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View from the Top

Face Matters Simply and Honestly
While Communicating. Nurture
Intuition Underpinned by Proven

Results

Abstract

world’s b

NTT’s research and development (R&D) has
over 70 years of history and a wealth of
world-class human resources

—Over a year has passed since you became head of
the Research and Development Planning Department.
Could you tell us about the current state of R&D at
NTT?

Since I was appointed head of the Research and
Development Planning Department in June 2023, it
has been busy but fulfilling days as the research we
have been focusing on is now moving into the phase
of practical application and business development.
For example, after we launched the first commercial
service of the Innovative Optical and Wireless
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Shingo Kinoshita
Senior Vice President, Head of Research and
Development Planning, NTT Corporation

In 2023, NTT Group announced its new medium-term management strat-
egy: “New Value Creation & Sustainability 2027 Powered by IOWN.” To
execute this strategy, NTT laboratories are committed to pursuing the
est research and dev

elopment (

R&D) under the follow

ing guiding

Network (IOWN), IOWN1.0, in March 2023, in
November that year, we announced NTT’s large lan-
guage model (LLM) called “tsuzumi,” and in March
2024, we launched a commercial service of tsuzumi.

Since we are in the critical phase in which the
results of our research are developed into a business,
we have been collaborating with many people,
including our customers and NTT operating compa-
nies. Generative artificial intelligence (Al) is advanc-
ing rapidly, and to meet the needs of society, R&D
must keep up with that pace. We have therefore accel-
erated R&D on tsuzumi and announced it six months
ahead of schedule.

NTT’s R&D expenditures and the number of
researchers are actually not that large compared with
other global information and communication
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technology (ICT) companies. Currently, NTT has
approximately 2200 researchers, and R&D expendi-
tures are approximately 120 billion yen. Although
these numbers are large in Japan, compared with
GAFAM (Google, Apple, Facebook (currently Meta),
Amazon, Microsoft), we have a fraction of the num-
ber of researchers, and our R&D expenditures are
several tenths of theirs.

—How NTT can compete with global companies that
have unparalleled resources in terms of R&D expen-
ditures and the number of researchers?

One of NTT R&D’s strengths is our abundant
human resources, namely, a large number of talented
researchers. To make up the above-mentioned differ-
ence in R&D expenditures, we are making creative
efforts to achieve results, and we in management are
supporting our researchers in terms of funding and
human resources to the maximum extent possible.

Among [CT-related companies, NTT is ranked
ninth in the world in terms of the number of papers
published, which is a measure of research capability.
In the fields of optical communications, information
security, neural engineering, speech recognition, and
quantum computing, the number of papers published
by NTT ranks first or second in the world, which puts
us ahead of Google and IBM. Achieving this ranking
in spite of the fact that the number of our researchers
and scale of R&D expenditures are significantly
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smaller is truly down to the high capability of our
researchers. To solidify our position as a world leader
in research, we hope to raise our ranking in terms of
the number of papers published to fifth place in the
next few years.

In addition to having outstanding human resources,
NTT’s R&D has a history of more than 70 years.
GAFAM, for example, have not existed for very long,
and their personnel are sometimes in flux. In contrast,
we have a long history of research, the fundamentals
of which have been handed down from senior to
junior researchers over a period of nearly 70 years. At
NTT laboratories, researchers from a very wide range
of fields, from networking to Al and quantum com-
puting, can interact with each other as colleagues,
which facilitates synergy. Interacting with external
researchers is called “open innovation,” but we can
generate a wide range of innovations within NTT
laboratories.

High motivation among researchers is also the
strength of NTT’s R&D. For researchers, financial
rewards are important; however, the most-important
factors are the freedom of choosing a research theme,
a comfortable research environment, and connection
with co-researchers. NTT laboratories are home to
many world-class researchers in various fields, such
as NTT Fellow Tatsuaki Okamoto, who is a world
authority on cryptography and blockchain, NTT
Fellow Yutaka Miyamoto, who is an expert in high-
capacity and scalable optical transport network
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technology, and NTT Fellow Takehiro Moriya, who
is an expert in speech and audio signal processing and
coding. These “top runners” act as role models to
pass on their spirit and style of research, and this
practice has become the unifying force for our
researchers and has formed the foundation of our his-
tory. In this sense, NTT’s R&D is a treasure trove of
human resources.

Toward the social implementation of [OWN
and tsuzumi

—Could you tell us about current major R&D initia-
tives?

Let me first introduce NTT’s LLM “tsuzumi,”
which we announced at a press conference in
November 2023. The key features of tsuzumi are
lightweight, high linguistic proficiency (especially in
the Japanese language), flexible customization, and
multimodality.

Regarding the first feature, lightweight, two ver-
sions of tsuzumi are available: “tsuzumi-0.6B,” an
ultra-lightweight version with 600 million (0.6B)
parameters, and “tsuzumi-7B,” a lightweight version
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with 7 billion (7B) parameters. OpenAl’s GPT-3, a
representative LLM, requires a large-scale computer.
For example, training a GPT-3-class model requires
an hour’s worth of electricity produced by a single
nuclear plant, and using it requires multiple high-end
graphics processing units (GPUs). With tsuzumi,
both power consumption and the number of GPUs
can be reduced to a few tenths of those amounts.

Regarding the second feature, high linguistic profi-
ciency, when comparisons of tsuzumi with GPT-3.5
and other LLMs were made using the Rakuda bench-
mark, a performance-evaluation method for genera-
tive Al, tsuzumi beat GPT-3.5 at over an 80% win rate
and beat the four top-ranked Japanese LLMs at an
overwhelmingly high win rate.

Regarding the third feature, flexible customization,
LLMs are good at answering general questions; how-
ever, questions specific to an industry or company
can be difficult to answer. To address this difficulty,
tsuzumi supports a variety of tuning methods.

Regarding the fourth feature, multimodality, while
a typical LLM is asked and answers questions in lan-
guage, tsuzumi understands not only language but
also visual and auditory inputs, such as charts, pic-
tures, and audio.

I should explain why an LLM with these excellent
features could be developed in such a short period—it
is largely due to the technical capabilities of NTT
laboratories. For example, NTT is top ranked in the
world and first in Japan in terms of the number of
papers presented at the most prestigious international
conference in the field of natural language process-
ing, which is one of the most important fields con-
cerning AI. NTT has also won first place in global
competitions in machine translation and other fields
as well as numerous awards from domestic research
associations.

To develop an LLM, it is necessary to prepare a
large amount of high-quality training data, and we
have prepared training data containing more than
one-trillion tokens (the smallest unit used in text
analysis), including not only Japanese and English
but also 21 other languages and programming lan-
guages, for pre-training. This dataset covers a very
wide range of fields, from various specialties to
entertainment. For instructional tuning that follows
pre-training, we created a wide range of new data and
used existing training data accumulated over 40 years
of research on natural language processing, including
translation, summarization, dialogue, and reading
comprehension.
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—We can’t wait to see tsuzumi put into practical use.
How will IOWN play a role in that? Could you tell us
about the progress in the IOWN initiative?

Since the announcement of IOWN in 2019, we
have advanced research, development, and practical
application of it and launched “IOWN1.0,” the first
commercial service, in March 2023. We are currently
conducting R&D with the aim of deploying IOWN in
society. Specifically, we are working on the practical
application of photonics-electronics convergence
(PEC) devices and their application to communica-
tions and computing as well as Digital Twin
Computing and next-generation general-purpose Al
to maximize the use of those devices and applica-
tions.

Let me introduce the next milestones, namely,
IOWN?2.0, 3.0, and 4.0. In IOWN1.0, optical connec-
tions are made between datacenters without optical-
to-electrical conversion. In IOWN2.0, optical con-
nections will be made between computer boards in
datacenters by using second-generation PEC devices.
IOWNS3.0 will enable optical connections between
semiconductor packages inside a computer board by
using third-generation PEC devices, and IOWN4.0
will enable optical connections between dies (chips)
inside a semiconductor package by using fourth-
generation PEC devices. The application area of
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optics will be expanded to the inside of semiconduc-
tor packages in a manner that achieves overwhelm-
ingly high speed, wide bandwidth, and low power
consumption.

IOWN also plays an important role in the R&D of
LLMs. For example, during the development of tsu-
zumi, the training data was located in Yokosuka City
(Kanagawa Prefecture) and the GPU cluster was
located in Mitaka City (Tokyo), and by connecting
the locations with the IOWN1.0 All-Photonics
Network, we were able to create an efficient training
environment for an LLM that makes the 100-km dis-
tance seem irrelevant.

After introduction of [IOWN2.0 and beyond, [IOWN
will become even more important in the R&D of
LLMs. Current computing systems have a fixed
architecture consisting of central processing units
(CPUs) and GPUs, and in some cases, the perfor-
mance of GPUs cannot be fully exerted due to CPU
intervention. On the contrary, IOWN allows the nec-
essary number of CPUs and GPUs to be directly con-
nected by optics on a per-component basis in a flexi-
ble architecture. Therefore, dynamic control of com-
binations of CPUs and GPUs optimized for LLM
training and inference will become possible.

Looking further into the future, we pursue an “Al
constellation” as NTT’s vision for the world of Al. An
Al constellation is a next-generation Al architecture
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in which multiple, small, and specialized LLMs are
combined, rather than creating one huge, monolithic
LLM, that are smarter and more efficient than a
gigantic LLM.

For example, we are thinking of creating a system
by which Al with various personas, such as a student,
senior citizen, elementary-school teacher, parent rais-
ing children, and doctor, could discuss the question,
“What is needed to revitalize our community, which
is experiencing a decline in population?” Each per-
sona could give their own opinion, and those opin-
ions could be combined or a consensus could be
reached while a real person could occasionally step in
to interact and help reach a consensus. IOWN will
play an important role in efficiently coordinating a
large number of distributed Als.

Create an environment in which everyone can
evaluate each other fairly under four
guiding principles

—Given your journey thus far, could you tell us what
you value as a top executive?

I started my career at NTT as a researcher in 1991.
At that time, NTT had just been privatized, and the
Internet was in its infancy. Although I had majored in
physics at university, I felt the difficulty in research
on physics, and the newness of privatized NTT and
computers appealed to me, so I jumped at the chance
to join an NTT laboratory.

To be honest, | had no knowledge of telecommuni-
cations, so I had quite a hard time after I joined that
NTT laboratory. Even so, my outstanding senior
researchers taught me a lot of things, and I immedi-
ately fell in love with research. Because I like new
things, when I encountered a new research theme, I
got as excited as a child who had received a new toy,
and [ was very happy when my papers were accepted
by academic conferences or cited by other research-
ers.

I also directed a large-scale project of practical
application of research—involving several hundred
people—for the Tokyo Olympics. The pleasure of
research differs in accordance with the research
phase, but each phase, whether research, develop-
ment, or practical application, has its own unique
charms. ['m very happy to be able to contribute to
society through the results of our research.

Now as the head of the Research and Development
Planning Department, I’'m striving to create an envi-
ronment in which each researcher can engaged in

NTT Technical Review  Vol. 22 No. 7 July 2024

their research activities by assigning them to research
groups in a well-balanced manner while taking into
account their individual joys, purposes, and charac-
teristics.

I value simplicity and honesty when dealing with
matters. When working in an organization, as a result
of consideration and coordination in many directions,
matters may become more complicated than neces-
sary or deviate from what they should be. Therefore,
researchers should value a well-honed simplicity that
is easy to understand and satisfactory to everyone.

When matters become complicated, it can be diffi-
cult to correct course, so you may have no choice but
to accept that situation. From a medium- to long-term
perspective, however, going back to the starting point
and returning things to their ideal state is a shortcut to
success. [ want to face things honestly without giving
up on anything.

—How do you think NTT’s R&D will develop in the
future?

My guiding principles for NTT laboratories are
fourfold: keep researchers motivated and excited,
research and develop powerful technology to benefit
society in a scalable and sustainable manner, create
the future rather than predict it, and nurture intuition
and be creative.

At the time when research on telecommunication
networks and computers was in its infancy, if compa-
nies could make a high-speed product inexpensively,
people were sure to use it. In other words, if research-
ers researched, developed, and commercialized what
they considered to be “good products,” they were
able to benefit society. However, society is changing
rapidly and becoming more complex, and people’s
values are diversifying, so the “good products™ that
researchers think of and the “good products” that
society demands do not necessarily match. This state
of affairs is especially true in the global market.

Under this circumstance, I want to lead our R&D
under the guiding principles that we set forth while
keeping in mind the words of Goro Yoshida, the first
director of the Electrical Communication Laboratory,
“Do research by drawing from the fountain of knowl-
edge and provide specific benefits to society through
practical application.” In other words, we will draw
from the fountain of knowledge to solidify our posi-
tion as the world’s best research institute, implement
IOWN in society by pursuing practical application,
and provide specific benefits to society by striking
the right balance between a market-in approach, in
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which we plan and promote research on the basis of
market needs, and product-out approach, in which we
promote research to create a future that the market
has not even noticed.

I also value intuition. In the world of research, there
is intuition that only researchers who have mastered
a research field can have. Intuition underpinned by
proven results has the power to move people. That is
why I expect our researchers to accumulate results.
At the same time, we in management intend to con-
tinue developing our ability to accept the intuitions of
our young researchers who are accumulating results.
We will produce numerous research results in an
environment where we can fairly evaluate each other
as researchers. I ask our partners and members of
society to make the most of our researchers, who are
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conducting world-class R&D, and make full use of the
results of their research.

Interviewee profile
B Career highlights

Shingo Kinoshita joined NTT in 1991. In 2008,
he became a senior manager in charge of human
resources at NTT Information Sharing Platform
Laboratories; in 2012, he became a senior man-
ager of the R&D Planning Group at NTT
Research and Development Planning Department;
and in 2021, he became vice president, head of
NTT Human Informatics Laboratories. He
assumed his current position in June 2023.



Leading the World in Optical Devices
and Photonics-electronics
Convergence Devices While
Promoting Our Technology and
Increasing the Number of
Like-minded Researchers

Shinji Matsuo

NTT Fellow, NTT Device Technology
Laboratories and NTT Basic Research
Laboratories

Abstract

All-Photonics Network (APN) IOWNI1.0 was launched in
March 2023, marking the first commercial service of the Innova-
tive Optical and Wireless Network (IOWN). In accordance with
the IOWN roadmap, optical interconnections between racks,
between boards, inside a board, inside a package, and inside a
chip will be sequentially achieved, and optical devices and pho-
tonics-electronics convergence devices play key roles in these
interconnections. To implement these devices in commercial net-
works, it is necessary to achieve Moore’s law—an empirical rule that the number of devices (such as
transistors) in an integrated circuit doubles about every 18 months—in optical devices. We asked Shinji
Matsuo, an NTT Fellow at NTT Device Technology Laboratories and NTT Basic Research Laboratories,
about the development of membrane optical devices, which integrate compound semiconductors on a
silicon-photonics circuit through heterogeneous integration, and his thoughts on fostering young and
mid-career researchers.

Keywords: optical interconnection, membrane optical device, silicon photonics
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An optical version of Moore’s law: membrane
optical devices

—Would you tell us about the research you are cur-
rently conducting?

Since joining NTT in 1988, I have been researching
photonics-electronics convergence devices, focusing
on technologies for the integration of heterogeneous
materials. NTT announced the concept of the Innova-
tive Optical and Wireless Network (IOWN) in 2019,
and photonics-electronics convergence devices are
key for implementing the All-Photonics Network
(APN), a component of IOWN. Such devices will
contribute significantly to reducing power consump-
tion. Regarding photonics-electronics convergence in
IOWN, we have thus far developed devices for
replacing electrical-based interconnections between
racks and between boards with optical interconnec-
tions (first and second generations, respectively). We
are currently conducting research and development
and practical applications of devices for optical inter-
connections inside a board (third generation), inside
a package (fourth generation), and inside a chip (fifth
generation). To put these devices into practical use,
the development of an integrated circuit (chip) that
can cope with the explosive increase in the number of
devices while reducing cost and power consumption
will be a challenge. Overcoming this challenge is
what we are trying to achieve Moore’s law—an
empirical rule that states the number of devices (such
as transistors) mounted on a single chip doubles
every 18 months—in optical devices, including light-
emitting devices such as laser diodes (LDs), which
are essential for optical interconnection.

Moore’s law regarding semiconductors has held
true for more than 50 years thanks to the use of large-
area fabrication and microfabrication technologies
such as silicon complementary metal-oxide-semicon-
ductor. To achieve Moore’s law in optical devices, it
is important to use silicon (Si)-photonics technology
that uses optical waveguides, etc. using Si. However,
optical devices, such as lasers and highly efficient
optical modulators, cannot be fabricated using Si;
therefore, we fabricate them using indium phosphide
(InP)-based compound semiconductors, and large-
scale integration of such optical devices is achieved
through heterogeneous integration. Integrating Si and
compound semiconductors, however, is difficult
because they have different lattice constants, which
represent the size of the unit lattice of a crystal lattice,
and coefficients of thermal expansion, which repre-
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sent the relationship between changes in length and
volume due to changes in temperature. With that dif-
ficulty in mind, using Si-photonics technology com-
bining NTT’s proprietary thin-film technology and
direct-bonding technology, we developed a thin-film
(membrane) directly modulated LD fabricated on a Si
substrate as a light source for intra-board optical
interconnection [1]. We discussed this LD in the pre-
vious interview (September 2021 issue) in this jour-
nal.

—How is your research on membrane optical devices
progressing?

Regarding membrane directly modulated LDs, our
research and development is continuing to increase
the number of channels and improve stability and
reliability to put them into practical use. We are also
researching and developing membrane optical modu-
lators, which do not directly modulate the laser but
use the laser as a bias light source and use a separate
modulator from the light source with higher speeds
and a higher temperature range.

Optical modulators can be classified into two types:
phase modulators, which primarily modulate the
refractive index, and intensity modulators, which
modulate the absorption coefficient. A phase modula-
tor is used as a Mach-Zehnder (MZ) modulator in
combination with an MZ interferometer, which mea-
sures the phase difference between two parallel
beams derived from a single light source. By combin-
ing multiple MZ modulators and modulating the
phase, intensity, and polarization, it is possible to
achieve long-distance transmission with increased
capacity exceeding 1 Tbit/s per wavelength. Typical
materials used for phase modulators are lithium nio-
bate (LiNbOs3), Si, and InP-based compound semi-
conductors. Due to the increases in traffic, optical
interconnections will increase in importance in short-
distance transmission (2 km or less) such as in a
datacenter. Therefore, it is necessary to reduce the
transmitter cost by reducing the device size and inte-
grating many devices on a single chip. Indium-phos-
phide-based compound semiconductors, which are
one order of magnitude more efficient than LiNbO3
and Si, are considered key materials to satisfy this
requirement.

Regarding intensity modulators, InP-based com-
pound semiconductors and germanium silicon (GeSi)
are typically used. Since intensity modulators use only
the intensity change as a signal, the transmission capac-
ity is generally smaller than that of MZ modulators;
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Phase
modulators

Membrane lasers

(a) Schematic of a photonic integrated circuit composed of
InP-based compound semiconductor lasers (membrane
lasers) and phase modulators

n-InGaAs p-InGaAs

n-InGaAs

SiN grating

(b) Cross-sectional view of membrane laser

p-InGaAs

Sio,

(c) Cross-sectional view of phase modulator

A multiple quantum well (MQW) is used for the laser’s core layer and InGaAsP is used for the modulator’s

core layer.

InGaAsP: indium gallium arsenide
MMI: multimode interferometer
SiN: silicon nitride

Fig. 1.
integrated on Si waveguide.

however, their simple and compact configuration is
of importance when a large number of transmitters
are required for short-distance transmission. Consid-
ering the use of intensity modulators in the 1.3-um
wavelength used in datacenters, there is currently a
problem in the crystal growth of GeSi; thus, InP-
based compound semiconductors have an advantage.

Figure 1(a) shows a schematic of a photonic inte-
grated circuit we fabricated, which integrates an MZ
modulator consisting of a Si MZ interferometer and
InP phase modulators with membrane lasers through
heterogeneous integration.

By integrating spot size converters (SSCs), which
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Photonic integrated circuit composed of InP-based compound semiconductor lasers and phase modulators

convert the light spot size of a Si waveguide to that of
a silicon oxide (SiOx) waveguide, it is possible to
efficiently assemble a device with optical fiber by
butt-coupling without using a lens. The cross-section-
al views of a membrane laser and phase modulator
are respectively shown in Figs. 1(b) and (¢). Since the
lasers for biasing the modulators require continuous
light with high output power and stable single-mode
lasing, it is important to minimize the optical confine-
ment factor in the laser’s core layer. Therefore, a Si
waveguide is placed under the laser’s core layer.

We also fabricated an electro-absorption modulator
(EAM) using InP-based semiconductors. An EAM
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Membrane photonics-electronics convergence device on Si substrate
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Fig. 2. Development of future technologies.

exploits the phenomenon that the band gap shifts to
the longer-wavelength side and the absorption coef-
ficient changes when an electric field is applied to a
semiconductor with a band gap near the operation
wavelength. Since the EAM directly changes the
amount of electric field absorbed, there is no need to
use an interferometer such as an MZ modulator,
which results in a very simple configuration. These
devices (i.e., membrane lasers, phase modulators,
and EAMs) will be key for third-generation photon-
ics-electronics convergence and beyond for short-
distance, high-throughput optical interconnection.

Due to the above achievements, in 2022, 1 was
elected as an Optica Fellow for “pioneering contribu-
tions to ultra-high-speed and low-power-consump-
tion membrane lasers,” and in 2023, I received the
IEEE Photonics Society William Streifer Scientific
Achievement Award for “contributions to ultra-high-
speed, low-power-consumption membrane lasers and
their heterogeneous integration.”

Our team is also working on practical application of
these devices and accelerating joint research with
partners, such as Furukawa Electric, to make these
devices have low power consumption and low cost
toward developing the third- to fifth-generation pho-
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tonics-electronics convergence devices for [OWN.
We are also conducting joint research on ultrafast
directly modulated lasers on silicon carbide (SiC)
substrates with Tokyo Institute of Technology, the
University of Tokyo, and Keio University, with the
aim of achieving the world’s highest performance
while developing ultra-low-power-consumption pho-
tonic crystal lasers in collaboration with NTT Basic
Research Laboratories. We also intend to build an
ecosystem for expanding the market for photonics-
electronics convergence devices into the fields of
computing and inexpensive, high-performance sens-
ing (Fig. 2).

Everything requires a sense of balance

—What do you keep in mind as a researcher?

In the previous interview, I said that I try to collect
information and explain my research to people so that
they can understand it, and that mindset has basically
not changed. I became an NTT Fellow in April 2023,
and that status has made me more aware of my
expected contribution to IOWN and the fostering of
young and mid-career researchers.

10
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My way of thinking slightly differs between basic
research and applied research and practical applica-
tions regarding fostering researchers. In regard to
basic research, I encourage researchers to have a
long-term perspective and proactively take on chal-
lenges on the basis of that perspective. When people
start to worry about their evaluation within a compa-
ny, they inevitably pursue short-term results; thus,
their perspective becomes short-term. This tendency
seems to be especially prevalent among young peo-
ple. From my experience, basic research takes time—
in some cases, 20 or 30 years—to produce results. If
we seek short-term results, we will achieve neither
significant development nor true results as basic
research. That is why we need a long-term perspec-
tive. Nonetheless, if we think about it in the long
term, we might end up following a set path that is
exactly as we originally envisioned. However, due to
changes in the surrounding environment, the path is
not always pointing in the correct direction, so its
trajectory must be corrected, and in some cases, it
may be necessary to make major corrections to the
trajectory. In that case, by actively taking on chal-
lenges, we can expect new discoveries and major
progress.

In regard to applied research and practical applica-
tions, it is necessary to solve the problems in front of
you one by one as a team while taking into account
the schedule and your own role within the team,
applying teamwork to complement each team mem-
ber, and polishing your execution ability. My team
covers the entire process from basic research to
applied research and practical applications, so we
need both long-term and short-term perspectives. |
therefore strive to encourage each team member to be
aware of these two perspectives in accordance with
their role.

—You have served on the boards of many interna-
tional conferences and academic societies. How have
those experiences affected researcher development?

At the Institute of Electrical and Electronics Engi-
neers (IEEE), I served as the chair of the Steering
Committee of the Si Photonics Conference 2024 and
as the board of governors of the Photonic Society
from 2023 to 2025. At the Optical Fiber Communica-
tions Conference and Exhibition (OFC), I served as
the program chair in 2020 and general chair in 2022.
For Compound Semiconductor Week 2019, I served
as the chair of the Steering Committee. At OFC,
while involved in the management of the conference,
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I noticed that the way of thinking and behavior of
people from other countries differs from what Japa-
nese people are aware of. For example, when it comes
to supporting women in terms of gender balance,
people from Europe and the USA are more proactive
and explicit than Japan. They are also careful to
maintain a balance among regions such as South
America, Africa, and Asia. This was a new experi-
ence for me because we in Japan consider the gender
ratio, but we are not so aware of regional and other
balances.

I often talk to young people about how it is impor-
tant to know what people around the world—not just
Japan—uvalue. To attain such knowledge, it is helpful
to get involved in organizing international confer-
ences from a young age, so I encourage them to par-
ticipate in these activities as much as they can. These
activities will help them understand not only technol-
ogy but also ways of thinking and cultural aspects of
people from different countries.

The field of optical devices and photonics-electron-
ics convergence devices is one of the most-advanced
fields of research. The number of researchers in this
field is still small, thus we have the opportunity to
lead the world. We are actively participating in con-
ferences to promote our technology and persuade
more researchers to join us in this field. Therefore,
the number of people researching something similar
to our field will gradually increase, and a new trend
will be created. If you are too far ahead and others
cannot keep up, you will not be able to make connec-
tions with other researchers and will become isolated.
However, if you stick too close to others, you are
more likely to be overtaken. In other words, it is nec-
essary to strike a balance between these two situa-
tions, and I believe that understanding the way of
thinking and cultural aspects of people from around
the world will help us strike that balance.

—What is your message to younger researchers?

Regarding basic research, I urge young researchers
to take a long-term perspective. NTT’s research labo-
ratories are unique in that although they are corporate
laboratories, they also conduct basic research. Basic
research, which is one of our strengths, is the result of
endeavors of ten or more years. Of course, you will
make achievements along the way, but they will be
mid-term and short-term results as milestones toward
achieving the goal in mind from a long-term perspec-
tive. These medium- and short-term milestones will
satisfy internal evaluations, but focusing too much on
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them can lead to losing sight of the ultimate goal.

Regarding applied research and practical applica-
tions, it is necessary to achieve results while aiming
toward short- and mid-term goals. You should there-
fore change your perspectives in accordance with
your current position. Some researchers switch
between basic research and applied research and
practical applications. For our team, the two are in
direct contact. Therefore, it is important to take a bal-
anced approach in understanding each person’s per-
spective and position.
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Bayesian Nonparametric Methods for
Analyzing Ever-increasing Infinite
Data

Masahiro Nakano

Distinguished Researcher, NTT
Communication Science Laboratories
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Abstract

One field of research that is gathering attention today is statisti-
cal machine learning that aims to apply analytical data to real-
world problems. Conventional analysis has mainly used methods
that manually set the scale and parameters of a statistical model or
training model based on the data given and that involve costly
tuning. These methods, however, incur massive amounts of time
and labor, so using them to analyze data that will only continue to
expand from here on is difficult. To solve this problem, there is a
strong demand for a new technique that automatically adjusts model scale and parameters according to
the quality and volume of data. In this article, we talked with NTT Distinguished Researcher Masahiro
Nakano about his research on Bayesian nonparametric methods for solving problems faced by today’s
data society.

Keywords: statistical machine learning, Bayesian nonparametric methods, extremal combinatorics

Establishing a new technique for analyzing
relational data of infinite size

—Mr. Nakano, could you first tell us what kind of

technology is “Bayesian nonparametric relational
data analysis”?

The volume and scale of data in today’s society
continue to increase on a yearly basis while the types
of data being processed are becoming increasingly
diverse. In such an environment, the conventional
approach has been to manually set appropriate model
parameters each time and to perform various types of
processing. This approach, however, requires a mas-
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sive amount of time and labor, which will make it
hard for this approach to deal with further develop-
ment of the data society. Bayesian nonparametric
methods that I introduce here is a means of solving
this problem. This technology adjusts the scale and
parameters of a statistical model or training model in
a data-driven manner (automatically according to the
quality and volume of data) thereby reducing the
massive amount of time and labor incurred by manu-
al means that has been a problem in the past.

A technology called “relational data analysis” can
be offered as one example of applying Bayesian non-
parametric methods. Let’s consider the problem of
“indefinite complaints” in modern society as an
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Example: discovery of the relationship between genes and disease
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Fig. 1. Overview of Bayesian nonparametric relational data analysis.

application example. An indefinite complaint corre-
sponds to a state in which a medical exam performed
in response to subjective symptoms describing a
physical or mental disorder is unable to identify the
underlying disease or determine an effective method
of treatment. Such symptoms are wide ranging and
may appear in a composite manner as in “I’m feeling
sluggish,” “I can’t stop feeling tired,” and “My arms
feel dull,” which makes it difficult to identify disease
in units of individual patients, presenting a social
problem. However, if relational data between such a
large number of patients and symptoms could be col-
lected and analyzed, it would be possible to clarify
correlations among individual items of data and
uncover some sort of common features through data
science.

However, there is a major problem in carrying out
such an analysis. Specifically, if the number of data
items that can be collected is (nearly) infinite, dealing
with such a large volume of data is difficult. For
example, the number of subjective symptoms is quite
large including symptoms that differ from person to
person, and the number of patients with indefinite
complaints is potentially immeasurable. As such,
there is the possibility that the relational data of
patients and symptoms could become infinitely large
along the rows and columns of a table, making data
analysis extremely difficult.

To potentially analyze such data, technology that
applies “uncertainty” to the infinite possibilities lying
behind data in a data-driven manner is called “Bayes-
ian nonparametric methods,” which was created in
2000 as a field in machine learning. A specific result

NTT Technical Review  Vol. 22 No. 7 July 2024

of this technology was the “discovery of the relation-
ship between genes and disease.” This was achieved
by partitioning the data into rectangles when analyz-
ing that data based on clustering (the grouping of data
based on similarities between data) and constructing
a new probabilistic generative model that could gen-
erate all possible combinatorial patterns for those
grouping candidates (Fig. 1). Additionally, adjusting
and clustering optimal rectangular partitions in accor-
dance with the given data achieved an efficient data
analysis method. This approach made it possible to
analyze all sorts of “nearly infinite” data according to
the quality and volume of data, which could not be
done by conventional techniques.

In parallel with the technology I just described, I
have been researching “super-Bayesian relational
data analysis” since 2022. In simple terms, this tech-
nology relaxes the feature of “dealing with infinity”
in Bayesian nonparametric relational data analysis.

In actuality, the greatest barrier to achieving Bayes-
ian nonparametric relational data analysis has been
the construction of an inference algorithm. Let me
explain why this is so. By proactively using “infinity”
on a computer, the construction of an inference algo-
rithm for use in data analysis will be accompanied by
“infinity,” and as a result, the possibility of some sort
of infinite loop must be avoided, which makes it all
the more difficult to design a model for performing
analysis. This is a problem stemming from the use of
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Fig. 2. Comparison of Bayesian nonparametric

stochastic operations by the inference algorithm in
Bayesian nonparametric relational data analysis. In
general, when talking about probability, the total
probability of the occurrence of candidate events
must always be 100%. However, with an infinite
number of cases, even if total probability is 100%, the
probability of each number of cases itself is 0%. In
other words, by making a partial collection of an
“infinite number of cases” from the entire “infinite
number of cases,” we would have a positive probabil-
ity. Consequently, if one should carelessly think “I
can ignore this event since its probability is zero,” the
probability of that neglected event could become
positive without realizing it, which means that there
is a risk of a breakdown without total probability
becoming 100%.

Soon after I started out on my research path, the
sales pitch then being given for Bayesian nonpara-
metric relational data analysis was that it was “capa-
ble of handling infinity in a virtual manner.” For me,
this was a magic-like quality that I found very appeal-
ing. This was the 2000s, the time of the first boom of
Bayesian nonparametric methods, and the emergence
of new techniques on practically a daily basis was
very stimulating to me as a researcher. However,
around 2012, excitement began to grow around arti-
ficial intelligence (Al) in parallel with the third boom
in neural networks, and at the same time, the excite-
ment surrounding Bayesian nonparametric methods
appeared to calm down relative to its early days.
Personally, I believe the reason for this, in a few
words, is that “it was not technology that could be
applied in practice.” Given that the key feature of
Bayesian nonparametric methods is the capability of
“handling infinity in a virtual manner,” they turn out
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to be models that are quite difficult to handle on com-
puters. From the perspective of actual applications,
the level of difficulty of constructing Bayesian non-
parametric relational data analysis is often high, and
it’s no exaggeration to say that first trying out a
method based on existing deep learning technology is
the most promising approach.

On the other hand, similar to the way that deep
learning rose to prominence from 2012 on thanks to
the third boom in neural networks, I began to wonder
whether there was a method that could satisfy both
ease of construction and practical use in relational
data analysis. A breakthrough in my search occurred
when I encountered “extremal combinatorics” in
2021-2022.

Extremal combinatorics is a field of study that deals
with order arising from a certain kind of redundancy.
For example, when considering a tremendously long
numeric sequence (more precisely, a uniform random
permutation), it is known that all kinds of short per-
mutations, such as 14523 or 8245361, have a high
probability of appearing as a partial series of that
sequence. An important insight obtained from extre-
mal combinatorics is that “if you prepare a massive
thing with sufficient redundancy, more than enough
things of various types can be expressed.” In short, in
the case of Bayesian nonparametric relational data
analysis, [ noticed that an alternative to something
thought to require “infinity” might be possible by
replacing it with a “sufficiently redundant and large
thing” and proposed the “super Bayesian method”
(Fig. 2). Additionally, since no infinity is involved in
such a “sufficiently redundant and large thing,” it
holds the possibility of making construction of an
inference algorithm much easier. By incorporating
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Fig. 3. “Telestethoscope” initiative.

insight on extremal combinatorics, I expect the super
Bayesian method to become a technology that can be
applied in practice while having the power of Bayes-
ian nonparametric relational data analysis, and as
such, to lead the way to future developments.

The super Bayesian method shows much potential
as a new branch of Bayesian nonparametric relational
data analysis, and taking advantage of the opportu-
nity I had in making an oral presentation (top 4%) at
AISTATS 2022, a major conference in this field, I
have been putting effort into this method since then.
Machine learning methods that proactively use such
extremal combinatorics was still unexplored territory
at that time, so I was fortunate in receiving a positive
response from reviewers and the audience too, all of
which encouraged me to continue with my research.
In contrast to all the excitement surrounding the
machine learning and Al field at present, research
laboratories that are working on Bayesian nonpara-
metric methods are relatively few in number.
Research is something that makes progress through
the efforts of mankind on the whole. By therefore
continuing with this type of research and attracting
more attention in this field, I hope to increase the size
of my research team with an eye to further progress
as a joint effort.

Looking to the future, I would like to make some
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sort of contribution to NTT’s Medical and Health
Vision, which aims for a future in which everyone is
always healthy with a hopeful outlook. At NTT,
Digital Twin Computing, one of the key elements of
the Innovative Optical and Wireless Network
(IOWN), will be used to make a detailed mapping of
a person’s physical and mental state (bio-digital
twin). Additionally, by predicting a person’s physical
and mental state sometime in the future, bio-digital
twins will contribute to a future vision of medical
care. | myself feel that I can contribute to making
NTT’s vision a reality by making good use of the
knowledge I have gained through my work to date on
Bayesian nonparametric relational data analysis and
the super Bayesian method.

As a specific initiative in this regard, the Biomedi-
cal Informatics Research Group that I currently
belong to is researching a device called a “telestetho-
scope” (Fig. 3). Based on the concept of a wearable/
visible stethoscope, this technology transmits the
data of a patient wearing the stethoscope to a remote
location. To begin with, this capability enables aus-
cultation by a medical professional with no risk of
infection from the COVID-19 virus. Additionally, it
enables early detection of any abnormalities when
assessing the urgency of patient care for a remotely
located patient while also promoting an understand-
ing and awareness of one’s own body on the patient’s
side.

Of course, research of bio-digital twin does not stop
here. At NTT Communication Science Laboratories
that I belong to, we are working on a long-term
research goal of constructing human organs as digital
computer models through a co-creation project with
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Osaka University called “PRIMe.” In this way, by
searching for and implementing a variety of applica-
tions in addition to the telestethoscope, I will move
forward with my research with the aim of contribut-
ing to NTT’s Medical and Health Vision and creating
a world in which many people can live a highly
enriched life.

I have been blessed with many connections even
from the time prior to entering NTT. Professor Shige-
ki Sagayama, my academic advisor at the laboratory
that I belonged to in graduate school, was originally
from NTT, and I had the opportunity of receiving
guidance from NTT Senior Distinguished Researcher
Hirokazu Kameoka during joint research with NTT
while [ was a graduate student. Known globally from
that time as a top research institute in the field of
Bayesian nonparametric relational data analysis,
NTT Communication Science Laboratories (in par-
ticular, Visiting Fellow Dr. Naonori Ueda and Takeshi
Yamada, former head of NTT Communication Sci-
ence Laboratories) made important contributions to
the field even in those early days, so it was an attrac-
tive research institute for me from my student days
onward.

Additionally, after entering NTT, I came to feel that
NTT laboratories were an environment that, instead
of restricting a researcher to only short-term choices
or concentrations, actually welcomed the selection of
diverse themes and challenges tailored to that per-
son’s enthusiasm and passion. For example, around
2011 when I entered NTT, the third neural network
boom was heavily influencing computer science
around the world. However, NTT was able to avoid
getting swept up in that tide, and I myself was able to

(\’ o
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continue with my research on Bayesian nonparamet-
ric relational data analysis. Of course, it’s important
to grasp global happenings and research trends, but
on the other hand, a researcher may obtain unex-
pected results through research involving diverse and
wide-ranging fields. As a researcher, I find this NTT
environment that welcomes a variety of themes as a
medium- and long-term investment to be very appeal-
ing.

At present, moreover, | am fortunate in having
many occasions to serve as a mentor to junior
researchers. In the course of giving all sorts of guid-
ance, | have observed junior researchers launch
research themes from up close, so based on this expe-
rience, [ would be happy to give advice to any young
researchers that happen to be reading this article.
Specifically, in research, it is important to try out
“something that you may think to be a waste” many
times. Of course, it must be said here that the correct
way of conducting research and boosting motivation
differs from person to person. In recent years, there
has been much emphasis on “cost performance” and
“time performance,” which is opposite to my way of
thinking.

However, when attempting to draw a new picture
on a totally blank canvas, for example, it may happen
that your brush does not move at all when faced with
white paper having not a single mark. At this time,
anything is fine, so once you dive right in and mark
up the paper in some way, you will immediately feel
better and your hand will start to move. Research is
much the same. Even if you should erroneously mark
up a sheet of paper at first, you will stop worrying
about those marks as you come to overwrite them
with a picture. Furthermore, as in the “sunk cost
effect” that is often talked about, there is psychology
at work here in that a person who invests any type of
cost such as money, time, or effort into some sort of
project will look back and find value in doing so. If
you are having a problem in which your research is
not progressing at all, my advice is to “start with
small things.” Putting yourself to work beginning
with what is familiar to you and from what you are
capable of doing will expand possibilities. In this
way, | would like you to open up the way to a new
future!

17



H Interviewee profile

Masahiro Nakano received his M.E. from the
Graduate School of Information Science and
Technology, The University of Tokyo in 2011 and
entered Nippon Telegraph and Telephone
Corporation (NTT) in the same year. He is cur-
rently assigned to NTT Communication Science
Laboratories and has been concurrently working
at NTT Bio-Medical Informatics Research Center
since 2020. He is engaged in the study of statisti-
cal machine learning and its application to bio-
medical information processing using stochastic
processes (stochastic models using infinite-
dimensional parameter space) and universal
objects in extremal combinatorics.

NTT Technical Review  Vol. 22 No. 7 July 2024

18



Feature Articles: High-capacity, Low-delay Transmission Technologies
Utilizing Optical, Radio, and Acoustic Waves for IOWN/6G

Achieving IOWN/6G and Creating
New Value with World-leading

Technologies

Kazunori Akabane, Kohei Mizuno, Koichi Takasugi,
Kenji Suzuki, and Yoshiaki Kisaka

Abstract

NTT Network Innovation Laboratories (NIL) is committed to the practical application of IOWN (the
Innovative Optical and Wireless Network) with its world-leading technological capabilities. NIL also
conducts research and development with the mission of enhancing the competitiveness of the NTT
Group by developing the world’s first and most advanced technologies to bring about social change and
create new value. This article provides an overview of the technologies being researched and developed

by NIL.

Keywords: All-Photonics Network (APN), optical transmission technology, wireless transmission tech-

nology

1. Introduction

NTT Network Innovation Laboratories (NIL) is
engaged in research and development (R&D) with
the aim of establishing communication technologies
that enable long-distance, high-speed, and large-
capacity information transmission over a wide range
of areas, including optical fibers, air, underwater, and
other communication media, using physical waves in
various frequency bands such as optical, radio, and
acoustic waves.

Figure 1 shows the areas of NIL’s R&D efforts.
While focusing on optical communications in optical
fibers, radio communications in air and space, and
acoustic communications in water, we are also devel-
oping communication technologies in the boundary
region between radio waves and light, such as free-
space optical communications (FSO).

NIL is promoting the R&D of the All-Photonics
Network (APN) to implement the Innovative Optical
and Wireless Network (IOWN) promoted by NTT.
The APN IOWN1.0 service was launched in March
2023, in which users can exclusively use optical
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wavelength end-to-end, providing high-speed, high-
capacity, low-latency, and low-jitter networks. For
this APN IOWN1.0 service, we developed an optical
transport network (OTN) transmission system called
OTN Anywhere that embodies a delay-managed net-
work that can freely control communication delays.
NIL is conducting R&D to improve the perfor-
mance and convenience of IOWN in the directions
shown in Fig. 2. Toward IOWN2.0, which is expect-
ed to be implemented in 2025 or later, we are devel-
oping OTN Anywhere to accommodate a wider
variety of client signals and manage delays at a finer
granularity. We are also engaged in R&D on elemen-
tal technologies that contribute to improving the
usability of IOWN, such as the development of a
digital signal processor (DSP) that enables large-
capacity transmission of 1.6-Tbit/s class by using
digital coherent optical transmission technology,
automatic optical path provisioning (AOPP) and
remote control technology, a secure optical transport
network that provides secure network services using
post-quantum cryptography (PQC), and an IOWN
infrastructure processing unit (IPU) board that
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achieves ultra-low and deterministic delay data trans-

mission.

of'the IOWN APN, such as the development of space-
division-multiplexing technology and scalable opti-

Toward IOWN3.0, which we aim to implement in
2029 or later, we are developing elemental technolo-
gies for further increasing the capacity and distance
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cal transport technology to achieve petabit-class
transmission throughput in the APN, terabit-class
wireless transmission technology for wireless xHaul
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supporting IOWN/6th-generation mobile communi-
cation system (6G), and underwater acoustic
communication technology to achieve large capacity,
multiplexing, and security.

Toward IOWN4.0, which we aim to implement in
the 2030s, we are engaged in R&D to develop an
information and communication infrastructure that
provides new value distinct from that of existing ser-
vices, such as R&D of a scalable quantum network
using quantum repeaters and adaptive wave control
technology that forms a free wireless space with high
precision.

In the following sections, we introduce the cutting-
edge technologies we are developing, which can be
categorized as frontier communication technologies,
wave propagation technologies, and optical transport
innovation technologies.

2. Frontier communication technologies

The outline of the frontier communication tech-
nologies is shown in Fig. 3. To create mission-critical
services, such as smart cities, medicine, and finance,
by using widely distributed computing resources, we
will develop transport and control technologies and
quantum communications that transmit qubits.

2.1 High-speed data/media transport (IOWN

IPU board)
We established technology to transmit data and
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media with ultra-low and deterministic delay on the
IOWN APN to provide services with high real-time
performance such as smart cities, medical care, and
finance [1]. In high-speed data transport, we will
implement the IOWN IPU board to enable data trans-
mission with ultra-low and deterministic delay
between memories as well as software development
kit (SDK) to enable applications to determine the
transmission-processing delay through delay mea-
surement with high-precision time synchronization.
High-speed media transport enables ultra-low-laten-
cy media transmission such as uncompressed video
and three-dimensional video.

2.2 Automatic optical path setting and remote
control (AOPP)

To achieve datacenter exchange (DCX) that
dynamically connects datacenters in response to user
requests by using the IOWN APN, automatic provi-
sioning that sets optical wavelength paths on demand
will be achieved.

This is achieved by setting the parameters of optical
wavelength paths on the basis of the result of the
transmission-path estimation between multi-user
bases under different conditions such as device ven-
dors and propagation characteristics on demand [2].
By implementing the remote control agent function
on optical transponders installed at user sites, it will
be possible to set up the parameters of optical trans-
ceivers and monitor the status of the transceivers
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from telecommunication carrier facilities. By
advancing the standardization of the monitoring and
control interface, we aim to provide DCX services
using open and multi-vender optical transponders.

2.3 Secure optical transport

In anticipation of future eavesdropping and tamper-
ing by using quantum computers, we are developing
a technology to guarantee the safety of optical wave-
length paths in the APN by means of PQC. To expand
security functions in line with future advances in
security and transmission technologies, this technol-
ogy has a functional architecture that disaggregates
key-exchange functions, key-management functions
(software processing), and cryptographic functions
(hardware processing) and achieves strong security
(multifactor security) by synthesizing multiple keys
with different reliability bases obtained using differ-
ent key-exchange methods.

2.4 Radio-environment analysis and prediction
technology

Using a variety of physical-space information,
including non-communication sensor devices such as
cameras and sensors, we are developing technologies
to predict the future communication quality of a few
seconds ahead and always ensure broadband and
low-latency radio communications. This will pro-
mote the effective use of frequency resources in high-
frequency bands, such as millimeter waves, and be
applied to mission-critical use cases such as robot
control, which have traditionally been difficult in the
radio environment.
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2.5 Quantum communication technology

To network many quantum computers and expo-
nentially improve computing power, we are develop-
ing quantum communication technology that trans-
mits quantum bits handled by quantum computers.
We aim to establish photon communication and
quantum entanglement communication technologies
to achieve stable long-distance and high-speed com-
munications, and quantum node configuration and
management technology to implement quantum net-
works.

3. Wave propagation technologies

We are developing wave propagation technologies
to create value in wireless connectivity as a social
platform for the IOWN/6G era (Fig. 4). In underwa-
ter acoustic communication technology and satellite
sensing technology, we are aiming for extreme cover-
age expansion to expand communication areas into
the ocean, space, and sky in addition to terrestrial
communications. We are also investigating high-
speed, large-capacity transmission that improves
communication speed through FSO technology and
terabit-class wireless transmission technology. We
are also investigating adaptive wave control technol-
ogy as the ultimate wireless communications that can
freely control the communication area and form a
highly accurate wireless space.

3.1 Underwater acoustic communication technol-

ogy
Expectations to improve operational efficiency by
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using communications in industrial fields, such as
seabed resource development, port facility construc-
tion, and marine facility inspection, are increasing
due to the expansion of extreme coverage into the
ocean, which has been an unexplored area as a mobile
communication system. Through the establishment
of spatio-temporal equalization technology and
environmental-noise-resistance-improvement tech-
nology for achieving high-speed, long-distance, and
stabile underwater acoustic communications, high-
speed transmission of 1-Mbit/s class was achieved,
and the world’s first wireless remotely operated
vehicle equipped with this technology was demon-
strated in an open experiment [3]. In cooperation with
various partners in the industrial field, we are study-
ing the applicability of technology to more specific
operations and conducting various R&D projects
such as on underwater acoustic positioning and wide-
area communication networks.

3.2 Satellite sensing technology

We are developing the basic technology of a satel-
lite sensing platform that collects Internet of Things
(IoT) data using general low-power wide-area termi-
nals that are widely used on the ground without using
satellite-specific equipment or frequencies [4]. We
aim for sensing on a global scale by using extreme-
coverage communication platforms that cannot be
covered by terrestrial networks, such as in mountain-
ous areas and oceans.

3.3 FSO technology

We are engaged in research on spatial optical com-
munication technologies with the aim of establishing
new communication infrastructure technologies that
enable the provision of ultra-high-speed wireless
links to locations and mobile devices where optical
fibers are difficult to install. We are aiming for ultra-
high-speed, large-capacity transmission by high-
efficiency fiber coupling using wavefront compensa-
tion technology for atmospheric turbulence caused by
atmospheric propagation and to apply it to rapid
temporary network recovery in the event of a disaster.

3.4 Terabit-class wireless transmission technolo-
gy

The fronthaul and backhaul in the IOWN/6G era
are expected to require terabit-class wireless trans-
mission technology. To achieve this, we are investi-
gating high-speed, large-capacity wireless transmis-
sion by increasing the bandwidth and number of
spatial multiplexes. We have demonstrated the
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world’s first high-capacity wireless transmission of
1.4 Tbit/s by orbital angular momentum (OAM) mul-
tiplexed transmission using ultra-high bandwidth in
the sub-terahertz band [5]. We aim to demonstrate
long-distance transmission over 100 m, assuming
various applications in the real world.

3.5 Adaptive wave control technology

In the wireless system of IOWN/6G, it is assumed
that a wide variety of devices will be connected wire-
lessly, which will increase interference between users
and power loss due to utilization of high frequency
bands. As elemental technologies contributing to the
resolution of these issues, we are developing multi-
shape wave control technology that bends and
straightens the propagation area on the basis of wave-
control, terminal-coordinated user-centric radio
access network technology that adaptively forms a
wireless space by cooperating with terminals, and
optical matrix wireless beamforming technology that
uses photoelectric fusion to enable wireless beam-
forming in large-scale array antennas with circuit
saving.

4. Optical transport innovation technologies

Toward the implementation of the APN, which
forms the basis of [OWN, we are engaged in R&D on
optical transport innovation technologies that will
improve the added value and increase the capacity of
optical networks (Fig. 5). To advance APN services
and expand use cases, we are promoting R&D of
extreme layer 1 network technologies that bring new
value to users and operators. We are also developing
high-capacity coherent transmission technology to
achieve high-capacity and low-power optical paths
and developing scalable optical transport infrastruc-
ture technologies that achieve Pbit/s-class transmis-
sion throughput per link to efficiently accommodate
a huge amount of future communication traffic.

4.1 Extreme layer 1 network technology (OTN
Anywhere)

By creating elemental technologies that bring value
to users and operators through layer 1 networking, we
aim to contribute to the advancement of APN services
and expansion of use cases. We are conducting R&D
on a delay-managed transmission system (OTN Any-
where) that measures and controls network delays
with high precision and layer 1 hit-less switching
technology that changes the network configuration
without bit loss of communication data to provide
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Fig. 5. Overview of optical transport innovation technologies.

new value-added functions for high-capacity, low-
latency layer 1 communication paths and bring about
changes in user experience. We are expanding the use
cases through demonstration experiments such as
remote surgery using these technologies and fair
eSports remote competition.

4.2 High-capacity coherent transmission technol-
ogy (coherent DSP)

We are aiming to establish a digital coherent optical
transmission technology that will enable high-speed
large-capacity optical transmission over 1 Tbit/s per
wavelength, which is essential for APN construction,
to extend transmission distance and reduce power
consumption. We are researching and developing
technologies for providing optimal optical paths by
flexibly changing the transmission scheme and com-
pensation processing in rapidly expanding applica-
tion areas, which are applied not only to conventional
long-distance transmission for carriers but also to
short-distance transmission such as datacenter inter-
connect. We are also developing a digital signal pro-
cessing circuit (coherent DSP) for 1.6-Tbit/s-class
optical communications, which is a key device for
achieving high-capacity coherent transmission at low
power.

4.3 Scalable optical transport technology

To construct Pbit/s-class optical networks that can
accommodate communication traffic, which will rap-
idly increase in the future due to the development of
high-speed mobile access and the spread of artificial

NTT Technical Review  Vol. 22 No. 7 July 2024

intelligence services, we aim to establish a scalable
optical network technology of 1-Pbit/s-class capacity
per link by developing innovative ultra-high-capacity
transmission technologies and optical signal process-
ing technologies. As elemental technologies to
achieve large-capacity transmission, we are engaged
in R&D on basic technologies such as large-capacity
space-division-multiplexing transmission technology
[6, 7] using core and mode multiplexing and wide-
band optical-amplification and wavelength-band
conversion technologies [8] using wide-band para-
metric optical amplification.

5. Conclusion

We outlined the efforts of NIL on cutting-edge tech-
nologies toward IOWN/6G. Toward the deployment
of IOWN/6G scheduled for 2030, we will continue to
collaborate with business partners and specialists in a
variety of industries to achieve early establishment of
various elemental technologies.
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Remote Robot Control with Haptic
Feedback Enabled by Low-latency
Transport and Precision Bilateral
Control Technologies
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and Hirokazu Takahashi

Abstract

The anticipation for advancements in remote robot control technology has been growing. NTT and
Sony Group Corporation have collaborated to develop and demonstrate a new remote robot control
technology that includes the sensation of touch, such as the feeling of pressure and weight, using low-
latency transport and precision bilateral control technologies. This technology provides detailed feed-
back to operators located remotely, making it feel as though they are physically interacting with objects
from afar. This article discusses the potential applications of this technology in various fields, including

healthcare and manufacturing.

Keywords: remote robot control, RDMA communication, precision bilateral control

1. Expectations for remote collaborative robots

Demand for robots that cooperate with humans,
known as collaborative robots, or cobots, is increas-
ing. These robots are capable of complex cognition
and decision-making tasks, as well as precise manip-
ulations that can be complemented by human opera-
tors, leading to their anticipated utilization across a
wide range of industries. In the construction industry,
for example, construction robots can perform tasks
that are challenging for human workers, while opera-
tors can focus on quality control and machine man-
agement, enhancing productivity and improving
working conditions. In the medical field, surgical
robots provide precise operational assistance, while
doctors can make clinical decisions during proce-
dures. Providing operators with the robot’s sense of
force (the sensation of pressure and weight when
touching objects) also allows for even more delicate
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manipulations. There are various methods for
enabling force feedback, but bilateral control, which
coordinates the robot with the operator’s movements
to provide force feedback, is well-known. Thus, in
this article, we refer to these robots as “bilateral con-
trol robots.”

As the demand for collaborative robots continues to
rise, remote robot control has also garnered increas-
ing attention as a solution to mitigate the impact of
the pandemic and labor shortages. For instance, doc-
tors in Tokyo are able to carry out surgical procedures
remotely on patients in rural areas (see Fig. 1).
Although surgeries can be conducted despite the
physical distances separating the doctor and patient,
a high-quality network is essential to connect the
locations.

Requirements for networks and applications are
expected to differ significantly on the basis of the
operations they support. The specific requirements
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Fig. 1. Remote surgery by teleoperated robot.

Table 1. Network requirements for remote robots.

Construction robots Remote surgery robots Bilateral control robots
0 FEElle Order of centimeters | Less than order of millimeters | Less than order of millimeters
S | accuracy
£ Order of several Order of several dozen
5 .
= Latency hundred milliseconds Less than 100 milliseconds milliseconds
O
@ g Order of several .
o _
Jitter T g Order of 100 microseconds

for construction robots, remote surgery robots, and
bilateral control robots are detailed in Table 1. The
requirements for remote surgery robots, which neces-
sitates precise control, are more stringent than those
for construction robots. The requirements for bilat-
eral control robots, which provide haptic feedback
through synchronization, are even more demanding.
This is due to the need for these robots to maintain
synchronization within microseconds.

2. Technical overview

To enable remote robot control, the integration of
robotic technology and communication technology is
essential. Therefore, NTT and Sony Group Corpora-
tion have combined their respective technologies to
undertake a demonstration of remote robot control
that incorporates a new tactile experience. This sec-
tion provides an overview of NTT’s low-latency
transport technology and Sony’s precision bilateral
control technology.
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2.1 Low-latency transport technology

NTT is advancing the development of the All-Pho-
tonics Network (APN) as part of its commitment to
implementing the Innovative Optical and Wireless
Network (IOWN)*!, a next-generation communica-
tion technology. In APN IOWNI1.0, the network can
provide a stable, low-latency physical infrastructure
by exclusively dedicating optical wavelengths from
end-to-end, crucial for mission-critical services.
However, it is essential to extend this low latency and
stability to robot-side applications. To fully leverage
the capabilities of the IOWN APN, our research and
development (R&D) efforts are focused on develop-
ing low-latency transport technologies that ensure
high-quality data delivery directly to the application
layer.
2.1.1 Uncompressed video transmission technol-

ogy [1]
Uncompressed video transmission technology is a

*1 IOWN: An innovative network based on photonics technology,
openly developed through collaborative architecture formulation
at the IOWN Global Forum.
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Fig. 2. Uncompressed video transmission plug-in unit (VideoPIU) and specifications.

method that enables low-latency feedback of visual
information from remote robots to operators. With
the recent increase in network capacities, although
the required transmission bandwidth becomes larger
compared with buffering and compressing video
frames, the ability to transmit video with low latency
has become more advantageous in real scenarios.

Traditional optical transmission devices were
offered as integrated solutions by individual manu-
facturers, including both hardware and software
functions, which made it difficult for service provid-
ers to flexibly add additional functionalities for video
transmission. In contrast, new open optical transmis-
sion devices have started to emerge with a disaggre-
gated configuration. These devices allow for the
separation of various functions and the addition of
flexible configurations and enhancements through
standardized interface control. We have seized this
trend and developed an uncompressed video trans-
mission plug-in unit (VideoPIU) that can be used
with disaggregated open optical transmission devices
(Fig. 2).

VideoPIU converts serial digital interface (SDI)
signals™? directly into SMPTE ST2110 streams [2],
the standard for Internet protocol (IP)-based video
transmission, allowing direct video-signal transmis-
sion through open optical transmission devices. Vid-
eoPIU is also implemented in hardware, reducing the
delay from video input on the transmitting side to
video output on the receiving side to within 1 ms. It
can process 8K60p video™ per image and, by linking
two images, can achieve 8K 120p transmission. It also
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supports seamless protection (SMPTE ST2022-7

[3]), ensuring continuous delivery without interrup-

tion even in the event of network disruptions or tem-

porary failures by using two different optical paths.

2.1.2 Remote direct memory access acceleration
technology

Remote direct memory access (RDMA) communi-
cation is widely used in datacenters and high-perfor-
mance computing domains as a method for achieving
high-bandwidth and low-latency data access between
computers. RDMA allows for the direct transfer of
data from memory to the network without central
processing unit (CPU) intervention, making it a
highly promising technology for fast, low-latency
data transfers essential for time-sensitive and real-
time services.

However, RDMA reliable connection, which facili-
tates reliable data transfers, is primarily designed for
short-distance communications within datacenters.
This design limitation has historically led to perfor-
mance issues when adapted for medium to long-dis-
tance communications. The latency induced by lon-
ger distances typically results in increased waiting
times at the requester due to slower acknowledge-
ment (ACK) reception from the responder, subse-
quently lowering throughput.

To address this issue, we devised a method for

*2 SDI signal: A video transmission method using coaxial cables,
widely used in broadcasting equipment.

*3  8K60P video: A video format that transmits ultra-high-resolution
video at a resolution of 7680 x 4320 pixels, with a refresh rate of
60 frames per second, delivering clear and detailed visuals.
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generating pseudo-ACKs near the requester, allow-
ing for the early release of the requester’s work queue
element and enabling the acceptance of subsequent
work requests. This method helps prevent perfor-
mance degradation by reducing wait times and main-
taining throughput (Fig. 3(a)).

This innovative method places accelerators near
both the requester and responder, bridging long-dis-
tance networks. These accelerators create pseudo-
ACKs using connection establishment data and
request packets, effectively minimizing the waiting
period for transmissions. However, this initially
resulted in disabled packet-loss detection and retrans-
mission mechanisms, posing significant reliability
concerns. To resolve these, we implemented a suit-
able retransmission mechanism for the communica-
tion segments (Fig. 3(b)). This mechanism uses the
Go-Back-N and selective retransmission strategies
by segment, enabling quick recovery from packet
loss while maintaining high-speed communication
over long distances.

We conducted simulation evaluations of the above
method. In the evaluations, we simulated propagation
delays typical of long-distance networks and com-
pared the throughput with traditional RDMA com-
munications. The results indicate that under condi-
tions simulating a 1000-km delay, with and without
packet loss, there was an average improvement in
throughput of 10 and 40 times, respectively, for a
message size of 4 KiB (Fig. 4).
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2.2 Precision bilateral control technology

We have sought collaboration with Sony, which is
developing precision bilateral control technology.
Sony possesses advanced bilateral control technolo-
gy capable of flexibly adapting to changes in the
external environment in response to human opera-
tions and controlling very minute forces with extreme
accuracy. This section outlines the overview of the
precision bilateral control technology.

Precision bilateral control technology is achieved
by synchronizing the actions of two robots: a leader
and follower. The follower robot moves in response
to the leader robot’s actions, and when the follower
robot touches an object, the reactive force is transmit-
ted back to the leader robot [4] (Fig. 5(a)).

2.2.1 High-sensitivity force sensing technology [5]

To feedback the sensation of touching human soft
tissues to the operator, it is necessary to detect minute
force changes as small as 1 gf (gram-force, equivalent
to 0.0098 N) at the tool tip. However, incorporating
force sensors into the system resulted in inertial
forces being observed as noise, which made it chal-
lenging to detect slight changes in tip force. To
address this issue, Sony has applied an optical strain
sensor called a fiber Bragg grating (FBG) sensor,
which features a diffraction grating etched into part
of an optical fiber. Despite its ultra-fine fiber shape,
the FBG sensor can measure the strain in the sensor
part with high sensitivity. By mounting an ultra-sen-
sitive FBG sensor at the tool tip and improving the
algorithm that estimates the three-dimensional force
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applied to the tool tip from the sensor’s strain amount,
Sony has significantly reduced dynamic noise. This
advancement allows for the precise detection of even
minute force changes as small as 1 gf (Fig. 5(b)).
2.2.2 Precision position and force control technol-
ogy

To achieve precise bilateral control, precise man-
agement of both position and force is essential. Tra-
ditional algorithms are affected by modeling errors
due to variations in the robot’s posture, leading to
degraded position-tracking performance and vibra-
tions when interacting with external environments.
To address this issue, Sony has incorporated its pro-
prietary technology, the generalized inverse dynam-
ics (GID) library™, into their systems. This integra-
tion minimizes the impact of modeling errors caused
by changes in robot posture, significantly enhancing
responsiveness and operational stability, achieving
position accuracy of less than 1 mm.
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High-speed real-time processing is crucial for the
signal processing involved in precise bilateral con-
trol. These signal processing tasks have traditionally
been implemented on generic CPUs within a host
personal computer (PC), which could not meet con-
trol system specifications due to communication
delays and interrupt processing delays. To overcome
these challenges, Sony has implemented part of the
electrical processing on a field programmable gate
array (FPGA), which is suitable for high-speed paral-
lel processing. A proprietary protocol has also been
developed for communication between the host PC
and FPGA, resulting in a system that is 50 times
faster than previous systems. By cascading multiple
FPGAs using optical fibers, it is now possible to

*4  GID library: A model-based control algorithm that executes opti-
mization calculations considering various constraints to accurate-
ly determine the necessary actuation in robots for specific tasks,
along with a library that implements this algorithm.
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transmit signals with minimal delay in multi-degree-
of-freedom systems such as the precision bilateral
control system composed of leader and follower
robots.

3. Results of the joint demonstration experiment

We conducted a demonstration experiment to veri-
fy whether remote robot control with haptic feedback
is functional over distances exceeding 100 km. The
experiment was carried out in an APN testing envi-
ronment established at the NTT Musashino R&D
Center. This testing environment included configura-
tions such as APN-G (Gateway) and APN-I (Inter-
change) [6], as discussed in the IOWN Global Forum,
representing a projection of future service environ-
ments. For this experiment, approximately 120 km of
optical fiber was used to connect the setup. The con-
figuration and setup of the experiment are illustrated
in Fig. 6.

In the demonstration, the leader and follower robots
were connected using Sony’s precision bilateral
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robots. The robot control PCs on both the leader and
follower sides were equipped with RDMA transfer
capabilities, facilitating the transmission and recep-
tion of bilateral control signals via an RDMA accel-
erator. Regarding the visual feedback, side-by-side
stereo video was transmitted using VideoPIU and
displayed on Sony’s ELF-SR2 spatial reproduction
display, which enables unaided stereoscopic viewing.
It is important to note that the FBG sensor was not
used in this experiment as additional tests beyond
force feedback evaluation were required.

3.1 Communication evaluation results
Throughout the long-distance demonstration exper-
iment spanning 120 km via the APN, video was trans-
mitted with a remarkably low total latency of 1.6 ms,
broken down as 1 ms of video-processing delay and
0.6 ms of APN-transmission delay for the 120 km.
For the bilateral control signal communication via
RDMA, the total latency was maintained at 1 ms,
with an accelerator-processing delay of 0.4 ms, APN-
transmission delay of 0.6 ms, and jitter of only 10 us.
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This setup allowed for exceptionally stable and low-
jitter communication due to the elimination of CPU
intervention, confirming the feasibility of achieving
the high stability required by the bilateral control
robots, as outlined in Table 1.

3.2 Operational evaluation of bilateral control
robots

The operational evaluation revealed that the opera-
tor could not perceive any significant distance
between themselves and the follower robot, enhanc-
ing the sense of immediacy and responsiveness. In
this experiment, interactions with objects of varying
hardness were performed remotely through the bilat-
eral control robot, enabling the operator to discern
even subtle differences in the object’s surface texture.
The ELF-SR2 spatial-reproduction display also pro-
vided natural stereoscopic vision enabled by head
tracking, allowing the operator to carry out natural
manipulations with a clear sense of spatial depth.

4. Future initiatives

In this initiative, a joint demonstration was con-
ducted in an APN test environment, merging NTT’s
low-latency transport technology with Sony’s preci-
sion bilateral control technology. This was aimed at
achieving remote control operations that do not let
users feel the distance, even when performed over
distances exceeding 120 km. The results confirmed
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that it is possible to meet the stringent requirements
demanded of bilateral control robots, allowing opera-
tors to feel as though they are directly touching
objects in front of them.

Going forward, we plan to expand the scope of
precise remote operations beyond geographical limi-
tations by conducting demonstration experiments
tailored to specific use cases. Through these efforts,
we aim to contribute to the creation of a richer soci-
ety.
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R&D Activities of Core Wireless
Technologies to Implement the Social
Infrastructure for IOWN/6G

Hirofumi Sasaki and Seiji Ohmori

Abstract

NTT and NTT DOCOMO are working together to implement “5G Evolution & 6G powered by
IOWN,” a combination of 6th-generation mobile communication system (6G) networks and the Innova-
tive Optical and Wireless Network (IOWN). In this article, we introduce NTT Network Innovation
Laboratories’ initiatives for the IOWN/6G era, including orbital angular momentum multiplexing trans-
mission technology in the sub-terahertz band for ultra-high-speed, large-capacity communications and
underwater acoustic communication technology for extreme coverage extension.

Keywords: 5G Evolution & 6G powered by IOWN, orbital angular momentum multiplexing, underwater

acoustic communication technology

1. Introduction

Nearly four years have passed since the commer-
cial launch of 5th-generation mobile communication
system (5G) services in 2020, and its adoption is
gradually increasing. In 2023, the national 5G popu-
lation-coverage ratio reached 96% in Japan [1], and
the proportion of 5G smartphones in total smartphone
shipments increased to 95% [2]. The mobile commu-
nication system, which is essential to the information
and communication infrastructure, undergoes a gen-
erational change approximately every ten years. Vari-
ous initiatives and research and development (R&D)
efforts are currently underway in many countries and
organizations for 6G, which is expected to be imple-
mented in the 2030s. The Innovative Optical and
Wireless Network (IOWN), which is promoted by the
NTT Group, is an initiative for the next-generation
communication infrastructure, to be practically
implemented around 2030, similar to 6G, and will be
an important communication-infrastructure founda-
tion in the 6G era. The fusion of the 6G network,
IOWN, and information-processing technologies is
expected to evolve into a social infrastructure that can
address various social issues and provide diverse

NTT Technical Review  Vol. 22 No. 7 July 2024

value. This convergence of 6G and IOWN technolo-
gies is called “5G Evolution & 6G powered by
IOWN,” on which NTT and NTT DOCOMO are
working closely [3]. The following technical require-
ments for 6G are described in detail in the DOCOMO
6G White Paper [4]: extreme high data rate, high-
capacity communications, extreme low latency,
extreme coverage, extreme high reliability, extreme
low energy and cost, and extreme massive connectiv-
ity and sensing.

In this article, we introduce NTT Network Innova-
tion Laboratories’ initiatives for the IOWN/6G era,
including orbital angular momentum (OAM)™! multi-
plexing transmission technology in the sub-THz
band™? for ultra-high-speed, large-capacity communi-
cations, and underwater acoustic communication
technology for extreme coverage extension.

*1 OAM: OAM is one of the physical properties of radio waves and
is expressed as the product of the positional coordinate and its
conjugate momentum. Radio waves with different OAM are un-
correlated and can be superimposed and separated independently.

*2  Sub-THz band: The sub-terahertz band refers to the frequency
range between 100 GHz and 1 THz. It is characterized by ex-
tremely short wavelengths (ranging from several hundred mi-
crometers to several millimeters) and strong linearity.
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Fig. 1. Schematic of OAM multiplexing transmission technology.

2. OAM multiplexing transmission technology
in the sub-THz band

The demand for wireless communications is
increasing exponentially and will continue to grow
even after 5G. 5G has introduced high-frequency
bands called millimeter-wave bands for the first time,
providing high-speed wireless communication ser-
vices by broadening the transmission bandwidth.

In these high-frequency bands, however, radio
waves show high straightness and are strongly affect-
ed by shielding and propagation losses, requiring
base-station facilities and antennas to be placed at
higher density. Thus, a more flexible network con-
figuration and higher installability will be required
for xHaul™® connecting base stations and core net-
works. Wireless transmission technology is a good
option to meet these demands and can be used in
various scenarios, such as high-density deployment
of fixed or temporary base stations in environments
where fixed optical wiring is difficult, to take advan-
tage of the flexibility and installability of wireless
connection. Considering the functional sharing
among base-station facilities and the subordinate
connection of multiple facilities, xHaul requires
extremely high transmission capacity exceeding 1
Tbit/s. NTT is engaged in R&D of terabit-class wire-
less transmission technology to support the high-
capacity network and information-processing infra-
structure of IOWN/6G and prepare for the increasing
future demand for wireless communications.
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There are three directions that can be taken to
increase capacity in wireless communications:
increase the spatial multiplexing™* order, broaden the
transmission bandwidth, and increase the modulation
level. NTT is taking the approach of increasing the
spatial multiplexing order through the use of a new
principle based on electromagnetic waves having
OAM and broadening the transmission bandwidth
using the sub-THz band.

OAM is a physical property of radio waves, and
radio waves with OAM (so-called OAM waves) have
identical phase trajectories with a helical structure
that spirals in the propagation direction (Fig. 1). The
phase of an OAM wave propagates in a rotation sym-
metrical to the propagation axis, and OAM waves
with integer multiple of the phase rotations are
orthogonal to each other. Accordingly, multiple OAM
waves with different spiral structures can be superim-
posed and separated without them interfering with
each other if we use a receiver that can receive each
OAM wave with its corresponding phase rotation.

NTT takes an approach using an analog circuit
called a Butler matrix to increase the spatial multi-
plexing order by multiplexing multiple OAM waves.

*3  xHaul: General term for transmission networks, such as front-
haul, mid-haul, and back-haul, that connect base-station facilities
and core networks.

*4  Spatial multiplexing: A transmission method with which multiple
data series are transmitted in parallel by using multiple spatially
independent radio waves simultaneously and in the same fre-
quency band.
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Fig. 2. An antenna-integrated Butler matrix developed for
the sub-THz band.

This approach reduces the enormous amount of digi-
tal signal processing required to eliminate interfer-
ence between multiplexed data streams in high-
capacity communications exceeding 1 Tbit/s. NTT
has promoted R&D of sub-THz-band waveguide
technology and developed an antenna-integrated But-
ler matrix that operates with a wide bandwidth and
low loss (Fig. 2). The antenna-integrated Butler
matrix is designed to simultaneously generate and
separate eight different OAM waves over a very wide
bandwidth, i.e., 135 to 170 GHz, which can be used
to multiplex and transmit eight data signals. By exe-
cuting OAM multiplexing transmission with two dif-
ferent polarizations, it is possible to multiplex and
transmit twice as many data signals simultaneously
without them interfering with each other.

To transmit eight OAM waves simultaneously by
using the Butler matrix, the phase of the radio waves
must be controlled with extremely high precision.
Since the phase of radio waves varies with frequency,
it is extremely difficult to control the phase uniformly
over a wide bandwidth by using an analog circuit. We
first analyzed the unique radio-wave propagation in a
waveguide, which is different from free space, and
developed a phase shifter that can theoretically align
the advance of phases uniformly over a wide band-
width.

By designing a multilayer three-dimensional (3D)
path (Fig. 3) that includes the aforementioned phase
shifter so that all paths are electrically equal in length
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Fig. 3. Schematic of multilayer 3D path of the Butler
matrix.

and planar intersections in the circuit (which degrade
performance) are eliminated, we developed a proto-
type Butler matrix that can provide the necessary
phase for each OAM mode over 35-GHz width. One
characteristic of this Butler matrix is that it is
designed as a hollow waveguide, and compared with
general dielectric-substrate circuits, it can prevent
dielectric loss and radio-wave leakage, achieving low
loss despite being a high-frequency circuit.

We conducted transmission experiments using the
antenna-integrated Butler matrix and achieved the
world’s first high-capacity wireless transmission
totaling 1.44 Tbit/s in the sub-THz bands of 135.5 to
151.5 GHz and 152.5 to 168.5 GHz in March 2023
[5] (Fig. 4), and 1.58 Thbit/s was achieved by further
reducing waveguide losses [6]. The next step in this
research is to establish and demonstrate terabit-class
wireless transmission technology over longer dis-
tances exceeding 100 m while envisioning various
application scenarios of this technology as xHaul.

3. Underwater acoustic
communication technology

3.1 Background

6G, which is being researched and developed for
implementation in the 2030s, is expected to not only
upgrade mobile communication systems on land but
also extreme coverage extension by developing com-
munication areas including air, sea, and space, which
have been unexplored areas concerning mobile
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Fig. 4. OAM multiplexing transmission experiments using the Butler matrix.

communication systems [4]. Regarding the sea, it is
necessary to improve efficiency by using information
and communication technology in sea-based indus-
trial fields such as underwater-resource exploration
and port-facility construction, but the use of wireless
communications has been difficult.

NTT has been engaged in R&D of underwater
acoustic communication technology to enable under-
water wireless communications. In November 2022,
NTT succeeded in transmitting 1 Mbit/s at 300 m
using this technology for the first time and developed
a fully wirelessly controlled remotely operated vehi-
cle (ROV) [7, 8].

3.2 Proof of concept for submarine-communica-
tion-cable maintenance service

Submarine communication cables are the corner-
stone of communications between continents, and
most modern international Internet communications
are conducted through these cables. The maintenance
and inspection of these cables is important, and in the
NTT Group, NTT World Engineering Marine (NTT-
WE Marine) conducts such maintenance and inspec-
tion. Preventive maintenance is important to prevent
large-scale communication failures such as discon-
nection of submarine communication cables. The risk
of failure is particularly high in shallow sea areas
within a water depth of 30 m, and there is a risk of
damage to the exterior and protective pipes as well as
the cutting of cables, so inspection is essential. How-
ever, inspection divers manually conduct all inspec-
tions, which involve risks and is not practical. There-
fore, NTT-WE Marine and many other companies are
making efforts to improve the inspection efficiency
of submarine communication cables by using under-
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water robots such as ROVs.

However, ROVs are currently controlled through
wired connections because wireless communications
are difficult under water. In the inspection of subma-
rine communication cables, the inspection range is
often from a few meters to a few hundred meters. In
shallow waters within a depth of 30 m, where most
preventive maintenance is carried out, not only
marine structures such as ships and buoys but also
rocks and corals on the seafloor become obstacles.
Therefore, the operation of the control cables of wire-
controlled ROVs is a major challenge.

In September 2023, NTT and NTT-WE Marine
conducted a proof of concept (PoC) to investigate an
actual submarine communication cable using a fully
wirelessly controlled ROV equipped with NTT’s
underwater acoustic communication technology.
Figure 5 shows an overview of this PoC. A controller
for controlling a wireless ROV and underwater-
acoustic-communication device are installed in a
cable-laying ship, and the wireless ROV is controlled
using underwater acoustic communications from the
ship. The underwater video captured with the wire-
less ROV is wirelessly transmitted through underwa-
ter acoustic communications, and the condition of the
underwater communication cable on board is con-
firmed. Figure 6 shows the communication quality
and a video frame showing video quality. The subma-
rine-communication-cable inspection with the wire-
less ROV was carried out for about 1 h, and the suc-
cess rate of video-frame transmission during that
time was about 96%, confirming that submarine-
communication-cable inspection with a wireless
ROV is possible.

To further improve the performance of the underwater
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Research and Development of
1.6-Thit/s-class Ethernet Optical
Transmission Technology Supporting
Large-scale Datacenter Networks

Hiroki Taniguchi, Fukutaro Hamaoka, Kohki Shibahara,
Takayoshi Mori, Masashi Kikuchi, and Teruo Jyo

Abstract

To improve the scalability of large-scale datacenter networks, it is necessary to achieve a 10-km trans-
mission of 1.6-Tbit/s optical signal per fiber, which is more than 4 times the conventional practical level.
In this article, we introduce a digital-signal-processing technology developed by NTT that is excellent
in resistance to waveform distortion due to transmission systems, an ultra-wideband baseband amplifier
integrated circuit module, and optical signal transmission experiment in which 400-Gbit/s optical-
intensity-modulation signals were transmitted in 4-parallel spatial division multiplexing using a multi-

core fiber cable installed at NTT laboratories.

Keywords: optical transmission technology, datacenter network, intensity-modulated direct detection

method

1. Large datacenter networks and
high-speed Ethernet

Due to the explosive growth in video streaming
services, the expansion of cloud services, and the
spread of 5th-generation mobile communication sys-
tem (5G) services, communication traffic is expected
to continue increasing. Therfore, traffic within and
between datacenters is expected to increase due to the
large number of users accessing datacenters.

In datacenter networks, the Ethernet standard is
applied as a data-signal transmission method, and the
standardization up to 400 Gbit/s was completed as the
Institute of Electrical and Electronics Engineers
(IEEE) 802.3 standard. Discussions on Ethernet stan-
dards of 800 Gbit/s and 1.6 Tbit/s have also started as
the next standard [1]. Figure 1 shows the specific
configuration of the standardized Ethernet standards
(green) and next Ethernet standards (black). Many
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Ethernet standards use a multi-lane distribution sys-
tem for parallel transmission to achieve higher Ether-
net speeds. For 400-Gbit/s Ethernet signal transmis-
sion, for example, four lanes of 100-Gbit/s signals are
transmitted in parallel. The method of parallelization
is wavelength division multiplexing (WDM)*! or
using parallel single-mode fiber (PSM)*2. The
1.6-Thbit/s Ethernet standard currently under discus-
sion is a configuration in which 200-Gbit/s signals
are multiplexed with 8 lanes of PSMs.

As datacenter network traffic increases, Ethernet
switches with a huge capacity are installed, and an
increase in the number of ports for Ethernet modules
is inevitable. Therefore, for future large-scale datacen-
ter networks, an economical 1.6-Tbit/s high-capacity

*1 WDM: A system that transmits signals in parallel using multiple
wavelength channels.

*2 PSM: A system that transmits signals in parallel using multiple
optical fibers.
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Fig. 1. Trends in Ethernet standard standardization and positioning of results.

Ethernet module is required to increase the capacity
per port and reduce the number of installations. To
achieve this, it is necessary to increase the speed to
400 Gbit/s per lane and transmit signals in parallel
with one fiber and a small number of lanes (4 lanes).
The use of the intensity-modulated direct detection
(IM-DD)*? method, which transmits Ethernet data
signals in a simple transceiver configuration, is also
an effective means of economizing. Ethernet has
standards for transmission distances of 2, 10, and 40
km, but in future large-scale datacenter networks, a
transmission distance of 10 km, which broadly sup-
ports Ethernet connections within and between data-
centers, will be important. The latest Ethernet stan-
dard achieves a signal of 100 Gbit/s per lane using the
IM-DD method by using the 4-level pulse amplitude
modulation (PAM™-4) method with a symbol rate™
of approximately 53 GBaud. To speed this up to 400
Gbit/s per lane using the PAM-4 method as before, it
is necessary to speed up the signal symbol rate to 200
GBaud or higher. To transmit such ultrafast signals
with high quality, it is necessary to increase the band-
width of the electrical amplifier (driver amplifier for
driving optical modulators) in the optical transceiver.
With the speedup of the signal, digital-signal-pro-
cessing technology, which compensates for the dis-
torted signal in the optical transmitter/receiver with
extremely high precision at the receiver side, is also
necessary, and it is difficult to transmit/receive the
signal of 400 Gbit/s per lane with the conventional
technology. In such ultrafast signals, the effect of
waveform distortion generated in the optical fiber
transmission line is very pronounced in proportion to
the square of the symbol rate (modulation speed), and
the signal quality deteriorates significantly. There-
fore, when four different wavelengths are multi-
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plexed in one optical fiber as with the conventional
method (WDM method), specification of the wave-
length channel far from the zero-dispersion wave-
length is essential, and it is difficult to achieve 10-km
transmission of the wavelength channel.

2. Development trends in high-speed IM-DD
signal transmission and reception technology

Figure 2 summarizes the research results of IM-DD
signal transmission in the Ethernet standard wave-
length band (O-band) [2-6]. Figure 2(a) shows the
results of a demonstration of a transmission rate of
100 Gbit/s or more per lane, and Figure 2(b) shows
the results of a transmission experiment with a total
capacity of 0.1 Tbit/s or more per fiber. Transmission
experiments with relatively high-speed bitrate per
lane (up to 400 Gbit/s [3]) are conducted in a single
lane due to the large effect of chromatic dispersion™®

*3  IM-DD: Information is added to the light intensity relative to the
transmission wavelength. The IM-DD system can be configured
with only a semiconductor laser, external optical modulator, driver
amplifier, and photodetector, enabling the fabrication of a simple
and low-cost optical transceiver.

*4 PAM: A modulation scheme that places information on multiple
intensities of signal light. The PAM-4 scheme uses four different
light-intensity levels, and the PAM-8 scheme uses eight different
light-intensity levels to transmit and receive signals.

*5 Symbol rate: The number of times the optical waveform is
switched per second, in baud. The 155-GBaud optical signal
achieved in this experiment transmits information by switching
the optical waveform 155 billion times per second.

*6 Chromatic dispersion: A phenomenon in which the speed of light
propagating through an optical fiber varies with each wavelength.
Regarding ultrafast signals, because the signal band to be trans-
mitted is wide and the propagation speed of each wavelength
component is different, the effect of signal distortion due to chro-
matic dispersion becomes significant.
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Fig. 2. Results and conventional technology.

[2, 3] (Fig. 2(a)). However, it has been demonstrated
that the use of multiple lanes can provide a transmis-
sion capacity that exceeds that reported for a single
lane, even if the bitrate per lane is relatively low [4,
5] (Fig. 2(b)). For transmission, where the number of
lanes to be multiplexed is very large (16 or more),
there is concern about the effect of chromatic disper-
sion even in the O band. Therefore, the space division
multiplexing (SDM)*7 method has been combined
with the WDM method so that the wavelength range
used with the WDM method is not too wide [5].

In an optical transceiver composed of multiple
lanes, as described above, an increase in the number
of lanes directly leads to an increase in the number of
constituent devices and higher prices for the trans-
ceiver. Therefore, to develop economical large-
capacity Ethernet modules, reducing the number of
lanes required by multiplexing high-speed optical
signals with low chromatic-dispersion tolerance in
multiple lanes is important.

In this experiment, we achieved the transmission
and reception of IM-DD optical signals exceeding
400 Gbit/s per lane by NTT’s in-house ultra-wide-
band baseband amplifier integrated circuit (IC) mod-
ule™® and ultra-high-precision digital-signal-process-
ing technology (Fig. 2(a)). At the same time, we
conducted a 10-km transmission experiment of ultra-
fast IM-DD signals of 1.6 Tbit/s per fiber with a rela-
tively small number of lanes of 4 (Fig. 1 red and Fig.
2(b)) by implementing chromatic-dispersion man-
agement using SDM transmission technology using

NTT Technical Review  Vol. 22 No. 7 July 2024

multi-core fiber [6].

3. NTT proprietary technology details:
400-Gbit/s per-lane ultrafast IM-DD signal
transmission/reception technology

An ultra-wideband baseband amplifier IC module
[7, 8] corresponding to frequencies up to 110 GHz
based on InP-based heterojunction bipolar transistor
(InP HBT)" technology, which NTT has been
researching and developing, was applied as a driver
amplifier for driving optical modulators in the optical
transmission system. By newly applying the PAM-8
system, which can reduce the symbol rate by 3/4 that
with the conventional PAM-4 system, we were able
to generate a stable optical signal with an ultrafast
IM-DD signal (155-Gbaud PAM-8) of 400 Gbit/s per
lane (Fig. 3(a)). On the receiver side, NTT’s original

*7 SDM: By using multi-core fibers with multiple cores (optical
signal channels) in a single optical fiber, multi-mode fibers that
propagate multiple modes, etc., it is possible to achieve a dramat-
ically higher communication capacity by using a system that spa-
tially transmits signals in parallel within a single optical fiber.

*8 Ultra-wideband baseband amplifier IC module: An ultra-wide-
band baseband amplifier IC with the widest bandwidth in the
world developed by NTT is mounted in a package with a 1-mm
coaxial connector for frequencies up to 110 GHz. InP HBT™
technology has been used to fabricate amplifier ICs that apply
our original high-precision circuit design technology and new
circuit architecture technology that enables bandwidth expansion.

*9 InP HBT: A heterojunction bipolar transistor using indium phos-
phide of a III-V semiconductor. It is a transistor with excellent
high speed and breakdown voltage.
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Fig. 3. 400-Gbit/s per-lane ultrafast IMDD signal transmittion and reception technology.

digital-signal-processing technology uses nonlinear
maximum likelihood sequence estimation (NL-
MLSE)*!0 [6] to emulate distorted signals in optical
transmitters and receivers and transmission lines with
high accuracy. By comparing the emulated signal
with the received signal, the bit error rate of the
received signal is greatly reduced, enabling the high-
quality reception of the ultrafast PAM-8 signal of 400
Gbit/s per lane (Fig. 3(b)).

4. NTT proprietary technology details: 10-km
multi-core-fiber transmission demonstration of
1.6-Thit/s ultrafast IM-DD signal per fiber

The ultra-wideband baseband amplifier IC module
using InP HBT technology and NL-MLSE developed
by NTT enabled transmission and reception of ultra-
fast IM-DD signals at 400 Gbit/s per lane. For this to
be a 1.6-Tbit/s signal, a 400-Gbit/s ultrafast IM-DD
signal must be transmitted in four parallel channels.
In optical fiber transmission lines, signal waveform
distortion occurs due to chromatic dispersion, etc.,
and the effect becomes more pronounced with high-
er-speed signals.

To achieve 4-parallel 10-km transmission using the
WDM system used in conventional datacenter net-
works with an optical fiber, a 400-Gbit/s ultrafast,
high-multilevel (155-GBaud PAM-8) signal per lane
requires severe dispersion management, i.e., verifica-
tion of specific chromatic dispersion. The specific
dispersion range to be considered can be determined
from the wavelength range of the wavelength channel
defined in the conventional Ethernet standard, range
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of the zero-dispersion wavelength of the standard
single-mode fiber, and dispersion slope, assuming
that the system to be considered follows the conven-
tional Ethernet standard [9]. Since the wavelength
channel farthest from the zero-dispersion wavelength
is more significantly affected by the chromatic dis-
persion, the narrower the wavelength spacing of each
wavelength channel, the better. The narrowest wave-
length spacing among the wavelength channels
defined by the conventional Ethernet standard is local
area network (LAN)-WDM with a frequency spacing
of 800 GHz. The chromatic dispersion to be deter-
mined takes into account the LAN-WDM wavelength
range (1294.5 to 1310.2 nm). Under the above
assumptions, the chromatic dispersions for 2- and
10-km transmissions are —5.7 to 1.9 and —28.1 t0 9.3
ps/nm, respectively, as shown in the red area in
Fig. 4. Assuming that 200 Gbit/s (106-GBaud PAM-
4), which is scheduled for the next Ethernet standard-
ization, can be multiplexed by 4 lanes of WDM for
10-km transmission, the allowable range of chro-
matic dispersion for 400-Gbit/s (155-GBaud PAM-8)
transmission is determined by considering the differ-
ence in baud rate and modulation format and is shown
in the green area in Fig. 4 (—5.6 to 5.6 ps/nm). These

*10 NL-MLSE: Maximum likelihood sequence estimation is a tech-
nique that improves the accuracy of symbol decision at the re-
ceiver by comparing multiple received signals (signal sequences)
with multiple candidate sequences that simulate the received sig-
nals. In NTT’s original NL-MLSE, it is possible to further im-
prove the symbol-decision accuracy by reflecting the nonlinear
distortion, which is caused by complex changes in waveform dis-
tortion depending on input strength, in the candidate signal se-
quence in the maximum likelihood sequence estimation.
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results indicate that, in 2-km transmission, LAN-
WDM can transmit 1.6-Tbit/s signals with 4 lanes of
400-Gbit/s per lane (Fig. 4(a)), except for the fiber
with the chromatic-dispersion characteristic where
the zero-dispersion wavelength is the longest. In
10-km transmission, however, the range of the chro-
matic-dispersion amount that must be considered is
very wide, and the range of the allowable chromatic
dispersion amount of 400 Gbit/s is greatly exceeded;
thus, parallelization with the WDM method is not
practical (Fig. 4(b)). When wavelength channels are
evenly spaced near the zero-dispersion wavelength,
the narrower the distance between the wavelength
channels, the greater the crosstalk between lanes due
to nonlinear optical effects.
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In this experiment, we solved these problems by
adopting an SDM system using multi-core fibers.
Specifically, by assigning one wavelength to each
core, we set each of the four cores to a wavelength
that is less affected by chromatic dispersion, thereby
suppressing the occurrence of nonlinear optical
effects (Fig. 5). By upgrading the optical signal for-
mat from the conventional 4-level (PAM-4) to the
8-level (PAM-8), the symbol rate is reduced by 3/4,
and by applying NL-MLSE signal processing, signal-
waveform distortion due to chromatic dispersion is
greatly reduced.

The transmitters and receivers shown in Fig. 3 were
used one by one, and the 400-Gbit/s signal was paral-
lelized by four branches of the optical signal output
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Fig. 6. Multi-core-fiber characterization results.

from the transmitter. Because all the parallelized
signals were modulated by the same random symbol
sequence, they were connected to fibers of different
lengths before they were incident on each core of the
multi-core fiber, and the symbol sequence was tem-
porally shifted between each core and each lane, so
that inter-lane crosstalk acted as a transmission-per-
formance-degradation factor, as in an actual deploy-
ment environment.

The multi-core fiber used in this experiment simu-
lates an actual 10-km cable installation environment
by laying a 4-core fiber cable in an underground facil-
ity of 1-km round trip in an NTT laboratory and fus-
ing it into 10 round trips [10] (Fig. 5). This 4-core
fiber uses the same cladding outer diameter*!! (125
um) as existing fiber, and each core has the same
simple step-index-type refractive index structure as
existing fiber. Therefore, crosstalk between cores is
an issue in the 1.5-pum wavelength band (C-band),
which is generally used for long-distance transmis-
sion, but the structure is suitable for mass production.
The optical characteristics of each core are equivalent
to those of the current international standards for
optical fibers, and the dispersion of the characteristics
of each core is reduced compared with the PSM sys-
tem using individual fibers. Therefore, the zero-dis-
persion wavelength of each core is within £0.33 nm,
light-source wavelength of the transmitter can be the
same, and light source can be reduced to 1 in 4-paral-
lel configurations (Fig. 6(a)). The crosstalk (amount
of light leakage from adjacent cores) between cores
during 10-km transmission is about 1/1000 in the 1.3-
um wavelength band (O-band) of the Ethernet stan-
dard using the IM-DD system compared with the
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1.5-um wavelength band (C-band), which reduces
the optical signal transmission to a level that does not
affect it (Fig. 6(b)). Therefore, the configuration of
this experiment, which involved a multi-core fiber of
standard cladding outer diameter and step-index pro-
file to transmit O-band optical signals in one lane per
core, could directly solve the problems of chromatic
dispersion, nonlinear optical effects, and crosstalk
between cores introduced thus far, and can be
achieved economically. Therefore, it is highly com-
patible with a datacenter network with a very large
number of installations.

We successfully conducted a field-ambient optical-
transmission experiment over 10 km of an ultrafast
IM-DD signal exceeding 1.6 Tbit/s per fiber by exe-
cuting 4-parallel SDM transmission at 400 Gbit/s per
lane using a field-installed multi-core fiber and
reducing the bit error rate by applying NL-MLSE to
the PAM-8 system (Fig. 7).

5. Summary

The technologies presented in this article are
expected to achieve a large capacity, more than 4
times the conventional practical level, and reliably
transmit Ethernet signals exceeding 1.6 Tbit/s per
fiber, which will be used in future large-scale data-
center networks.

*11 Cladding outer diameter: The optical fiber used in current optical
communications is internationally standardized at 125+0.7 pm in
diameter (cladding outer diameter) and 235 to 265 um in diame-
ter, including the cladding layer that protects the optical fiber, to
ensure superior mass production and interconnectivity.
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Mistimed Motor Signals from the
Brain Affect Force Precision

Atsushi Takagi

Abstract

Even a seasoned baseball pitcher has difficulty throwing a ball to the same location repeatedly. Such
movement variability is assumed to come from neural noise, which causes the muscle activity’s
amplitude to fluctuate between movements. We explored an alternative source of noise, namely the
variability in the muscle activity’s timing. We constructed a computational model of a shoulder controlled
by two muscles then varied the muscle activity’s amplitude and timing independently to predict their
effect on the shoulder’s force. These predictions were then tested by recording the muscle activity from
human participants who used their shoulder to produce periodic forces. The force’s variability was
explained more accurately by timing noise, suggesting that variable motor timing could play an

important role in determining movement precision.

Keywords: force precision, signal-dependent noise, motor timing

1. Introduction

An ideal baseball pitcher can throw a ball to the
same location repeatedly. A hallmark of motor skill
lies in the ability to carry out actions with both accu-
racy and precision. While the learning of accurate
actions has been revealed by decades of studies, com-
paratively less is known about how the brain learns to
improve movement precision.

Movements are made possible by muscles. The
brain sends electrical signals to contract the muscles,
which leads to joint motion. Since muscles can only
contract, at least two muscles are needed to control a
joint. A motion such as moving an elbow from one
position to another is composed of a burst in flexor-
muscle activity, which accelerates the limb, followed
by a burst in extensor activity that slows the elbow
down (Fig. 1(a)). In a landmark paper, Harris and
Wolpert showed that noise in the muscle’s activity
scales with its activation amplitude. Thus, force vari-
ability tends to increase with the magnitude of the
applied force [1] (Fig. 1(b)). This signal-dependent
noise is believed to be a major source of force vari-
ability in humans. Another studied showed that sen-
sory noise in vision when localizing the target or final
position augments force variability [2]. Others have
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noticed that noise in planning the duration of the
movement can lead to force and movement variabil-
ity as well [3, 4]. While previous studies have
described several sources of noise that contribute to
force variability, to the best of our knowledge, no
study has investigated how noise in the timing of a
burst in muscle activity could lead to force variability.
To fill this gap, we explored whether and how volatil-
ity in the timing of muscle activity could contribute to
force variability.

2. Motor timing as a source of force variability

Day et al. showed that the entire muscle-activity
pattern from a single muscle can shift in time when
the brain is blasted by an electromagnetic pulse given
just before the muscle is activated [5]. The muscle
activity’s shape remained unchanged, and only its
timing was affected. If the brain has a mechanism that
controls the timing of muscle activity independently
of its amplitude, then neural noise could cause the
muscle to activate earlier or later than the intended
time. A crude simulation of the resultant force from
mistimed flexor and extensor activity revealed sub-
stantial force variability when the timing of each
burst fluctuated (Fig. 1(c)). Mistimed muscle activity
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Fig. 2. Experiment to measure the arm’s force variability during rhythmic force production. Force variability increased with

frequency.
also shifted the timing of the peak force unlike with 3. An experiment to observe the arm’s
signal-dependent noise and baseline noise where only force variability
its amplitude was affected. When the brain controls
the arm’s force, how much of its variability can be We asked ten right-handed participants to use their
explained by timing volatility? left shoulder to push and pull a robotic handle, the

position of which was fixed to prevent motion
(Fig. 2(a)). A speaker produced periodic beeps at a
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frequency of either 3, 3.5, 4, 4.5, 5, or 5.5 Hz. Par-
ticipants had to use their shoulder to push and pull the
handle to hit two targets displayed on a monitor at the
designated frequency. During this task, the shoulder’s
force and the muscle activity from its flexor and
extensor muscles were recorded. The force trajectory
from an exemplar participant showed that the force
variability grew as the speaker’s frequency increased
(Fig. 2(b)). To quantify this relationship, we calcu-
lated the force magnitude from each trial and exam-
ined how its variability changed as a function of the
frequency. Data from all participants revealed that the
force variability positively correlated with its fre-
quency (Fig. 2(c)). What source of noise in the mus-
cle activity contributed to this increase in force vari-
ability?

4. A model of shoulder-force control

The shoulder’s force variability could come from
several different sources. To understand their contri-
butions to the final force variability, we constructed a
computer model of the shoulder controlled by flexor
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and extensor muscles that pushed and pulled against
arigid constraint similar as in the experiment. In this
model, we considered how the muscle activity was
corrupted by three sources of noise. First, a baseline
noise changes the entire amplitude of the muscle
activity (blue in Fig. 3(a)). Second, signal-dependent
noise modulates the amplitude of the muscle activity,
effectively scaling its size (red in Fig. 3(a)). Third, the
timing of the muscle activity changes from one burst
to the next (magenta in Fig. 3(a)). When simulating
each burst in muscle activity, these three sources of
noise were controlled independently. Noise was resa-
mpled for every burst. We used model predictive
control (MPC) to optimize the flexor and extensor
muscle activity to generate the correct amount of
force at the intended frequency [6] (Fig. 3(b)). After
this optimization process, noise was added to the
muscle activity.

We first determined whether our model could gen-
erate muscle activity that resembled those recorded
during the experiment. Figure 4(a) shows the filtered
muscle activity and force of an exemplar participant
producing a force at 5 Hz. When the model was set to
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Fig. 4. Computer model of the shoulder produced simulated muscle activity and force that resembled those recorded during

the experiment.

produce a force at 5 Hz, the simulated muscle activity
and force resembled the empirical data (right of Fig.
4(a)). Using this human-like model, we manipulated
the baseline noise, signal-dependent noise, and tim-
ing volatility independently to best fit the data from
the experiment. Importantly, the amount of baseline
noise and timing volatility was kept the same for all
frequencies, but signal-dependent noise was increased
linearly from 3 to 5.5 Hz since such noise increases
with speed [1]. However, the size of the signal-depen-
dent noise was kept below 5% within the empirically
observed range [7, 8]. When the noise from one
source was manipulated, the other two noise sources
were fixed. This enabled us to study the effects of
each source of noise independently and assess their
ability to explain the data.

Baseline noise only increased the force variability
evenly for all frequencies (top of Fig. 4(b)). While
signal-dependent noise caused the force variability to
increase as a function of the frequency, the predicted
force variability underestimated the observed value.
Furthermore, signal-dependent noise could not accu-
rately predict the variability in the peak force’s timing
(bottom of Fig. 4(b)). When timing volatility was
injected into the model, the simulated force’s vari-
ability gradually increased with frequency as in the
data, and timing volatility predicted the variability in
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the peak force’s timing more accurately than baseline
noise and signal-dependent noise. Thus, while base-
line and signal-dependent noise in the muscles affects
the amount of force variability and can explain its
dependence on frequency, only timing volatility
could accurately predict both the force variability and
variability in the peak force’s timing.

Next, we calculated the variability in the timing of
the peak force in both the data and model (bottom of
Fig. 4(b)). Again, the model with timing volatility
was most accurate at explaining the variability in the
peak force’s timing. These results suggest that fluc-
tuations in the timing of muscle activity play an
important role in determining the variability of the
arm’s force.

5. Conclusion

We conducted an experiment and simulation to
understand how different sources of noise in muscle
activity could affect the variability in the arm’s force.
While both baseline and signal-dependent noise play
an important role in movement variability, they could
not explain how force variability increases as a func-
tion of its frequency. The results suggest that timing
volatility could be an important factor that sways the
variance of the arm’s force. Future research will delve
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into how timing volatility affects the variability of
movements and determine whether the source of
variable timing is in the periphery or is more cen-
trally located in the brain.
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ITU World Radiocommunication
Conference 2023 (WRC-23)

Shinya Otsuki, Nobuki Sakamoto, Saiko Kameda,

and Junichi Iwatani

Abstract

Since radio waves used in radio communications travel across national borders, international rules are
required. Therefore, the International Telecommunication Union (ITU), the United Nations’ organiza-
tion specialized in telecommunications, set forth the Radio Regulations (RR), which provides interna-
tional rules for radio waves in each frequency and in each region of the world. The RR is reviewed and
revised about every four years, and the international conference held for this purpose is the ITU World
Radiocommunication Conference (WRC). Since the revised RR will be reflected in the regulations of
Japan, the WRC is an extremely important meeting for the NTT Group, which provides mobile phones
and other wireless services. This article reports on the [ITU WRC 2023 (WRC-23) held in Dubai, United
Arab Emirates, from November 20 to December 15, 2023.

Keywords: ITU-R, World Radiocommunication Conference, Radio Regulations

1. ITU World Radiocommunication Conference
2023 (WRC-23)

The World Radiocommunication Conference
(WRQC) is the largest conference in the International
Telecommunication Union (ITU) to discuss updating
the Radio Regulations (RR), which provides interna-
tional rules and regulations for allocation of the spec-
trum to radio services, use of satellite orbits, and
administrative and operational procedures for radio
stations. The WRC is usually held every three to four
years [1] and the last WRC, the ITU WRC 2023
(WRC-23), was held in Dubai, United Arab Emirates,
from November 20 to December 15 (Fig. 1). Approx-
imately 3900 participants from 163 Member States
attended the WRC-23 and discussed agenda items for
revision of the RR, as shown in Table 1. About 130
delegates from Japan, including the Ministry of Inter-
nal Affairs and Communications, other government
agencies, and private companies attended the WRC-
23, as well as NTT and NTT DOCOMO from the
NTT Group.

In the RR, the world is divided into three regions,
as shown in Fig. 2, and frequencies are allocated to
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services all over the world or in each region. In some
cases, frequencies are allocated to services only for
specific countries. As also shown in Fig. 2, there are
four regional telecommunication organizations in
Region 1, one in Region 2, and one in Region 3. Each

Fig. 1. WRC-23 meeting session.
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Table 1. Agenda items of WRC-23.

No. Agemda item
Possible measures to address, in the frequency band 4800-4990 MHz, protection of stations of the AMS and MSS located in
1.1 international airspace and waters from other stations located within national territories and to review the pfd criteria in No.
5.441B.
Study of IMT identification including primary distribution to mobile operations in the 3300-3400 MHz, 3600-3800 MHz,
ke 6425-7025 MHz, 7025-7125 MHz and 10.0-10.5 GHz bands
13 Studies to consider possible allocation of the frequency band 3600—-3800 MHz to the mobile, except aeronautical mobile, service
: on a primary basis within Region 1
14 Facilitating mobile connectivity in certain frequency bands below 2.7 GHz using high-altitude platform stations as International
: Mobile Telecommunications base stations
1.5 Review of the spectrum use of the frequency band 470-960 MHz in Region 1
1.6 Consideration of regulatory provisions to facilitate the introduction of sub-orbital vehicles
17 Studies on a possible new allocation to the aeronautical mobile-satellite (R) service within the frequency band 117.975-137 MHz
: in order to support aeronautical VHF communications in the Earth-to-space and space-to-Earth directions
1.8 Review and possible revision of Resolution 155 (Rev.WRC-19) and No. 5.484B in the frequency bands to which they apply
1.9 Consideration of regulatory provisions for updating Appendix 27 of the Radio Regulations in support of aeronautical HF
: modernization
1.10 Studies on frequency-related matters, including possible additional allocations, for the possible introduction of new non-safety
: aeronautical mobile applications
1.11 Consideration of possible regulatory actions to support modernization of the Global Maritime Distress and Safety System and
: the implementation of e-navigation
112 Possible secondary allocation to the Earth exploration-satellite service (active) for spaceborne radar sounders in the range of
: frequencies around 45 MHz
113 Examination of a possible upgrade to primary status of the secondary allocation to the space research service in the frequency
: band 14.8-15.35 GHz
114 Review of existing distributions and review of new distributions for earth exploration satellite services (passive) in the 231.5-252
: GHz band in accordance with the requirements of modern remote sensing observations
115 Operation of earth stations on aircraft and vessels communicating with geostationary space stations in the fixed-satellite service
: in the frequency band 12.75-13.25 GHz (Earth-to-space)
Use of the frequency bands 17.7-18.6 GHz, 18.8-19.3 GHz and 19.7-20.2 GHz (space-to-Earth) and 27.5-29.1 GHz and
1.16 29.5-30 GHz (Earth-to-space) by earth stations in motion communicating with non-geostationary space stations in the
fixed-satellite service
117 Study of technical and operational issues and regulatory provisions for satellite-to-satellite links in the frequency bands 11.7-12.7
: GHz, 18.1-18.6 GHz, 18.8-20.2 GHz and 27.5-30 GHz
Studies relating to spectrum needs and potential new allocations to the mobile satellite service in the frequency bands
1.18 1695-1710 MHz, 2010-2025 MHz, 3300-3315 MHz and 3385-3400 MHz for future development of narrowband mobile-satellite
systems
1.19 Primary allocation to the fixed-satellite service in the space-to-Earth direction in the frequency band 17.3—-17.7 GHz in Region 2
2 Use of incorporation by reference in the Radio Regulations
4 General review of the Resolutions and Recommendations of world administrative radio conferences and world
radiocommunication conferences
7 Implementation of Resolution 86 (Rev. Marrakesh, 2002) of the Plenipotentiary Conference
8 Footnotes to the Table of Frequency Allocations in Article 5 of the Radio Regulations
9 Report of the Director of the Radiocommunication Bureau
9.1 Activities of the ITU Radiocommunication Sector since WRC-19
Issue a) | Protection of radio spectrum-reliant space weather sensors used for global prediction and warnings
| b Studies on technical and operational measures to be applied in the frequency band 1240—-1300 MHz to ensure the protection of
ssue b) | ihe radionavigation-satellite service (space-to-Earth)
| Use of International Mobile Telecommunications systems for fixed wireless broadband in the frequency bands allocated to the
ssue ¢) fixed service on a primary basis
Issue d) | Protection of EESS in the frequency band 36-37 G
92 Report of the Director on any difficulties or inconsistencies encountered in the application of the RR and comments from
: administrioons
9.3 Action in response to Resolution 80 (Rev. WRC-07)
10 Preliminary agenda for the 2027 World Radiocommunication Conference
AMS: aeronautical mobile service MSS: mobile-satellite service
EESS: Earth exploration-satellite service VHF: very high frequency

HF: high frequency
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regional telecommunication organization conducts
activities for preparation work on WRC. Japan is a
member of the Asia-Pacific Telecommunity (APT) in
Region 3 and is also active in the APT Conference
Preparatory Group for WRC (APG), which develops
common proposals for WRC from APT.

Figure 3 shows the structure of WRC-23. There are
seven committees (COMs 1-7) under the Plenary.
Discussions to revise the RR were mainly made in
COM 4 for terrestrial/maritime/aeronautical issues,
COM 5 for satellite issues, and COM 6 for general
issues and agenda items for future WRCs. Dr.
Hiroyuki Atarashi (NTT DOCOMO) from Japan was
appointed as the chair of COM 4, which addresses
terrestrial issues, including identifications of frequen-
cies for International Mobile Telecommunication
(IMT)*! such as fifth-generation mobile communica-
tion systems (5G) and Beyond 5G (agenda item 1.2)
and considerations on the use of high-altitude plat-
form stations (HAPS)*? as IMT base stations (HIBS)
for the implementation of non-terrestrial networks
(NTN) (agenda item 1.4).

1.1 Identification of frequencies for IMT (agenda
item 1.2)

Regarding the additional identification of frequen-

cies for IMT such as 5G and Beyond 5G, discussions
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were held on the frequency range of 6425-7025 MHz
(Although the scope of this agenda item is only for
Region 1, this agenda item relates to Japan in Region
3 and the details are described later in this article) and
the frequency range of 7025-7125 MHz (world-
wide). Japan supported the identification of the fre-
quency range of 7025—7125 MHz for IMT based on
the studies conducted by the ITU Radiocommunica-
tion Sector (ITU-R) and supported the identification
of the frequency range of 6425-7025 MHz for IMT
in Region 1 because of the benefit of economies of
scale. Although identification of the frequency range
of 6425-7025 MHz for IMT in Region 3 is out of the
scope of this agenda item, proposals were made for
identification of this frequency range for IMT in 6
countries in Region 3, including China, and countries
in Region 2. From the view of the harmful interfer-
ence to existing radio systems, such as satellite sys-
tems, that are operated in the same frequency band,
discussions were held with respect to the limit on

*1 IMT: Includes 3rd-generation mobile communication systems
and beyond, such as IMT-2000, IMT-Advanced, IMT-2020, and
IMT-2030.

*2 HAPS: Airborne platform expected to operate at high altitude
such as stratospheric environment using solar plane type aircraft
and airships. The frequencies used for communications between
HAPS and the ground base station (gateway station) (feeder link)
was added at WRC-19.
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Fig. 3. Structure of WRC-23.

equivalent isotropic radiated power applied to IMT
base stations. After discussion, consensus was finally
reached, and the identification of the frequency range
of 7025-7125 MHz for IMT was agreed to in all of
Region 1, some countries in Region 2 (Brazil and
Mexico), and all of Region 3. Regarding the proposal
of identifying the frequency range of 6425-7025
MHz for IMT in some counties of Region 3, consid-
ering the interference to neighbouring countries,
identification of this frequency range to only a few
countries (Cambodia, Laos, and Maldives), exclud-
ing China, was agreed. Identification of the frequency
range of 6425-7025 MHz for IMT was also agreed in
all of Region 1 and in some countries in Region 2
(Brazil and Mexico).

1.2 Consideration of the use of HIBS (agenda
item 1.4)

In Beyond 5G, a space radio access network (RAN)
and NTN are expected to be implemented, which will
enable the expansion of coverage in mountainous
areas and at sea and the quick restoration of commu-
nication networks in the event of a large-scale disas-
ter. HIBS is one candidate to implement a space RAN
and NTN [2]. At the previous WRC (WRC-19), Japan
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proposed and led discussions to include the consider-
ation of HIBS in the WRC-23 agenda item, and at
WRC-23, discussions were held on the addition of
new frequency bands (694-960, 17101885, 2500—
2690 MHz) and a review to relax conditions for the
use of existing available frequency bands (1885—
1980, 20102025, 2110-2170 MHz) for use of com-
munications between HIBS and terminals. As a result
of the discussions, the addition of new frequency
bands other than 694-960 MHz and the relaxation of
conditions in the existing available frequency bands
were agreed. Regarding the 694-960-MHz band,
there were many discussions with China, Russia,
Vietnam, and Iran, who were concerned about inter-
ference to existing systems. Finally, it was agreed to
use this frequency band for HIBS in Regions 1 and 2.
In Region 3, it was also agreed to use the entire fre-
quency band or portions of this frequency band for
HIBS in 14 countries, including Japan and countries
where HIBS is expected to be deployed™.

*3  HIBS (694-960 MHz): The entire band or portions of this band
is now available in Australia, Maldives, Micronesia, Papua New
Guinea, Tonga, Vanuatu, China, India, Indonesia, Japan, Korea,
Malaysia, Philippines, and Thailand.
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1.3 Other agenda items (agenda items relating to
science and satellite issues)

Other topics relating to science and satellites issues
were also discussed. In agenda item 1.13, consider-
ation was made to upgrade the status of space
research (satellite-to-satellite, satellite-to-Earth sta-
tion) in the frequency range of 14.8—15.35 GHz from
secondary service to primary service™, and it was
agreed to upgrade the status to primary service in
principle. However, it was also agreed to apply a
power flux density (pfd) limit at the surface of the
Earth to radio waves transmitted from a satellite for
satellite-to-satellite link and to keep a secondary
basis between a satellite and an Earth station with
respect to the protection of terrestrial services in sev-
eral countries including Japan.

Agenda item 1.16 relates to non-geostationary orbit
satellites, which have been increasingly used. In this
agenda item, it was discussed to enable communica-
tions with the Earth stations on ships and aircraft in
the frequency ranges of 17.7-18.6, 18.8-19.3, 19.7—
20.2, 27.5-29.1, and 29.5-30 GHz. Finally, it was
agreed to make the communications available in
those frequency bands and to establish conditions so
that such communications would not adversely affect
terrestrial radio systems, including 5G and private 5G
systems in the 28-GHz-frequency band.

1.4 Agenda items for WRC-27

During the WRC-23, the agenda items for future
WRCs were also discussed, and the agenda items
shown in Table 2 were decided as the agenda items
for the WRC-27.

Regarding additional identification of frequencies
for IMT, discussions were held mainly on the fre-
quency range so-called Frequency Range 3 (FR3) or
mid-band, particularly the frequency range of 7-15
GHz. After discussion, the frequency ranges of 7125—
8400-MHz and 14.8-15.35-GHz bands were agreed
as candidates. The frequency range of 4400-4800
MHz was also decided as a candidate, a certain range
of which is already used for IMT in Japan.

To implement NTN, direct-to-handset satellite
communications are very attractive, which provide
direct communications between mobile terminals
such as smartphones and low-Earth orbit satellites.
For the agenda item for WRC-27, frequency bands
for this type of communications were discussed on
the basis of proposals from Japan and other countries,
and it was decided that the frequency range of 694
MHz-2.7 GHz would be a candidate for discussion at
WRC-27.
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2. ITU Radiocommunication Assembly
2023 (RA-23)

Preceding WRC-23, the ITU Radiocommunication
Assembly 2023 (RA-23) was held from November
13 to 17,2023 at the same venue as the WRC-23. The
RA is the general meeting of the ITU-R and approves
ITU-R Recommendations, ITU-R Questions, and
ITU-R Resolutions, which provide the working
method of ITU-R and appoints the chairs and vice-
chairs of ITU-R Study Groups (SGs).

The RA-23 approved Resolution ITU-R 56-3,
which defines the name of the so-called “6G” as IMT-
2030 [3]. The RA-23 also approved Recommenda-
tion ITU-R M.2160, which provides a framework and
overall objectives of the future development of IMT
for 2030 and beyond [4]. With these documents, it is
expected to accelerate studies relating to 6G in ITU-
R.

As shown in Fig. 4, the chairs and vice-chairs of
each SG were appointed, and all three candidates
nominated by Japan were approved as candidates for
vice-chairs of SG 4, SG 5, and SG 6. Regarding the
structure and scope of the SGs, inter-satellite service
is explicitly included in the scope of SG 4 [5].

During the RA-23, the maximum number of terms
for Working Party (WP) chairs was discussed. It was
agreed that the maximum number of terms is 2 (1
term corresponds to approximately 4 years), extend-
able to 3 if circumstances necessitate.

Other ITU-R Resolutions, Recommendations, and
Questions were also approved and will serve as
guidelines for future ITU-R activities.

3. Future plans

Towards WRC-27, the NTT Group will continue to
actively participate in and contribute to ITU-R meet-
ings, preparatory meetings in the Asia-Pacific region
such as APG, and relevant meetings in Japan.

*4 Primary and secondary services: Radiocommunication services
are classified into primary basis or secondary basis. Radiocom-
munication stations for services on secondary basis shall not
cause harmful interference to stations for services on primary
basis and shall not claim protection against interference from
radio stations for services on primary basis.
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Table 2. Agenda items of WRC-27.

No.

Agenda item

1.1

Studies on the use of the frequency bands 47.2-50.2 GHz (Earth-to-space) and 50.4-51.4 GHz (Earth-to-space), or parts
thereof, by aeronautical and maritime earth stations in motion in the fixed-satellite service

1.2

Studies on possible revisions of sharing conditions in the frequency band 13.75-14 GHz to allow the use of uplink fixed-satellite
service earth stations with smaller antenna size

1.3

Studies relating to the use of the frequency band 51.4-52.4 GHz to enable its use by gateway earth stations transmitting to
non-geostationary-satellite orbit systems in the fixed-satellite service (Earth-to-space)

1.4

Possible new primary allocation to the fixed-satellite service (space-to-Earth) in the frequency band 17.3-17.7 GHz and possible
new primary allocation to the broadcasting-satellite service (space-to-Earth) in the frequency band 17.3-17.8 GHz in Region 3,
and consideration of equivalent power flux-density limits to be applied in Regions 1 and 3 to non-geostationary-satellite systems
in the fixed-satellite service (space-to-Earth) in the frequency band 17.3-17.7 GHz

1.5

Studies on development of regulatory measures, and implementability thereof, to limit the unauthorized operations of
non-geostationary-satellite orbit (non-GSO) earth stations in the fixed-satellite service (FSS) and mobile-satellite service (MSS)
and associated issues related to the service area of non-GSO FSS and MSS satellite systems

1.6

Consideration of technical and regulatory measures for fixed-satellite service satellite networks/systems in the frequency bands
37.5-42.5 GHz (space-to-Earth), 42.5-43.5 GHz (Earth-to-space), 47.2-50.2 GHz (Earth-to-space) and 50.4-51.4 GHz
(Earth-to-space) for equitable access to these frequency bands

1.7

Sharing and compatibility studies and development of technical conditions for the use of International Mobile
Telecommunications (IMT) in the frequency bands 4400-4800 MHz, 7125-8400 MHz (or parts thereof), and 14.8-15.35 GHz for
the terrestrial component of IMT

1.8

Studies on possible new additional allocations to the radiolocation service on a primary basis in the frequency range 231.5-275
GHz, and possible new identifications for radiolocation service applications in frequency bands within the frequency range
275-700 GHz

1.9

Consideration of appropriate regulatory actions to update Appendix 26 in support of modernization of high-frequency spectrum
use in the aeronautical mobile (OR) service

Power flux-density and equivalent isotropically radiated power limits for inclusion in Article 21 for the fixed-satellite,
mobile-satellite and broadcasting-satellite services to protect the fixed and mobile services in the frequency bands 71-76 GHz
and 81-86 GHz

Study of technical and operational issues and regulatory provisions for space-to-space transmissions in the frequency bands
1518-1544 MHz, 1545-1559 MHz, 1610-1645.5 MHz, 1646.5—-1660 MHz, 1670-1675 MHz and 2483.5-2500 MHz

Studies on potential new allocations to, and regulatory actions for, the mobile-satellite service in the frequency bands
1427-1432 MHz (space-to-Earth), 1645.5-1646.5 MHz (space-to-Earth) (Earth-to-space), 1880—-1920 MHz (space-to-Earth)
(Earth-to-space) and 2010-2025 MHz (space-to-Earth) (Earth-to-space) required for the future development of low-data-rate
non-geostationary mobile-satellite systems

Studies on possible new allocations to the mobile-satellite service for direct connectivity between space stations and
International Mobile Telecommunications (IMT) user equipment to complement terrestrial IMT network coverage

Studies on possible new frequency allocations to the mobile-satellite service in the frequency bands 20102025 MHz
(Earth-to-space) and 2160-2170 MHz (space-to-Earth) in Regions 1 and 3 and 2 120-2160 MHz (space-to-Earth) in all Regions

Studies on frequency-related matters, including possible new or modified space research service (space-to-space) allocations,
for future development of communications on the lunar surface and between lunar orbit and the lunar surface

Studies of technical and regulatory provisions necessary to protect radio astronomy operating in specific Radio Quiet Zones and,
in radio astronomy service primary allocated frequency bands globally, from aggregate radio-frequency interference caused by
systems in the non-geostationary-satellite orbit

Consideration of regulatory provisions and potential primary allocations to the meteorological aids service (space weather) to
accommodate receive-only space weather sensor applications in the Radio Regulations

Studies on compatibility between the Earth exploration-satellite service (passive), the radio astronomy service in certain bands
above 76 GHz, and active services in adjacent and nearby frequency bands

1.19

Studies on possible allocations to the Earth exploration-satellite service (passive) in the bands 4200-4400 MHz and 8400-8500
MHz

Use of incorporation by reference in the Radio Regulations

General review of the Resolutions and Recommendations of world administrative radio conferences and world
radiocommunication conferences

Implementation of Resolution 86 (Rev. Marrakesh, 2002) of the Plenipotentiary Conference

Footnotes to the Table of Frequency Allocations in Article 5 of the Radio Regulations

Report of the Director of the Radiocommunication Bureau

Activities of the ITU Radiocommunication Sector since WRC-23

Report of the Director on any difficulties or inconsistencies encountered in the application of the RR and comments from
administrioons

Action in response to Resolution 80 (Rev. WRC-07)

Preliminary agenda for the 2027 World Radiocommunication Conference
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SG 1 (Spectrum management)
Chair: Mr. W. Sayed (Egypt)
Vice-chairs: 15 persons

SG 3 (Radiowave propagation)

Vice-chairs: 12 persons

Chair: Ms. C. Allen (United Kingdom)

SG 4 (Satellite services)
Chair: Mr. V. Strelets (Russia)

Vice-chairs: Mr. Kono (Sky Perfect JSAT, Japan) and 17 other persons

SG 5 (Terrestrial services)
Chair: Dr. K.-J. Wee, (Korea)

Vice-chairs: Mr. Imada (KDDI, Japan) and 19 other persons

SG 6 (Broadcasting service)

Chair: Mr. T. Aguiar Soares (Brazil)
Vice-chairs: Dr. Oode (NHK, Japan) and 11 other persons

SG 7 (Science services)
Chair: Mr. M. Dreis (EUMETSAT)
Vice-chairs: 10 persons

Fig. 4.
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Latest Trends in Open Optical
Transmission Equipment in TIP

OOPT

Kazuya Anazawa, Xiaocheng Zhang, Shigenari Suzuki,

and Hideki Nishizawa

Abstract

The Telecom Infra Project Open Optical & Packet Transport (TIP OOPT) carries out activities aimed
at decoupling hardware and software and accelerating innovation in optical and IP networks. This article
focuses on the TIP Phoenix Project, in which operators are working together to present common use
cases and specifications to encourage the entry of new vendors and reduce costs. The background of the
project, efforts to date, and contribution of the NTT Group are explained.

Keywords: TIP OOPT, network operating system (NOS), optical transmission equipment

1. Background to the establishment of
TIP OOPT

New technologies to separate hardware and soft-
ware are being implemented in datacenters to effi-
ciently handle the rapidly increasing traffic for social
network services and image distribution services. In
particular, server virtualization technology, in which
a single piece of high-performance hardware is parti-
tioned and used efficiently by virtualization, and stor-
age virtualization technology, in which multiple
pieces of server hardware are treated as a single com-
puter to improve capacity and fault tolerance, have
emerged. These virtualization technologies enable
datacenter operators to not only reduce costs through
efficiency but also build systems in a short period
(speed and agility) and expand system reliably
(redundancy) and flexibly. In 2011, the Open Com-
pute Project (OCP) was established to verify and
openly share system specifications of datacenter
facility elements (servers, air conditioning, power,
etc.) that enable high efficiency. Hyperscalers, such
as Facebook (now Meta) and Microsoft, and white-
box vendors are entering and expanding the market
for these elements. In 2016, the Telecom Infra Project

NTT Technical Review  Vol. 22 No. 7 July 2024

(TIP) was established with the aim of enabling com-
panies to cooperate and create new technologies for
constructing and developing telecommunication net-
work infrastructures in emerging and developed
countries. While OCP covers the inside of the data-
center, TIP targets the outside of the datacenter. The
latter has established project groups, such as Open
RAN, which develop and build radio access network
(RAN) solutions from second-generation mobile
communications system (2G) to 5G based on gener-
al-purpose, vendor-neutral hardware, open interfaces,
and software, and Open Optical & Packet Transport
(OOPT), which aims to decouple hardware and soft-
ware and accelerate innovation in optical and Internet
protocol (IP) networks. The challenges faced by
OOPT operators in the vertical integration market are
illustrated in Fig. 1(a). When an operator procures
and installs optical transmission equipment from
Vendor A and Vendor B, since each vendor has differ-
ent equipment interfaces and operations (perfor-
mance monitor, file update, version upgrade, etc.),
the operator must separately conduct operating-sys-
tem development and engineer training for equip-
ment A and equipment B. When the business model is
based on vertical integration, there is less flexibility
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Fig. 1. The challenges of the vertical integration market and the six subgroups under TIP OOPT.

in procurement, prices tend to remain high, and the
time from ordering to delivery is long (about a year in
the case of optical transmission equipment). To solve
this problem, OOPT carries out activities in the six
subgroups shown in Fig. 1(b); Metaverse Ready
Architectures for Transport Networks (MANTRA),
Mandatory Use Case Requirements For SDN Trans-
port (MUST), Networking Operating Systems
(OOPT-NOS), Disaggregated Open Routers (DOR),
Physical Simulation Environment (PSE), and Disag-
gregated Optical Systems (DOS). This article intro-
duces OOPT-NOS and DOS, which are most closely
related to the disaggregated 400G transponder “Phoe-
nix.”

2. OOPT-NOS

The mission of this group is to (1) define the speci-
fications, architecture, and reference implementation
of Goldstone, an open and disaggregated network
operating system (NOS) for optical transmission
equipment, and (2) promote openness and bring
Goldstone to the market through commercial imple-
mentation by equipment vendors. Goldstone imple-
ments various functions on a device as containers,
making it easy for vendors and operators to add or
modify functions.

Thus far, NTT R&D laboratories have developed:
(1) a function to enable device control using standard
control interfaces, such as OpenROADM [1] and
OpenConfig [2], for specification development, (2) a
function to enable control by standard communica-
tion protocols, such as gNMI [3] as well as NET-
CONF, and (3) a streaming telemetry function to
collect various information on a device, for Phoenix,
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a piece of open optical transmission equipment. NTT
developed these functions in collaboration with part-
ners including NEC and Fujitsu and contributed to
the uptake of Phoenix in collaboration with world-
wide operators [4, 5]. NTT also worked with IP Infu-
sion (IPI) to implement functions to support CSR320,
a disaggregated cell site gateway (DCSG), and the
aggregation router AGR400 as well as contributed to
their content.

NTT’s partner, NEC, commercialized NEC NOS
on the basis of Goldstone NOS together with Phoe-
nix, which is described later, and in October 2023,
received a Silver Badge [6] from TIP, which proves
that it has passed verification of more than 100 items
by network operators.

The group will continue to study and promote
openness of platforms for switchponders that can use
optical transmission functions by inserting pluggable
coherent modules into router switches, such as DCSG
and AGR400.

3. DOS

The mission of this group is to define specifications
for open and disaggregated optical transmission
equipment and bring such equipment to market.
Separating hardware and software makes it easier to
adapt to changing service requirements by enabling
quick, individual application of the latest technolo-
gies and continuous improvement of performance.
This article introduces the Cassini open packet/opti-
cal transponder, which is a representative DOS
achievement, and the Transponder Abstraction Inter-
face (TAI), an open interface for optical transmission
that hides the differences among different devices

62



Global Standardization Activities

Software is distributed,

IS TG and IF specifications

Switch Manager

differ for each vendor
| Soul API and method I ]l |
. 'ACO/DCO CFP2 ACO/DCO I.irlECi[d .
| Real-tine OS | I Switch SDK | - 3
. 1 [ Open kernel | .
Main boald Line card
v FPGA | Manager Main boarid
Host | PHY API | X86 processor |
CPU |_PHYAPI | -
v v
[ pbsp H crp2 | SwichASIC | | Ethemet |

(a) Conventional transmission equipment

API: application programming interface
ASIC: application-specific integrated circuit
CFP: C form-factor pluggable

CPU: central processing unit

DSP: digital signal processor

IF: interface

(b) Whitebox switch

PHY: physical layer
SAl: software abstraction interface
SDK: software development kit

(c) Cassini integrates a coherent
interface in whitebox switch

FPGA: field-programmable gate array

Fig. 2. A whitebox switch architecture for optical transmission equipment.

and vendors and complex register access.

The conventional transmission-equipment market
has formed a vertically integrated business model in
which system vendors that manufacture mainboards
and implement line cards of their own specifications
work closely with transceiver vendors that manufac-
ture and supply line cards to these systems to pursue
high transmission performance (Fig. 2(a)). However,
the software to be implemented on the device is dis-
tributed on the mainboard and on the line cards, and
the interfaces are different for each vendor and
method, making it unsuitable for separating hardware
and software. DOS, in cooperation with Edgecore,
the world’s top market shareholder in the whitebox
switch market, applied a whitebox switch architec-
ture that separates hardware and software (Fig. 2(b))
to optical transmission equipment to create Cassini,
which integrates 100GbE switching and Layer 1 opti-
cal transport functions into a single enclosure as a line
card module compatible with multi-vendor, multi-
generation coherent transceivers (Fig. 2(c)). Since
this required an open interface to hide the differences
among devices and vendors and complex register
access, the NTT Group and Cumulus Networks (now
NVIDIA) took the lead and cooperated with hyper-
scalers and major component suppliers such as NTT
Electronics (now NTT Innovative Devices) and Aca-
cia to develop the TAI [7]. Figure 3(a) is a photo
during the TIP Summit held in 2018, and Figure 3(b)
shows an image of how the TAI conceals differences
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among devices and vendors and complex register
access to enable control and management from vari-
ous NOSs using common source code. IPI has imple-
mented the TAI on OcNOS, its commercial OS,
applied it to Cassini, and commercially introduced it
in Burkina Faso in Africa, Chile, Pakistan, and other
countries [8].

4. Disaggregated 400G transponder “Phoenix”

At the TIP Summit in 2018, Telefonica announced
plans for a disaggregated 400G transponder. In antic-
ipation of the uptake of 400-Gbit/s pluggable coher-
ent transceivers, the company announced its goal to
develop equipment that separate hardware and soft-
ware, not only for switchponders such as Cassini, but
also for transponders and muxponders, which are
Layer 1 devices widely used by carriers to convert
optical and electrical signals. It also aims to reduce
costs through carrier collaborations to present com-
mon use cases and specifications to encourage new
entrants to the market. The project, later named Phoe-
nix, published its technical specifications in Decem-
ber 2019, and in April 2020, a joint request for infor-
mation (RFI) by Vodafone, Telefonica, Telia Com-
pany, NTT Communications, DT, and MTN was
issued (Fig. 4(a)).

After the RFI was issued, operators participating in
DOS received a total of ten proposals for hardware,
software, and total solutions. For each proposal,
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product explanations from the vendor, operator team
discussions from a technical perspective, and discus-
sions between the operator and vendor were con-
ducted. Verification using actual equipment was car-
ried out, and in June 2022, recommended require-
ments were established for the community and
released as a detailed technical requirement docu-
ment (dTRD). The dTRD consolidates about 200
detailed technical specifications for Phoenix in terms
of physical requirements, optical transmission stan-
dards, control, monitoring operation, openness, etc.
In regard to openness, the dTRD included the TAI’s
interface support mechanism for hardware and soft-
ware separation, which is a distinct feature of Phoe-
nix.

After the release of the dTRD, applications for
Phoenix Badge certification (whether the dTRD
specifications are met) were solicited. Galileo FlexT
and NEC NOS obtained Silver Badge certification
(whether specifications are met on prototype verifica-
tion) in October 2023. NEC NOS, based on the afore-
mentioned Goldstone NOS, became the first in the
world to obtain Phoenix Silver Badge certification
(Fig. 4(b)). Gold Badge certification (whether speci-
fications are met on commercial-level environment)
will also be conducted in the future.

The NTT Group worked with operators such as
Telia, Vodafone, DT, and Telefonica to prepare the
RFI, dTRD, test plans, and other documents, carried
out discussions and verifications with vendors, and
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conducted badge certification evaluations. In the
preparation of the dTRD, NTT was in charge of 40
out of about 200 items and contributed to the review
and prioritization of all the items. In the Silver Badge
certification process for NEC NOS in 2023, MTN
and NTT Communications divided more than 100
operator tests and conducted tests with respective
vendors in validation environments in South Africa
and Japan, respectively. On the basis of the test
results, badge certification was obtained as a com-
munity.

In the TIP community, granting a badge to a vendor
product is an acknowledgment that the product meets
the specified functionality and quality level of the
relevant badge. The badge system allows vendors to
promote their products in the community by being
certified, thus increasing the market value of their
products. Operators can refer to the badge specifica-
tion when selecting products, partially simplifying
the conventional RFP formulation and response
evaluation processes and making it possible to omit
the contents included in the badge for product intro-
duction tests. Edgecore and Pegatron have newly
joined the Phoenix hardware market as suppliers,
further expanding the market for open optical trans-
mission equipment.

5. Future prospects

The IOWN Global Forum has developed the
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Fig. 4. Phoenix.

Innovative Optical and Wireless Network (IOWN)
All-Photonics Network (APN) architecture that
enables the optical wavelength path, which has thus
far been used mainly between facilities of telecom-
munication carriers, to reach user sites, such as data-
centers and medical facilities, as endpoints [9]. We
will continue to promote the spread of open optical
transmission equipment through the activities of TIP
OOPT. By incorporating such optical transmission
equipment in the Open APN*! and Cognitive Founda-
tion"? architectures defined by the IOWN Global
Forum, we will aim to provide new services that
enable system construction in a short period and
highly reliable and flexible system expansion.
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Electronics Society Activity Testimonial
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munication Engineers (IEICE) Electronics Society

For his contribution to the Technical Committee on Photonics
Integration Circuit and Silicon Photonics as a secretary.
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Winner: Koji Takeda, NTT Device Technology Laboratories
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Date: April 16, 2024
Organization: The Institute of Electrical and Electronics Engineers
(IEEE)

For “III-V-on-Si Membrane Distributed Reflector Lasers with
Intermixed MQW DBRs.”
Published as: K. Takeda, T. Fujii, Y. Maeda, T. Segawa, and S.
Matsuo, “III-V-on-Si Membrane Distributed Reflector Lasers with
Intermixed MQW DBRs,” IEEE Silicon Photonics Conference,
paper ThB4, Tokyo, Japan, Apr. 2024.
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