless technologies for actualizing 6G/
IOWN and their future prospects. We expect to 
increase the performance of wireless technologies by 
focusing on high-capacity transmission, coverage 
extension, and low energy. We also expect to expand 
the application area of wireless technologies by 
achieving these targets.
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