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View from the Top

Creating Happiness with ICT by
Making the World Smart and

Technology Natural

Overview

What kinds of research and development (R&D)
and technology make people happy in the
true sense?

—It has been half a year since you took up your cur-
rent position. What do you think so far?

My prior position as the head of a laboratory group
was somewhat an extension of my specialties.
However, the current position as the head of Research
and Development Planning involves managing all the
NTT laboratories while also supervising R&D across
the entire NTT Group. In other words, I now deter-
mine what kind of new world our R&D in different
fields should create, and lead the labs to generate new
value inside and outside the NTT Group and society
through the daily accumulation of research in the
labs. As you probably know, we are promoting the
business-to-business-to-X (B2B2X) model and have
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The NTT laboratories heretofore have focused on research supporting
NTT’s own services and systems. However, their strategy has been shifted
to the promotion of the B2B2X (business-to-business-to-X) model and now
emphasizes value creation with partner companies. What is the mindset at
the NTT laboratones to advance research and development (R&D) with the

expanded our business activities accordingly.
Promoting the B2B2X model is one of the pillars of
our medium-term management strategy “Your Value
Partner 2025,” which encourages us to support the
second B in creating new value and to conduct R&D
that contributes to that value creation. Our lab mem-
bers have already been pursuing various efforts in
line with this strategy. Moreover, I believe it is vital to
further accelerate our R&D by collaborating with
more partners, and I’d like to promote this belief
under the catchphrase “Making the world smart and
technology natural.”

As for the meaning of natural in that catchphrase,
for example, a smartphone is really a convenient tool.
However, when we contact someone via smartphone,
we first consider what application the other party is
using on their smartphone. Then, we consider wheth-
er the line is faster by using 4G (fourth-generation
wireless) or Wi-Fi and how to send images according
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to the usage environment, and we change the phone
settings accordingly.

This procedure is no problem for smartphone users
who do not think it is a burden, but some users do
consider it a burden. For the latter users, although
most of the current smartphones will automatically
connect to a faster network, tasks such as selecting
the application and pre-setting are still a considerable
burden. We want to reach out to those users—that is,
pause just for a while as various functions evolve and
enable anyone to use services smoothly. The word
natural has come up to describe that aspiration.
Making technology natural may mean thinking about
what function really makes people happy.

Show new possibilities and create the next
developments while facing the times

—The catchphrase “Making the world smart and
technology natural” reflects your true feelings. What
kind of research will make the world smart?

Some studies are aimed at realizing a smart world,
however, that is not what this is all about. I think that
it is also necessary to bring smart into the process of
advancing research itself. Currently, many depart-
ments are in charge of R&D, especially development,
in various parts of the NTT Group. Under those cir-
cumstances, the NTT laboratories are very special.
Here, special refers to a researcher’s way of thinking
and the subject that the researcher is tackling—which
is clearly different from development in general.
Therefore, I think it is meaningful to go back to the
starting point of the research and re-evaluate what
role researchers should play and what research can
only be done by NTT.

We have created many technologies so far. A recent
example is our successful demonstration of wave-
length-division-multiplexed optical transmission at
1 Tbit/s per wavelength over a long distance—a world
first—by using digital signal processing technology
and ultra-broadband optical front-end integrated
device technology. This optical transmission technol-
ogy enables transmission rates that are ten times the
capacity—namely, 100 Gbit/s per wavelength—of
current practical systems. It is therefore expected to
achieve the high-capacity communications networks
that will help expand Internet of Things and 5G ser-
vices. Simply put, it has tremendous potential in
terms of achieving the ultimate low-latency transmis-
sion in an end-to-end manner, which would enable
4K/8K video to be transmitted in real time without
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having to compress it. I have the feeling that this will
lead to paradigm shifts in various industries.

The origin of such technology is basic research.
That basic research leads to applied research, the
fruits of which are further developed for practical use.
That’s why I want to enhance our basic research. On
the basis of that, I think it is important to create a flow
from basic research to practical development and
then to commercialization of services and the cre-
ation of new business. This flow will allow our
research to flourish in the form of value creation for
the world, and that is exactly what I mean by “making
the world smart.”

Incidentally, software has been highlighted in many
ways such as software-defined networking and open
source software in the past several years; however, |
think it is necessary to reaffirm the importance of
hardware. That’s because software runs and generates
its value on innovative hardware. There are various
limitations due to technical difficulties and costs, but
there are some things only hardware can provide,
such as ultra-wideband optical front-end integrated
devices, and I believe that it is essential to produce
such things and take up the challenge of improving
them. I think that as part of the smart flow I men-
tioned before, it is necessary to view R&D in total,
including not only software but also hardware.

We have been talking from a viewpoint of problem
solving in society. However, I think that we must
consider another viewpoint of growing a sense of
happiness, too. Matters that generate a sense of hap-
piness are not universal. For example, Japanese peo-
ple think that sushi is delicious; but, many people in
countries that do not like cold meals generally do not
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think it is delicious. However, people from such
countries are increasingly visiting Japan and enjoying
sushi. That situation shows that people’s values can
change through experience and be shared with others.
I think there are many ways that people can share
values, and sharing values has been my major
research theme as a researcher, and it has also become
a research policy. I'd be very happy if we could be
involved in inspiring people and making them happy.
And I think that hope will become one of the themes
of our smart research.

From a global perspective, our current medium-
term management strategy lays out “strengthening
competitiveness of global business” and “globaliza-
tion of R&D.” We aim to enhance basic research as
efforts to create innovative things and something
entirely new, and accordingly, we have established a
new research corporation, NTT Research, Inc., in
Silicon Valley in the US. In addition to spreading the
achievements of the NTT laboratories globally, we
are also promoting the globalization of our R&D tar-
gets. The research themes originate not only in Japan
but also all over the world.

Taking a global view of ideas for creating new tech-
nologies, services, and business for solving various
problems scattered around the world, we are grasping
the research themes that are revealed from that view-
point. I believe the globalization of R&D is not only
about expanding seeds that have grown domestically
but also actively incorporating seeds that have grown
around the world and those that can be expected to
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grow in the future.

Believe in one’s identity while
advancing diversity

—How were these values created?

Ilived in New York, where people of many different
cultures are gathered from around the world, until the
second grade of elementary school. There were few
Japanese there at that time, and it was difficult for
children to develop their own identity in the commu-
nity. In those environments, I had the experience of
gradually opening my heart to others and being
accepted by them. As for my research activities when
I was in graduate school, I sometimes wondered what
it is to be human and what research activities would
be best to carry on with. At that time, I studied anthro-
pology and learned that it was important to recognize
that people have different values and senses of happi-
ness. That recognition is at the root of my current
stance.

In regard to R&D, there are various types of
research in a wide range of fields that cannot be
described in one word. Moreover, there are research-
ers involved in such research around the world. Under
those circumstances, researchers should aim to pur-
sue research with the pride and conviction that new
services and value will not be created if they do not
research this theme or have the attitude “Who will do
this research if I don’t do it myself?” At one time,
there was an argument that we do not necessarily
have to aim to be number one. That is still true and |
think it is possible to create new value by thoroughly
pursuing anything that anyone can think up. However,
researchers tend to take pride in achieving things
through difficult means. If the result is the same, it
doesn’t matter if it was difficult or easy to create.

I think whether the results of research really benefit
the world is important. Many researchers don’t actu-
ally mind struggling to solve difficult problems and
even find it stimulating to do so. There is no doubt
that they are all very hard workers. However, it is
sometimes unrealistic to doggedly stick to a pursuit
because doing so doesn’t always lead to the happiness
of society. I think that their efforts will be fruitful if
researchers keep a broad view and do not lose sight of
the goal of serving the world. That’s why I want to
stick to playing the role of giving advice—in the
phase from basic research to applied research—on
whether or not research will lead to the happiness of
people in society, which is another need we must
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consider. And I think it would be of great value to
NTT to deeply explore that direction.

On the contrary to what I said above, not all
researchers take this viewpoint and I think it is impos-
sible to force them to do so. Diversity is very impor-
tant, and some people have exceptional talent. My
duty is therefore to gather those people together and
lead them to achieve the goals that are set.

—Since you have been a researcher yourself, you
must have learnt many lessons. Would you like to say
a word to your researchers?

My research theme when I joined NTT was satellite
communications. [ was really happy to work on a
fantastic theme associated with the space. However,
NTT changed its business model from owning com-
munications satellites to leasing them from other
companies. I was really shocked because I thought
that it was a theme I could tackle over a lifetime.
When I was pondering what to do in the future, a col-
league mentioned that the research related to content
was pretty close to what I was doing with satellites.
Although I didn’t really know how and where satel-
lites and content could be connected, my colleague
convinced me that it was better to research content
from then on because the age of content was coming.
With those words in mind, I was able to extend my
research themes to IP (Internet protocol) television
and our ultrahigh presence communications technol-
ogy called “Kirari!”.

As researchers, you may be forced to take an about-
turn in the future. I must admit a research theme that
lasts forever is great, very important, and worthwhile,
but, one day, the theme may not be the target of
research anymore. However, that does not mean that
you are not needed anymore because there is no lon-
ger work to do. I believe that research is in the mind-
set, and themes will follow accordingly. The mindset
in that sense means the intention of researchers, for
example, the intention to invent and propose new
principles, the intention to understand a certain phe-
nomenon and clarify its mechanism, and the intention
to create as a form what has never been created
before, and these intentions do not depend on the
research theme. I’d like you to continue to believe

NTT Technical Review Vol. 17 No. 5 May 2019

that as long as you maintain your own enthusiasm,
you can find new themes wherever you look. If you
think about how you apply your way of thinking, your
approach, and your knowledge accumulated so far,
you will see infinite possibilities and infinite themes.
I want you to take up those challenges. You should
believe in yourselves so that you can find new themes.
I want you to reconsider, as a researcher, your iden-
tity, your existence value, and why you are here, and
think seriously about what you need to do. There was
a time when we decided our direction and goals, and
everyone worked together toward those goals; how-
ever, now is the time to pursue various possibilities in
many ways. Do not give up believing in yourself,
your research theme, or the potential of your chal-
lenges. I want to create an environment for support-
ing that belief you should have in yourselves.

Interviewee profile
B Career highlights

Katsuhiko Kawazoe joined NTT in 1987. He
became Vice President of Research and
Development Planning in 2008, head of NTT
Service Evolution Laboratories in 2014, and head
of NTT Service Innovation Laboratory Group in
2016. He assumed his present position in June
2018.
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Ultrahigh-speed Transmission
Technology for Future High-capacity
Transport Networks

Yutaka Miyamoto, Shuichi Yoshino, and Akira Okada

Abstract

Ultrahigh-speed transmission technologies in radio and optical fiber transport systems are essential to
accommodate the ever-increasing demand for bandwidth in future network infrastructure. Advanced
digital modulation/demodulation techniques as well as ultrahigh-speed front-end integration technolo-
gies are optimized to fully exploit the characteristics of different types of transmission media such as air
and optical fiber, considering novel degrees of freedom such as space division multiplexing. This article
introduces state of the art research and development that achieves ultrahigh-speed communications at
speeds of over 1 Tbit/s per carrier (over a hundred times the current speed) in both optical fiber transmis-

sion and radio transmission.

Keywords: transmission, digital modulation/demodulation, parametric optical amplification

1. High-capacity transport networks and
applications of ultrahigh-speed communications

Common broadband network services such as
video streaming and electronic commerce (e-com-
merce) are now available all over the world via per-
sonal computers (PCs) and smartphones in daily life.
The novel transmission technologies have thus
become essential for future network infrastructure in
order to achieve further network service evolutions.
The fifth-generation (5G) mobile communications
service will start in fiscal year 2019, and broadband
communications at a line rate up to 20 Gbit/s with low
latency will be expected to support emerging new
services such as self-driving vehicles and factory
automation. Furthermore, it is expected that the appli-
cation of new technologies such as machine learning
and artificial intelligence will facilitate the emer-
gence of new applications such as detailed weather
forecasting and preventive medicine, thanks to the
Internet of Things technology achieved through
recent advances in cost-effective low-power semicon-
ductor integrated circuits used in sensor technology.
We believe that future transport networks will have to
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support the creation of such new application services
supporting our daily life.

The application area of ultrahigh-speed transmis-
sion technology in today’s high-capacity transport
networks is shown in Fig. 1. In radio transmission,
significant advances in digital modulation/demodula-
tion techniques have been made in fixed microwave
transmission systems, and these had been used to
support long-haul core networks until the commercial
installation of optical fiber transmission systems
began in the 1980s [1]. Further advances have been
made in these fixed microwave transmission system
technologies to enable economical link systems in
areas where it is difficult to install a wired cable trans-
port system.

In addition, dramatic technological advances have
been made in mobile communications, achieving
high-speed wireless local area networks and mobile
phones in the last quarter of a century. Today, wireless
access services using PCs and smartphones (4G) with
a throughput of at least 1 Gbit/s have spread through-
out the world. Furthermore, next-generation 5G sys-
tems will offer faster wireless access with the high
reliability and low latency required for self-driving
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Fig. 1. Application area of ultrahigh-speed transmission technology.

vehicles and factory automation.

An ultrahigh-speed optical fiber transmission sys-
tem was first installed in NTT’s core network in the
1980s, and remarkable progress has been made over
the last 40 years. Today, optical fiber is widely used
for transoceanic systems over 10,000 km, long-haul
national backbone networks, metropolitan networks,
and access networks. Optical fiber transmission sys-
tems have also become indispensable recently for
increasing the capacity of networks such as datacen-
ter (DC) networks and mobile backhauls. Optical
fiber transmission systems have so far mostly used
single-mode fiber (SMF) as a transmission medium.
SMF is designed to have only one optical waveguide
(core) per fiber supporting a single waveguide mode.
Recent long-haul core networks support a capacity in
excess of 10 Tbit/s per fiber by using 100-channel
wavelength division multiplexing (WDM) of
100-Gbit/s channels [2]. Furthermore, low-power
optical communications with a compact configura-
tion and a channel capacity over 200 Gbit/s have
recently been introduced in DC interconnection net-
works [3].

2. Technical challenges in ultrahigh-speed
communications technology

This section describes the common technical chal-
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lenges in introducing ultrahigh-speed communica-
tions technologies in both radio transmission systems
and optical fiber transmission systems. The system
capacity C of a communications system is generally
expressed by the following equation according to
Shannon’s well-known theorem:

C=N-B-log (1+SNR),

where N represents the number of multiplexed chan-
nels, B represents the signal bandwidth, and SNR
represents the signal-to-noise ratio. There are three
major approaches to improving the system capacity C
of a communications system as expressed by this
equation:
Approach 1: Increase the symbol rate by expand-
ing the signal bandwidth B of each channel.
Approach 2: Improve the SNR by reducing noise
in the system and/or increasing the signal power, or
by adopting a digital modulation technique such as
quadrature amplitude modulation (QAM)” that is
more efficient than binary modulation.
Approach 3: Improve the channel capacity by
using a frequency or spatial degree of freedom to
achieve higher multiplicity (increasing N).

*  QAM: A highly efficient digital modulation scheme whereby the
amplitude and phase of a signal’s electrical field are modulated to
multiple signal levels.
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Fig. 2. Three approaches in ultrahigh-speed communications.

To increase the channel speed in both wireless and
optical fiber communications, it is very important to
choose the right combination of the feasible above-
mentioned approaches considering their application
area and the maturity of the technologies.

The future technical trends of the abovementioned
approaches in line-of-sight millimeter-wave radio
transmission and optical fiber transmission are shown
in Fig. 2. In the case of using single-channel polariza-
tion-division multiplexed (PDM) quadrature phase-
shift keying (QPSK) (Approach 1 only) to realize
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channel capacities over 1 Tbit/s, it is necessary to
achieve a symbol rate of at least 300 Gbaud. Howev-
er, it is very difficult to achieve such a high symbol
rate over 300 Gbaud using the latest front-end devices
and digital signal processing (DSP) circuits with
analog-to-digital converter (ADC) circuits and digi-
tal-to-analog converter (DAC) circuits. We therefore
need to reduce the required symbol rate by adopting
higher-order QAM and/or by using subcarrier multi-
plexing in the frequency or spatial domain.

An example of the latest digital coherent optical
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transceiver circuit configuration in an optical fiber
transmission system is illustrated in Fig. 3 [2, 3]. In
this system, each channel is modulated in PDM-
QPSK format, and approximately 100 channels of
100-Gbit/s optical signals are wavelength-division-
multiplexed to form a 10-Tbit/s aggregate capacity
signal and transmitted through an optical inline
amplified link over 1000 km.

Here, the optical transmitter consists of a transmit-
ter DSP circuit and an optical transmitter front-end
circuit. Each polarization component from a continu-
ous-wave signal laser diode (LD) is independently
modulated in QPSK format at a symbol rate of the
order of 32 Gbaud, and 100-Gbit/s PDM-QPSK sig-
nals (approximately 64 Gbit/s per polarization in
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gross capacity with error-correcting coding at a cod-
ing rate of R = 5/6) can be generated. If the modula-
tion scheme is adaptively changed to 16QAM, it is
possible to double the channel capacity to 200 Gbit/s
at the same symbol rate.

Similarly, the optical receiver consists of a receiver
DSP circuit and an optical receiver front-end circuit.
An intradyne reception of PDM-QPSK signals is
performed using a wavelength-tunable local oscillat-
ing LD that has a frequency offset within a few giga-
hertz. Four lanes of received electrical tributary sig-
nals are fed to ADCs, and linear waveform distortions
of transmitted signals after the optical fiber transmis-
sion are digitally equalized to demodulate the QPSK
(or 16QAM) signals. Finally, the error correcting
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code recovers the original data bit stream. In this case,
the throughput in the DSP circuit exceeds 2 Tbit/s
(=8x2x(6/5)x100 Gbit/s) between the DSP circuit
part and the DAC/ADC circuit part, when the channel
capacity is 100 Gbit/s assuming 8-bit quantization, a
sampling rate of two samples per symbol, and an
error correction coding rate of R = 5/6.

In order to implement a compact and cost-effective
DSP circuit, it is preferable to integrate the DAC/
ADC circuit part and the DSP circuit part on a single-
chip large-scale integrated (LSI) circuit. Further-
more, it is essential to suppress the skew of the four
parallel broadband analog electrical signals (in-phase
and quadrature signal components for each of the X-
and Y-polarization planes) between the DSP-ASIC
(application-specific integrated circuit) and optical
front-end circuits for high-quality digital modulation
and demodulation.

3. Fundamental technologies for
ultrahigh-speed communications infrastructure

The Feature Articles in this issue focus on the four
fundamental technologies of ultrahigh-speed trans-
mission to achieve a capacity of 1 Tbit/s (Fig. 4), and
they introduce the current status and future prospects
of these technologies.
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3.1 Ultrahigh-speed digital modulation/demodu-
lation circuit technology

The ultrahigh-speed transmission technology used
in digital modulation and demodulation circuits has
common technical issues for both optical fiber trans-
mission systems and radio transmission systems. The
article “Ultrahigh-speed Optical Communications
Technology Combining Digital Signal Processing
and Circuit Technology” [4] discusses the latest
achievements relating to the required functions of
ultrahigh-speed digital modulation/demodulation
circuits with capacities of over 1 Tbit/s per wave-
length, especially in optical fiber transmission sys-
tems. In general, higher-order QAM digital modula-
tion and demodulation require a higher SNR and
more precise DSP calibration techniques for simple
and stable operation. Here, we discuss the effective-
ness of a novel coded modulation that makes full use
of the features of higher-order QAM digital modula-
tion.

3.2 Low-noise high-power parametric amplifier
relay technology
Low-noise high-power parametric amplification
technology is promising for reducing system noise, as
needed for higher-order QAM signal transmission.
Optical signal processing based on the parametric
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amplification greatly reduces the required complexity
of DSP for high-speed higher-order QAM signal
transmission.

When the gate length of CMOS (complementary
metal oxide semiconductor) LSI circuits is reduced to
just a few nanometers (about 10 monolayers of sili-
con atoms), it is predicted that the conventional scal-
ing law in terms of transistor switching speeds and
power consumption (namely Moore’s Law) will
gradually saturate. To achieve higher channel speeds,
this situation will naturally require new system archi-
tectures and novel technologies to reduce the amount
of DSP and power consumption. In future optical
nodes, parametric optical amplifiers will achieve
simultaneous coherent optical signal processing of
WDM high-speed channels to reduce system noise
and the required DSP complexity of waveform distor-
tion compensation of high-speed channels. They are
also expected to reduce the system’s overall power
consumption. The article “Low-noise Amplification
and Nonlinearity Mitigation Based on Parametric
Repeater Technology” [5] in this issue introduces a
low-noise, highly efficient parametric optical ampli-
fication system that uses PPLN (periodically-poled
Lithium Niobate) crystals developed at NTT’s labo-
ratories.

3.3 Ultrahigh-speed optical front-end integration
technology

The article “Ultrahigh-speed Optical Front-end
Device Technology for Beyond-100-GBaud Optical
Transmission Systems” [6] introduces ultrahigh-
speed device interconnections between the front-end
circuits and DSP circuits. The novel architecture of
integrated front-end circuits equipped with an analog
multiplexing/demultiplexing function in the front-
end circuits can relax the required operation speed of
the DAC/ADC in DSP circuits. It also reduces the
input and output speed at the front-end module inter-
face to achieve stable interconnections between front-
end circuits and DSP circuits. We present the latest
performance results of the proposed optical front-end
integrated technology for optical fiber communica-
tions at symbol rates in excess of 100 Gbaud.

3.4 Ultrahigh-speed technology based on orbital
angular momentum mode multiplexing

The article “Toward Terabit-class Wireless Trans-

mission: OAM Multiplexing Technology” [7] intro-

duces novel spatial multiplexing technology for real-

izing line-of-sight millimeter-wave wireless commu-

nications at speeds on the order of 1 Tbit/s. A new
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spatial degree of freedom based on the orbital angular
momentum (OAM) of an electromagnetic field is
introduced to increase the spatial multiplicity.

In recent research on optical fiber transmission,
mode-multiplexed optical transmission technology
using multiple orthogonal waveguide modes was pro-
posed to increase the transmission capacity beyond
the physical limit of existing SMF. It has recently
been shown that multiple-input multiple-output
(MIMO)-DSP technology has great potential to real-
ize long-haul inline amplified transmission over 6000
km [8]. In wireless systems, on the other hand, it is
generally impossible to define orthogonal waveguide
modes as used in optical fiber, although conventional
MIMO spatial multiplexing based on transmission
path differences is widely used in commercial wire-
less communications.

A novel spatial multiplexing scheme using OAM
was recently proposed as a way to achieve 100-Gbit/s
channel transmission in millimeter-wave wireless
communications [9]. This demonstration attracted
much attention as a candidate for further increasing
the speed of backhaul networks in 5G and post-5G
applications. To achieve such high-speed mode-mul-
tiplexed transmission systems, it is essential to effec-
tively implement DSP circuits considering the trad-
eoff between the DSP complexity and reliable
dynamic characteristics to accommodate high-speed
channel fluctuations in each transmission line (free
space, optical fiber, etc.). Further progress in
advanced DSP architecture and novel combinations
of the abovementioned fundamental technologies are
expected.

4. Future prospects

This article introduced the latest ultrahigh-speed
communications technologies and future trends to
realize a channel capacity over 1 Tbit/s in future
transport networks. Further advances are expected in
highly efficient DSP technologies for ultrahigh-speed
channel transmission with careful consideration of
practical DSP complexity economically implemented
in single-chip LSI circuits. In millimeter-wave com-
munications, a new degree of freedom offered by
the OAM of electromagnetic waves in free space
is expected to increase the channel speeds to over
1 Tbit/s. In optical fiber communications, long-haul
transmission of high-speed channels beyond 1 Tbit/s
will be achieved by using a suitable combination of
advanced DSP functions and integrated optical front-
end technology. Optical parametric amplifier
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technology and spatial multiplexing technology are
promising for achieving further increases in the chan-
nel speed while maintaining the current DSP com-
plexity and power consumption in optical fiber com-
munications. Through continuous efforts in research
and development and timely commercialization of
these new technologies, terabit-per-second-class sig-
nals will be able to be easily handled in future trans-
port networks.
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Feature Articles: Ultrahigh-speed Transmission Technology to
Support High-capacity Communications Infrastructure of the Future

Ultrahigh-speed Optical
Communications Technology
Combining Digital Signal Processing
and Circuit Technology

Takayuki Kobayashi, Fukutaro Hamaoka,
Masanori Nakamura, Hiroshi Yamazaki,
Munehiko Nagatani, and Yutaka Miyamoto

Abstract

This article introduces ultrahigh-speed optical communications technology that achieves the optical
transport networks needed to support an advanced information society. Most data traffic is carried on the
Ethernet; 400G Ethernet has recently been standardized, and discussions have also started on standard-
izing signal speeds in excess of 1 Tbit/s. This technology is used to economically transmit high-speed
client signals such as Ethernet signals on optical fiber networks. The combination of advanced digital
signal processing and ultrahigh-speed circuit technology can greatly improve the speed and quality of
optical signals and is expected to result in cost-efficient ultrahigh-speed optical communications at rates

in excess of 1 Tbit/s per channel.

Keywords: optical communications, digital signal processing, high-speed Ethernet

1. Introduction

Ultrahigh-speed optical communications technolo-
gy is the fundamental technology that determines the
transmission performance of optical networks. In a
backbone network, multiple ultrahigh-speed client
signals such as 400G Ethernet (400GE; standardized
in 2017) are accommodated in high-speed optical
channels based on digital coherent transmission tech-
nology [1], and multiple high-speed optical channels
are combined by wavelength division multiplexing
(WDM) to implement a long-distance high-capacity
optical network. Meanwhile, the rate of internal data
transmission between servers in datacenters that sup-
port various services such as social networking and
video distribution services is becoming very large,
and so is the demand for communications between
multiple datacenters. Compared with the backbone

NTT Technical Review Vol. 17 No. 5 May 2019

network, the transmission distances are shorter, but
greater economy is required, and high-speed data
transmission is implemented by employing a tech-
nique called intensity-modulation direct-detection
(IM-DD), which has a simple transceiver configura-
tion.

2. Technical issues in increasing the optical
signal data rate

Optical communications technology capable of
accommodating 100-Gbit/s and 400 Gbit/s client sig-
nals per channel has already been put to practical use
[2]. During the Ethernet standardization activities,
discussions were initiated and are continuing on the
next transmission speed standard, with 800 Gbit/s
and 1.6 Tbit/s being cited as possible candidates. In the
future, optical networks are expected to accommodate
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Fig. 1. Three key elements of high-speed optical signals.

high-speed client signals at speeds of over 1 Tbit/s
per channel.

The three key elements of high-speed optical sig-
nals are shown in Fig. 1. Conventional IM-DD sys-
tems transmit information using binary light intensity
signals (either on or off), but by using the digital
coherent technique shown in Fig. 2, it is now possible
to use optical amplitude and phase information to
transmit signals with four or more values per pulse. In
addition, by performing digital signal processing in
the transceiver, it is possible to equalize and compen-
sate for wavelength deformation caused by polariza-
tion separation and wavelength dispersion and polar-
ization mode dispersion that occur inside the optical
fibers, resulting in substantial increases in the trans-
mission range and data transmission rate.

Currently, practical optical signals carrying data at
a rate on the order of 100 Gbit/s per channel are
achieved by using polarization multiplexing to com-
bine 4-value quadrature phase-shift keying (QPSK)
signals at a rate of 32 Gbaud. In addition, 400-Gbit/s
optical signals are achieved by using two carriers
(wavelengths) to carry two 16-quadrature amplitude
modulation (QAM)*! polarization multiplexed sig-
nals at 32 Gbaud in a single transmission channel.

There are also three key elements for speeding up
optical signals (Fig. 1). The first is to use a higher
baud rate (light pulse speed). If the baud rate is
increased, this provides a corresponding increase in
the transmission rate per wavelength. If signals have

NTT Technical Review Vol. 17 No. 5 May 2019

the same number of bits per symbol, then the baud
rate can be increased without any excessive deteriora-
tion of reception sensitivity, but in order to transmit
and receive these high baud rate signals, it is neces-
sary to use devices that are capable of operating at
high speed, including electrical devices such as digi-
tal-to-analog converters (DACs), analog-to-digital
converters (ADCs), and optical devices such as opti-
cal modulators and balanced photo detectors (BPDs).
Also, in the frequency domain, the bandwidth occu-
pied by optical signals increases in proportion to the
baud rate. This means that fewer signals can be com-
bined by WDM, so unless this approach is combined
with the use of a higher number of bits per symbol as
described later, the overall capacity of the transmis-
sion system will not increase.

The second element is the use of more bits per sym-
bol. By increasing the number of optical amplitude
levels and phases used for signal transmission, it is
possible to increase the number of bits that can be
transmitted in a single optical pulse. For a given baud
rate, the transmission speed improves in proportion to
the number of bits per symbol 2. With more bits per
symbol, devices such as DACs and ADCs must have
greater resolution and linearity, and the required
signal-to-noise ratio (SNR) also increases. This

*1 QAM: A highly efficient digital modulation scheme where data
are transmitted as a series of multilevel codes by modulating the
amplitude and phase of a carrier signal at multiple levels.
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decreases the maximum transmission distance, and
reduces the resilience to signal distortion. Although
QAM with a square constellation is currently used, it
is possible to improve the required SNR by using a
modified constellation.

The third element is the use of multicarrier trans-
mission. By configuring one channel from optical
signals of multiple wavelengths (carriers), it is pos-
sible to increase the capacity per channel in propor-
tion to the number of carriers. This is an effective
method for configuring a logical high-speed channel
in an optical network. For example, it is possible to
achieve a channel speed of 1 Tbit/s by bundling five
200-Gbit/s per wavelength optical wavelengths at dif-
ferent wavelengths into a single channel. However,
since this increases the required number of transceiv-
ers, the abovementioned increases in baud rate and
number of bits per symbol result in a higher transmis-
sion rate per wavelength but require the application of

NTT Technical Review Vol. 17 No. 5 May 2019

multicarrier technology that takes transmission per-
formance and economy into consideration.

Thus, in order to attain ultrahigh-speed optical
transmission at rates in excess of 1 Tbit/s per channel,
it is essential to increase the baud rate and the number
of bits per symbol, and while developing high-speed
devices, it is necessary to use highly sensitive digital
signal formatting and signal processing technology
that enable the device requirements to be relaxed.

*2 Improvement proportional to bits per symbol: For example, the
number of bits per symbol is doubled by switching from QPSK
with a four-point constellation (4 = 2%) to 16QAM with a 16-
point constellation (16 = 2+); however, switching from 16QAM
to 64QAM only increases the number of bits per symbol by a
factor of 1.5 (from 4 to 6).
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3. Digital calibration technology and
high-sensitivity technology to maximize
device performance

Signal degradation may occur when transmitting
and receiving high-speed signals, even if the band-
width of the electrical device or optical device meets
the respective requirements. For example, as shown
in Fig. 2, a digital coherent transmitter requires four
DACs and two IQ (in-phase and quadrature) modula-
tors for each polarization component. The receiving
side requires four BPDs and four ADCs. Due to dif-
ferences such as variations within manufacturing
tolerances, the characteristics of these devices and the
connections between them may not necessarily be
uniform when they are all interconnected. These sorts
of errors can have a major impact on the signal qual-
ity of high baud rate signals and signals with a large
number of bits per symbol.

At our laboratory, we have managed to achieve
substantial improvements in signal quality by digi-
tally correcting device imperfections on the receiving
side, and by using digital signal processing on the
transmitting side to perform ultra-precise pre-equal-
ization and calibration of the frequency characteris-
tics and variation of devices in the transmitter. The
optical spectrum of a 64-Gbaud 64QAM signal
before and after calibration is shown in Fig. 3(a). Pre-
equalization smooths out the optical spectrum and
improves its quality so that the indistinct signal con-
stellation is resolved into a set of 64 clearly distin-
guishable points [3].

Also, with regard to the loss of sensitivity at a

NTT Technical Review Vol. 17 No. 5 May 2019

higher number of bits per symbol, we are studying
how the signal constellation can be adapted in order
to increase the signal sensitivity. Conventionally,
multilevel QAM signals such as QPSK, 16QAM, and
64QAM have used signal constellations in which
every point appears with equal probability. Although
a multilevel QAM signal can be generated from the
original bit sequence by using simple mapping and
demapping processes, this does not yield an optimal
signal constellation from an information theoretical
point of view.

Attention has recently been focused on informa-
tion-theoretical signal point-shaping techniques that
can be used to achieve near-optimal signal constella-
tions by arranging the constellation points of multi-
level QAM signals based on probability distributions.
Although this technique requires dedicated mapping
and demapping processes, it enables the same num-
ber of data bits to be transmitted with a lower mini-
mum SNR than that of multilevel QAM. Also, since
the number of data bits to be transmitted can be
changed by changing the probability distribution of
constellation points without changing the base multi-
level QAM signal, there is no need to modify the
signal processing algorithm used for modulation and
demodulation.

Our laboratory has conducted a successful test demon-
stration of 800 Gbit/s per wavelength transmission
by using this pre-equalization calibration technique
and 256QAM-based constellation shaping as shown
in Fig. 3(b) [4]. With this technique, an optical
network can use one or two wavelengths to accom-
modate client signals of 800 Gbit/s and 1.6 Tbit/s,
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which are candidate data rates for the next-genera-
tion Ethernet standard.

4. Bandwidth doubling technology for
high-speed signal generation

One of the most important devices for generating
high-speed optical signals is the DAC. DACs are inte-
grated with digital signal processing LSIs (large-
scale integrated circuits), but the analog bandwidth of
DACs fabricated using Si CMOS (silicon comple-
mentary metal oxide semiconductor) is currently
around 40 GHz. While the above calibration tech-
nique enables some correction, it becomes a bottle-
neck at high baud rates beyond 100 Gbaud. Our labo-
ratory proposed bandwidth doubling technology that
can double the analog bandwidth of a DAC. This
technology involves preliminary signal processing of
the desired wideband signal and outputting signals

NTT Technical Review Vol. 17 No. 5 May 2019

from two DACs. Using an analog multiplexer
(AMUX) circuit [5] to combine these signals makes
it possible to generate high-speed signals with twice
the bandwidth.

We proposed the two bandwidth doubling methods
shown in Fig. 4, and by applying these two methods
to digital coherent transmission technology, we con-
ducted an experimental demonstration of ultrahigh
baud rate signal transmission using DACs with a
32-GHz analog bandwidth. We show in Fig. 5(a) the
results of a transmission experiment using a 120-
Gbaud signal generated using the spectral method
shown in Fig. 4(a). In this experiment, we success-
fully transmitted data at a net rate™ of 600 Gbit/s per
wavelength over a long distance of approximately

*3  Net rate/line rate: The net rate represents the number of data bits
transmitted per second as an optical signal. The line rate refers to
the entire data signal, including signals for supervisory control
and redundant bits for error correction.
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4000 km [6]. Also, for the addition/subtraction pro-
cessing method shown in Fig. 4(b), we made a proto-
type circuit integrated with two AMUX circuits, and
we successfully generated 120-Gbaud QPSK signals
as shown in Fig. 5(b) [7].

In theory, it is difficult to generate high-quality sig-
nals at 100 Gbaud or above using 40-GHz DACs,
because the DACs require a bandwidth of at least half
the baud rate. With our technique, it is possible to
extend the bandwidth of existing DACs, enabling the
signal baud rate to be increased. In addition, by com-
bining the abovementioned calibration and sensitivity
enhancement techniques, we have found that it is pos-
sible to achieve ultrahigh-speed signal transmission
at over 1 Tbit/s per wavelength without resorting to
multicarrier technology [8].

5. Application of ultrahigh-speed optical
communications technology to
short-distance communications

The simple and highly economical system configu-
ration of the IM-DD method has attracted attention as
an optical communications technique for short-dis-
tance communications on the order of a few tens of
kilometers at most, where most traffic occurs between
servers or between datacenters. The recently stan-
dardized 400GE system uses PAM4 (4-level pulse
amplitude modulation) to produce four parallel
100-Gbit/s signals per wavelength and thus requires
four sets of transceiver equipment. At our laboratory,
we have performed successful short-distance trans-
missions over 20 km at a bit rate of 400 Gbit/s using

NTT Technical Review Vol. 17 No. 5 May 2019

a single transceiver by combining bandwidth dou-
bling technology with an ultra-wideband indium
phosphide (InP) modulator [9, 10]. This is the world’s
highest transmission rate for IM-DD using a single
wavelength and a single polarization.

The results of this transmission test are shown in
Fig. 6. In this experiment, we used an InP optical
modulator with an exceptionally wide bandwidth
together with a bandwidth doubler to generate a
wideband electrical signal and were able to generate
optical signals while maintaining the wide bandwidth
of the electrical signal. Also, by using DMT (discrete
multitone) as the modulation method, we generated
256 subcarrier signals by digital signal processing,
and by allocating appropriate signal bits to each car-
rier according to the frequency characteristics of the
electrical and optical devices, we achieved near-
optimal bit allocation.

For example, as shown in Fig. 6(b), a high-SNR
6.96-GHz subcarrier is used for 64QAM signals, and
a low-SNR 9.10-GHz subcarrier is used for 16QAM
signals. The use of bandwidth doubling technology
and a wideband modulator has made it possible to
allocate even multilevel signals such as 16QAM to
the high frequency domain. With this technology, it is
expected that transmission rates of over 400 Gbit/s
per wavelength can be achieved by IM-DD with a
simple and economical transceiver configuration.

6. Summary

In this article, we introduced ultrahigh-speed opti-
cal transmission technology that combines digital
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Fig. 6. Short reach application of digital-preprocessed analog-multiplexed DAC technology.

signal processing and high-speed circuit technology
to achieve optical networks that will form the
infrastructure of an advanced information society. We
have shown that this technology is capable of ultra-
high-speed optical transmission at over 1 Tbit/s per
wavelength. In the future, we will keep working on
improving the speed and will continue with our
research and development so that this technology can
provide a highly reliable communications infrastruc-
ture.
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Low-noise Amplification and
Nonlinearity Mitigation Based on
Parametric Repeater Technology

Takeshi Umeki, Takushi Kazama, Takayuki Kobayashi,
Koji Enbutsu, Ryoichi Kasahara, and Yutaka Miyamoto

Abstract

Digital coherent technology has advanced greatly in recent years. Further enhancement of its potential
will require a breakthrough in both electrical digital signal processing and innovative technologies that
exploit the coherency of light. In this article, we describe repeater technology that uses optical paramet-
ric amplification (OPA) to minimize degradation in the signal-to-noise ratio in optical transport systems.

OPA can potentially achieve low-noise amplification and mitigate nonlinear impairments.

Keywords: nonlinear optics, optical parametric amplification, optical phase conjugation

1. Introduction

The recent advances in digital coherent technology
have increased the capacity of optical communica-
tions systems by improving spectral efficiency.
According to Shannon’s Theory, a signal must have a
high signal-to-noise ratio (SNR) if we are to achieve
a system with high spectral efficiency. However, it
has been pointed out that any attempt to improve the
SNR is limited due to the accumulation of noise aris-
ing from optical amplifiers and signal waveform dis-
tortion (nonlinear impairments) caused by the nonlin-
ear effect in the optical transmission fiber itself
(Fig. 1(a)) [1]. New technologies designed to over-
come this limit are now required if we are to improve
the SNR in optical transport systems.

2. Optical parametric amplification technology
based on periodically poled lithium niobate
(PPLN) waveguides

With conventional optical amplifiers such as the
widely used erbium-doped fiber amplifier (EDFA),
the noise figure cannot be reduced below the 3-dB
quantum limit, which means that a multi-repeater
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transmission accumulates excess noise (Fig. 1(b)).
Phase sensitive amplification (PSA), which has a
phase-dependent amplification property, provides an
ideal noise figure of 0 dB [2]. In other words, it makes
optical amplification without SNR degradation pos-
sible (Fig. 1(b)).

Current digital coherent systems achieve long-haul
transmission by using electrical digital signal pro-
cessing in the transmitter/receiver to compensate for
various types of signal waveform distortion that are
present after signals are transmitted through optical
fiber. In the future, as transmission capacity is further
increased, signal waveform distortion in optical fiber
(nonlinear impairment) will become apparent and
will limit the extension of the transmission distance
(Fig. 1(¢)).

Optical phase conjugation (OPC)*! has the potential

*1 OPC: Light has the same sort of wave-like properties as radio
waves, and the timing of a wave’s vibrations is called its phase. A
wave in which the positive and negative phases have been re-
versed is called a phase conjugate wave, and the process of phase
reversal is called optical phase conjugation. A phase conjugate
wave is transmitted just as if it were traveling backwards in time,
like a movie being played backwards, and is therefore sometimes
called a time reversal wave.
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Fig. 1. Optical parametric amplification technology based on periodically poled lithium niobate (PPLN) waveguides.

to mitigate the waveform distortion that occurs dur-
ing optical fiber transmission by generating a time
reversal wave. This technique can be likened to play-
ing a movie backwards. If OPC is performed at a
point in the middle of the optical fiber transmission
path, the signal distortion that occurred in the first
half of the transmission path can be compensated for
in the second half. This makes it possible to improve
the SNR by increasing the power of the optical sig-
nals. It also offers the possibility of simultaneously
processing wavelength division multiplexed channels
with a single optical phase conjugator. This is expect-
ed to greatly reduce both the amount of digital signal
processing needed for distortion compensation and
the electrical power consumption.
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The PSA/OPC is achieved by optical parametric
amplification (OPA), which transfers the energy of an
intense pump to the signal (Fig. 1(d)). PSA/OPC can
be implemented by inputting the signal and the pump,
which is approximately twice the frequency of the
signal light, into a nonlinear optical medium while
appropriately adjusting the wavelength assignments
and the phase relation of the signal light and pump
light.

Our research group has developed PPLN*? as a
nonlinear optical medium. We have developed a
ridge-shaped waveguide structure that is highly resis-
tant to photorefractive damage [3], and high-preci-
sion waveguide fabrication technology [4], which
enables us to both utilize a high-power pump and
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Fig. 2. Increased gain and expanded applicability of phase sensitive amplifier.

achieve high conversion efficiency. We have also
developed a fiber-pigtailed module that integrates a
PPLN waveguide and couplers that split/multiplex
pump light and signal light that have widely different
wavelengths and thus achieve fiber input and output
easily and stably (Fig. 1(d)). The module has four
input/output fibers suitable for the respective wave-
lengths of the signal and pump light beams, and
dielectric multilayer mirrors for multiplexing or split-
ting the signal and pump light beams. This structure
achieves both high stability and low-loss optical cou-
pling between the optical fiber and a PPLN wave-
guide.

3. Increased gain and expanded applicability of
phase sensitive amplifier

In the OPA process, energy is transferred from a
pump with a frequency of 2® to a signal with a fre-
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quency of m; and an idler with a frequency of m». If
™1 = m2, the process is called degenerate OPA, and a
PSA can be obtained with gain for the in-phase com-
ponent and attenuation for the quadrature phase com-
ponent with reference to the pump phase (Fig. 2(a)).
At the start of this research, the gain of a PPLN mod-
ule was around 6 dB (quadruple). Now, having
improved the efficiency of the PPLN waveguide and
greatly reduced the coupling loss of the module,
we can achieve a gain exceeding 25 dB (a 320-
fold increase) (Fig. 2(b)), which can sufficiently

*2  PPLN: Lithium niobate (LiNbO3) is a crystalline material that
exhibits nonlinear optical effects that enable light waves of dif-
ferent wavelengths to interact with each other. PPLN is an artifi-
cial crystal in which the orientation of positive and negative
charges in the crystal is forcibly inverted with a fixed period in-
side the crystal by spontaneous polarization. With PPLN, it is
possible to achieve an overwhelmingly high nonlinear optical ef-
fect compared with the original lithium niobate crystal.
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compensate for the loss in the fiber transmission
span.

It is also extremely important to ensure compatibility
with the wavelength division multiplexing (WDM)
and digital coherent technology used in existing opti-
cal communications systems. We have not only
improved the performance of PPLN devices but also
expanded the applicability of PSA because the above-
mentioned degenerate OPA was only able to handle a
binary modulation signal and a single wavelength. In
addition, it could only amplify a single polarized
wave since a second-order nonlinear optical medium
such as PPLN is usually polarization dependent
(Fig. 2(a)).

We have achieved the amplification of a quadrature
amplitude modulation (QAM) signal and the simulta-
neous amplification of WDM signals (Fig. 2(c))
using nondegenerate OPA (®; # ®2) in a parametric
process. We have also achieved PSA of a polarization
division multiplexing (PDM) signal by using a polar-
ization diversity configuration. In this configuration,
the input signal is split with a polarization beam split-
ter (PBS), independently amplified with two OPA
devices, and recombined using a PBS.

An experimental result for PSA of PDM- and
WDM-16QAM signals using both nondegenerate
parametric amplification and the polarization diver-
sity configuration is shown in Fig. 2(d) [5]. We
placed 16 carrier waves at intervals of 100 GHz at the
transmitter and generated 20-Gbaud PDM-16QAM
signals with pairs of phase-conjugated light beams.
An 80-km dispersion-compensated fiber was used as
the transmission line. At the receiver, one of the
WDM signals was extracted using an optical filter,
received by a digital coherent receiver, and demodu-
lated using off-line signal processing. As shown in
the input and output optical spectra in Fig. 2(d), all 16
WDM signals were simultaneously amplified with a
gain of over 20 dB.

This figure shows the output spectrum of an EDFA
with the same gain for comparison with the PSA.
This comparison indicates that the optical SNR
(OSNR) of the PSA was about 5 dB higher than that
of the EDFA. The constellations of the PSA and the
EDFA that were received and demodulated by a
coherent receiver are also shown in Fig. 2(d). Distinct
symbol separation with the demodulated signal for
the PSA was clearly obtained as a result of low-noise
amplification with a difference in signal quality (Q
factor) of about 1 dB, which corresponded to the dif-
ference in OSNR.
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4. Proposal for complementary spectral
inversion OPC and mitigation of
nonlinear impairments

Digital signal processing can compensate not only
for linear signal distortion but also for a nonlinear
signal. However, further enhancement of the compen-
sation performance requires an increase in the size of
the signal processing circuit, which results in an
increase in power consumption. OPC has long been
studied with the aim of compensating for signal dis-
tortion in the optical domain without electrical signal
processing. It was difficult to implement this
approach with a high-capacity optical transmission
system because conventional OPC occupies twice the
bandwidth due to wavelength conversion, thereby
reducing the spectral efficiency to less than half. To
overcome this problem, we have developed a new
optical signal processing circuit that spatially sepa-
rates WDM signals into long-wavelength and short-
wavelength signal channel groups and then applies
OPC to each group using high-efficiency PPLN
waveguide devices (Fig. 3(a)). Thus, we have
achieved complementary spectrally inverted OPC
that simultaneously compensates for the signal dis-
tortions of WDM signals without sacrificing the spec-
tral efficiency.

An experimental result for the simultaneous phase
conjugation of WDM signals is shown in Fig. 3(b).
We used 22.5-GBaud polarization multiplexed
16QAM signals with 92 WDM channels with a
25-GHz spacing. The optical spectrum at the trans-
mitter and that after transmission over 3840 km (12
times recirculating loop transmission through a 320-
km line) are also shown in Fig. 3(b). A comparison of
the optical spectra indicates that the original signal
bandwidth was retained, although the short- and
long-wavelength bands, each with 46 channels, were
exchanged 12 times. In addition, guard-band-less
conversion was achieved except for one channel in
the middle between the short- and long-wavelength
bands, which is the pump bandwidth. We then
achieved the highest-level transmission experiment
yet reported in terms of both capacity (13.6 Tbit/s)
and spectral efficiency (5.84 bit/s/Hz) using OPC [6].

We also conducted a transmission experiment using
96-Gbaud polarization multiplexed 8QAM signals in
order to verify the applicability of this system to sig-
nals of 400 Gbit/s per channel. The transmission dis-
tances with and without OPC for respective optimal
input powers of +6 dBm and +2 dBm are compared in
Fig. 3(c). This means that the use of phase conjugation
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Fig. 3. Complementary spectrally inverted OPC.

enables a higher power optical signal to be input into
a transmission fiber. Thus, it was demonstrated that
the maximum transmission distance (when the for-
ward error correction threshold value Q = 5 dB) can
be extended from 7040 km to 9600 km. This was the
first demonstration showing that the use of phase
conjugation to compensate for signal distortion can
be applied to an ultrahigh-speed baud signal at a level
of 400 Gbit/s [7].

5. Future prospects

This article introduced the research and develop-
ment (R&D) of OPA for optical communications
with a view to improving the SNR in optical transport
systems. This technology provides low-noise amplifi-
cation and compensation for optical signal distortion
and is also expected to lead to the generation/amplifi-
cation of coherent light with various wavelengths
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using wavelength conversion techniques, and to
quantum information processing such as squeezed
light and photon pair generation. By further exploring
this technology, we aim to create innovative technol-
ogy that fully exploits optical coherence. Part of this
research uses the results of “R&D on Optical Signal
Transmission and Amplification with Frequency/
Phase Precisely Controlled Carrier” commissioned
by the National Institute of Information and Commu-
nications Technology of Japan.
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Ultrahigh-speed Optical Front-end
Device Technology for Beyond-100-
GBaud Optical Transmission Systems

Munehiko Nagatani, Hitoshi Wakita, Yoshihiro Ogiso,
Hiroshi Yamazaki, Minoru Ida, and Hideyuki Nosaka

Abstract

To support sustainable progress of optical communications, intense research and development (R&D)
is being conducted to expand the transmission capacity per channel (transmission capacity per wave-
length). Beyond-100-GBaud high-symbol-rate optical transmission technology is now attracting a great
deal of attention for its use in constructing future cost-effective optical transport networks. This article
introduces recent trends and challenges in optical communications and presents NTT’s recent R&D in
ultrahigh-speed optical front-end device technology for beyond-100-GBaud systems.

Keywords: high-symbol-rate optical transmission, bandwidth doubler, optical front-end device

1. Trends and challenges in
optical communications

The amount of data traffic in optical communica-
tions networks continues to grow exponentially due
to the spread of broadband applications and services
such as video streaming, cloud computing, and IoT
(Internet of Things). In particular huge-capacity and
long-haul transmission technology is required in the
core network in order to accommodate client data and
to link metropolitan areas. Novel digital coherent
technology, which combines coherent detection and
digital signal processing, has been deployed to cope
with such rapid growth in communications traffic [1].
To date, 100-Gbit/s-per-channel (wavelength) sys-
tems based on 32-GBaud polarization division multi-
plexing (PDM) quadrature phase-shift keying and
400-Gbit/s-per-channel systems based on two-sub-
carrier 32-GBaud PDM 16-ary quadrature amplitude
modulation (16QAM) have been put into practical
use.

In the future, transmission capacity per channel is
expected to exceed 1 Thbit/s to handle the ever-grow-
ing communications traffic. The transmission capac-
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ity can be increased by increasing the symbol rate,
increasing the modulation order, or adding more sub-
carriers. Increasing the symbol rate is the most advan-
tageous approach from the viewpoint of ensuring
both cost effectiveness and transmission distance.
Therefore, high-symbol-rate beyond-100-GBaud
optical transmission technology is now attracting a
great deal of attention for its use in constructing
future optical transport systems with capacities
exceeding 1 Tbit/s per channel.

Researchers face several challenges in constructing
an optical transceiver enabling beyond-100-GBaud
systems. A block diagram of a conventional optical
transceiver for digital coherent systems is shown in
Fig. 1. To construct a 100-GBaud system, each build-
ing block in the transceiver needs to have at least a
50-GHz analog bandwidth, which is the Nyquist fre-
quency of 100 GBaud. One of the biggest challenges
is finding a way to overcome the analog-bandwidth
limitation of digital-to-analog converters (DACs) and
analog-to-digital converters (ADCs), which are fabri-
cated using Si (silicon) complementary metal oxide
semiconductor (CMOS) technology.

The analog-bandwidth performance of cutting-edge
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CMOS-based DACs and ADCs is shown in Fig. 2.
This graph indicates that it is very hard for CMOS-
based DACs and ADCs to satisfy the target analog-
bandwidth of over 50 GHz. One more unavoidable
challenge is determining how to integrate and assem-
ble optical front-end devices—modulator drivers
(DRVs) and optical modulators on the transmitter
side and trans-impedance amplifiers and photodiodes
on the receiver side—into a packaged module to
avoid a degradation in quality of beyond-100-GBaud
signals due to extra loss derived from packaging.
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Hence, integration and packaging technology
becomes much more important in beyond-100-
GBaud systems.

2. Bandwidth doubler technology

We have devised novel bandwidth doubling tech-
nology to overcome the analog-bandwidth limitation
of CMOS-based DACs and ADCs [2]. A block dia-
gram of an optical transceiver applying the band-
width doubler is shown in Fig. 3. On the transmitter
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side, two pre-processed analog signals from CMOS-
sub-DACs are multiplexed into one double-band-
width signal by the analog multiplexer (AMUX). On
the receiver side, one broadband signal is demulti-
plexed into two half-bandwidth signals by the analog
demultiplexer (ADEMUX), and they are digitized
and post-processed by the following CMOS-sub-
ADCs and digital signal processor. Using this band-
width doubler technology, we can expand the usable
baseband signal bandwidth twice and achieve twice
the symbol rate compared with a conventional trans-
ceiver (which is why we call this technology band-
width doubler).

The AMUX and ADEMUX integrated circuits
(ICs) for the bandwidth doubler were designed and
fabricated using our in-house indium phosphide het-
erojunction bipolar transistor (InP HBT) [3]. We have
already succeeded in conducting a proof-of-principle
experiment and beyond-100-GBaud optical transmis-
sion [4]. In addition, we recently demonstrated the
world’s first 1-Tbit/s-per-channel long-haul WDM
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(wavelength division multiplexing) optical transmis-
sion using 120-GBaud probabilistically shaped PDM
64QAM [5]. These results confirmed that the band-
width doubler is promising for future beyond-100-
GBaud systems.

3. The latest AMUX IC and 160-GBaud
signal generation

We are now developing faster AMUX and ADE-
MUX ICs to further improve optical transmission
performance. Using newly developed in-house 0.25-
um InP HBT technology [6], we succeeded in devel-
oping an AMUX IC with a bandwidth over 110 GHz
(a world record) in 2018 [7]. The performance of the
0.25-um InP HBTs and AMUX IC is summarized in
Fig. 4. The fabricated HBTs have a peak fr (cutoff
frequency) and fimax (maximum oscillation frequency)
of 460 and 480 GHz, respectively. The AMUX IC
consists of two input buffers, a clock buffer, an
AMUX core, and an output buffer. It is designed to
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have broad peaking characteristics in its frequency
response to compensate for packaging loss.

The measured bandwidths for the analog and clock
paths were both over 110 GHz. These measurement
results indicate that this AMUX IC can potentially be
used in constructing a 110-GHz-bandwidth 220-GS/s
DAC subsystem and to generate 200-GBaud-class
modulated signals. We have already demonstrated
signal generation at ultrahigh symbol rates by apply-
ing this AMUX IC to the bandwidth doubler. The
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measurement setup and results are shown in Fig. 5. In
this demonstration, we succeeded in generating a
160-GBaud PAM-4 (4-level pulse amplitude modula-
tion) signal with two 40-GHz-bandwidth sub-DACs
and the AMUX IC and demonstrating the further
scalability of the bandwidth doubler technology [8].
Digital coherent optical transmission with a capacity
of over 1-Tbit/s per channel will be achievable by
using this AMUX IC.
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4. Concept of ultrahigh-speed integrated optical
front-end module

One more important issue for beyond-100-GBaud
systems is integration and packaging technology, as
mentioned in the first section. This is especially true
regarding the transmitter, where the AMUXs, DRV,
and optical modulators have to be placed as close to
each other as possible. In addition, all these devices
have to be assembled into one integrated packaged
module in order to ensure the quality of ultrabroad-
band modulated signals.

We have developed an AMUX IC equipped with a
DRV function (AMUX-DRV IC) and studied a
design incorporating the AMUX-DRV IC and optical
modulators for an ultrahigh-speed integrated optical
front-end module. Because monolithic integration of
the AMUX function and DRV function into one chip
is advantageous for ensuring the signal quality and
reducing power consumption, we replaced an output
buffer with a DRV function block consisting of a
high-gain, high-linearity, and large-output-swing
amplifier in the AMUX IC, and designed the AMUX-
DRV IC. For the optical front-end, we used in-house
InP MZM (Mach-Zehnder modulator)-based optical
1Q (in-phase and quadrature) modulators, which have
an electro-optical (EO) modulation bandwidth of 80
GHz. The AMUX-DRV IC was designed to have
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broad peaking characteristics to compensate for the
frequency response of the following modulator and to
have optimum output impedance and driving voltage
for the modulator.

A conceptual block diagram of the integrated opti-
cal front-end module is shown in Fig. 6, which also
summarizes the performance of the AMUX-DRV IC
and InP MZM. The AMUX-DRYV IC has broad peak-
ing characteristics and ultrabroad bandwidth of over
110 GHz as expected. With this AMUX-DRYV IC, the
optical front-end module could be expected to have
an ultrabroad EO bandwidth of 80 GHz. We have
actually already fabricated a sub-assembly that con-
tains the AMUX-DRYV IC and InP MZM and have
succeeded in demonstrating 400-Gbit/s-per-channel
DMT (discrete multi-tone) signal optical transmis-
sion [9]. This is a record for IMDD (intensity modu-
lation and direct detection) optical transmission so far
and indicates the capability of over-1-Tbit/s-per-
channel digital coherent optical transmission. In the
next step, we will complete the optical front-end
module and apply it to digital coherent optical trans-
mission.

S. Summary

In this article, we introduced recent trends and chal-
lenges in optical communications and our research

31



Feature Articles

and development (R&D) of ultrahigh-speed optical
front-end device technology for future beyond-100-
GBaud systems. We will continue to promote further
speed improvements and continue with our R&D so
that this technology can ensure sustainable progress
of optical communications.
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Toward Terabit-class Wireless
Transmission: OAM Multiplexing

Technology
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Abstract

NTT is researching and developing technology with the aim of achieving terabit-class wireless trans-
mission that achieves the next generation of 5G (fifth generation). In particular, we are investigating
orbital angular momentum (OAM) multiplexing transmission technology utilizing the OAM of electro-
magnetic waves as a new spatial multiplexing technology capable of transmitting multiple radio waves
at the same time using the same frequency band. In an experiment on OAM multiplexing transmission
using the 28-GHz band, we successfully demonstrated the world’s first 120-Gbit/s wireless transmission.

This article introduces the details of this technology.

Keywords: high-capacity wireless transmission technology, OAM multiplexing, OAM-MIMO multiplex-

ing

1. Introduction

The coming 5G (fifth generation) will accelerate
the use of wireless communications in all fields
including connected cars, virtual reality/augmented
reality, and high-definition video transmission.
Mobile traffic is expected to increase by 1.5 times
annually, and from such a trend, it is expected that
wireless transmission at the hundreds-of-gigabits to
the terabit class will be necessary in the 2030s.

To provide for the ever-increasing demand for wire-
less communications, NTT is researching and devel-
oping technology with the aim of achieving terabit-
class wireless transmission. There are three directions
that can be taken to increase capacity in wireless
communications: increasing the spatial multiplex-
ing"! order, broadening the transmission bandwidth,
and increasing the modulation level (Fig. 1).

Of these, the direction involving increasing the
modulation level is already reaching the limit. For
example, to obtain twice the capacity of 1024QAM
(quadrature amplitude modulation), which transmits
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10 bits of information at a time, it is necessary to carry
out one million QAM modulation to transmit 20 bits
of information at a time. Consequently, it is difficult
to achieve large capacity with this approach.

NTT is taking the approach of broadening the trans-
mission bandwidth using the quasi-millimeter wave >
band and increasing the spatial multiplexing order
through the use of a new principle based on electromag-
netic waves having orbital angular momentum (OAM)*3.

*1  Spatial multiplexing: A signal multiplexing method that sends
and receives multiple data streams in parallel by using multiple
spatially independent electromagnetic waves.

*2  Millimeter waves, quasi-millimeter waves: Millimeter waves
refer to the radio waves with a wavelength of 1-10 mm, in the
frequency band of 30-300 GHz and that feature strong rectilinear
propagation similar to that of microwaves. Quasi-millimeter
waves refer to radio waves with a wavelength that, at 1-3 cm, are
close to those of millimeter waves in the frequency band of
10-30 GHz.

*3  OAM: The nature of radio waves is such that the angular momen-
tum of radio waves is represented by the product of position co-
ordinates and the conjugate momentum; radio waves with differ-
ent OAM are not correlated, so they can be separated indepen-
dently even if they overlap.
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Fig. 2. Principle of OAM multiplexing transmission technology.

2. Principles of OAM multiplexing transmission
and NTT’s new transmission technology

In this section, we explain OAM multiplexing
transmission and introduce a new wireless transmis-
sion technology developed by NTT.

2.1 OAM multiplexing transmission

OAM multiplexing transmission is a technique to
increase the number (multiplexing number) of data
signals to be transmitted at the same time by transmit-
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ting different signals using radio waves having differ-
ent OAM modes [1, 2]. OAM is a property of electro-
magnetic waves expressing phase rotation on the
vertical plane in the propagation direction. The num-
ber of phase rotations is called an OAM mode. When
an electromagnetic wave has this OAM property, the
trace of the same phase takes on a helical shape in the
direction of propagation (Fig. 2). For example, the
trace of the same phase in OAM mode 1, OAM mode
2, and OAM mode 3 is shown in Fig. 2(a).

Radio waves having this OAM property cannot be
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OAM modes

UCA: uniform circular array antenna

Fig. 3. Example of configuring OAM-MIMO multiplexing transmission.

received without a receiver having the same number
of phase rotations at the time of transmission. For this
reason, if multiple radio waves having different OAM
modes are superposed, they can eventually be sepa-
rated without mutual interference as long as there is a
receiver that can receive radio beams with the same
phase rotations corresponding to each OAM mode.
For instance, an example is shown in Fig. 2(b) where
different signals are put on OAM modes 1, 2, and 3
and transmitted simultaneously. Technology for
transmitting multiple data signals using this feature is
called OAM multiplexing transmission technology.

Research on radio wave OAM dates back to the
beginning of the 20th century. More recently, with the
maturing of large-capacity transmission technologies
using high-frequency bands in the 2010s, OAM mul-
tiplexing transmission in the millimeter-wave band
has been attracting attention. An example of a recent
achievement is a demonstration at the University of
Southern California in the United States of 32-Gbit/s
transmission using the 28-GHz band in 2014 and the
60-GHz band in 2016 [3, 4].

2.2 OAM-MIMO (multiple-input multiple-out-
put) wireless multiplexing transmission tech-
nology

In theory, the OAM mode order (number of phase
rotations) can be infinitely increased, so the spatial
multiplexing order can be infinitely increased by

OAM multiplexing transmission. However, radio

waves with the property of OAM have the character-

istic such that the electric energy diverges spatially as
the propagation distance becomes larger as the OAM

mode becomes higher. Thus, there is a practical limi-
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tation to the use of the higher order OAM modes to
increase the spatial multiplexing order.

NTT has devised OAM-MIMO multiplexing trans-
mission technology that integrates the widely used
MIMO™ technology in order to efficiently increase
the spatial multiplexing order while overcoming the
practical limitation [5]. The devised OAM-MIMO
multiplexing transmission technology allows the
usage of the same OAM modes. In particular, multi-
ple sets of low OAM mode signals are simultane-
ously transmitted to address the divergence issue of
higher OAM modes. The nature of OAM multiplex-
ing that generates multiple independent channels
among different OAM modes is still applicable.

At the same time, the MIMO concept is exploited to
increase the number of concurrently transmitted data
streams. By properly exploiting MIMO technology, it
is possible to separate signals between multiple sets
of the same OAM modes while maintaining noninter-
fering properties between different OAM modes.

A configuration example of OAM-MIMO multi-
plexing transmission technology is illustrated in
Fig. 3. This figure shows an example in which a total
of 11 multiplexing transmissions to be described later
are performed. The left figure represents four uniform
circular array antennas (UCAs) concentric with one
in the center. UCAs #1 to 4 can generate OAM modes
-2,-1,0, 1, and 2, respectively, and five OAM modes

*4 MIMO: Radio signal processing technology for improving the
quality of communications by using multiple antennas at both the
transmitter and receiver. It has attracted the attention of the wire-
less communications industry since it can greatly improve
throughput and transmission distance without having to increase
bandwidth or power.
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can be generated and transmitted. The antenna in the
center (described as UCA #0 for notation conve-
nience) is used for the axis alignment and/or trans-
mission of OAM mode 0. The signals multiplexed in
the same mode are separated by MIMO technology at
the receiver.

3. World-first transmission of over 100 Gbit/s
using 28-GHz band

To demonstrate the effectiveness of the OAM-
MIMO multiplexing transmission technology, NTT
has developed a transmitter and receiver that uses a
bandwidth of 2 GHz in the 28-GHz band (Fig. 4). The
developed transmitter/receiver consists of four con-
centric UCAs with different radii and one antenna in
the center. Each UCA is composed of 16 antenna ele-
ments and can transmit and receive radio waves in 5
OAM modes. Simultaneous transmission of a total of
21 data signals is possible using these antenna ele-
ments. Although frequency bands under 6 GHz have
been used in the past, the development of equipment
that can simultaneously transmit up to 21 signals in
quasi-millimeter-wave and higher frequency bands is
a world first.

The configuration of this transmitter/receiver and
the experimental setup are shown in Fig. 5. On the
transmitter side, signals are generated and converted
into analog intermediate frequency (IF) band signals
using arbitrary waveform generators that work as
digital-to-analog converters. IF signals are inserted
into the developed transmitter. The input signal is
transmitted by each UCA via an OAM mode genera-
tion circuit after up-converting IF signals to the
28-GHz band. On the receiver side, the wireless sig-
nals received by each UCA are separated into each
OAM mode by OAM mode separation circuits, and
then separated signals are down-converted into IF
band signals. Those IF band signals are converted to
digital signals by the digital oscilloscope, which is
used as an analog-to-digital converter. Finally, the
digital signals are processed to extract each transmit-
ted signal. Here, the OAM mode generation circuit
and the OAM mode separation circuit were respec-
tively achieved by designing a 5 x 16 and a 16 x 5
wideband Butler matrix circuit. Five OAM modes
can be simultaneously generated and separated by the
wideband Butler matrix circuits.

Using this transmitter/receiver, we conducted a
transmission experiment at a distance of 10 m in a
shield room. Multiple data signals were wirelessly
transmitted using multiple OAM multiplexed radio
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Fig. 4. Developed transceiver.

waves. We confirmed that wireless transmission was
possible according to the OAM principle. In addition,
we succeeded in the world-first large-capacity wire-
less transmission of 120 Gbit/s [6] by multiplexing 11
data signals of 9.6 to 13.3 Gbit/s. We also success-
fully implemented the corresponding signal process-
ing technology that can handle such multiplexed sig-
nal transmission and reception.

4. Expectation for broadband technology

Technology to utilize wide frequency bands is cur-
rently being studied. For example, the mixer inte-
grated circuit (IC) and module in the 300-GHz band
shown in Fig. 6 make it possible to both expand the
transmission bandwidth and improve the signal-to-
noise ratio, which had been a problem in the conven-
tional 300-GHz band radio front end [7]. We used this
device to carry out 100-Gbit/s transmission in one
stream using a wide bandwidth of 25 GHz. By com-
bining such wideband IC technology and OAM mul-
tiplexing transmission technology, we can expect to
achieve even larger capacity.

5. Future work

In order to use OAM multiplexing technology in a
real environment, it is necessary to address practical
issues that occur in the real environment and to con-
duct experimental evaluations in various environ-
ments. We are now preparing to verify the feasibility
of OAM multiplexing in the field by conducting out-
door wireless transmission experiments. In addition,
we will utilize frequency bands that can use wider
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bandwidths and lead research and development
toward realizing terabit-class wireless communica-
tions.
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Recent Progress in Applications of
Optical Multimode Devices Using
Planar Lightwave Circuits

Junji Sakamoto and Toshikazu Hashimoto

Abstract

The optical propagation mode—the electromagnetic field distribution of light propagating through a
waveguide—is attracting attention as a new degree of freedom of light and is expected to provide new
functions and improved optical characteristics in optical devices and systems. In this article, we introduce
optical device technologies that utilize the optical propagation mode in an integrated optical waveguide

component called a planar lightwave circuit.

Keywords: multimode, waveguide, PLC

1. Introduction

In optical communications, the degrees of freedom
of light such as its intensity, wavelength, phase, and
polarization have been used for multiplexing and
higher-order modulation [1]. In an optical waveguide,
the optical field propagates in specific distribution
patterns called modes. Single-mode transmission
with only the fundamental mode has mainly been
used in optical communications. In recent years,
however, large-capacity transmission using mode
multiplexing has been reported [2]. This is called
spatial division multiplexing (SDM) because it uses
the degree of freedom of the spatial optical field dis-
tribution.

Optical propagation modes are also expected to be
utilized for the next generation of technology for
optical signal processing and sensing, as well as for
SDM transmission. For stable optical performance,
optical communications systems are generally com-
posed of devices for single-mode transmission, which
include a light source, modulator, and multiplexer.
Therefore, an important component to handle the
modes is a mode converter (MC) that can convert the
fundamental mode and higher-order modes.

A technology map of MCs is shown in Fig. 1. There
are MCs using optical fiber, spatial modulators such

NTT Technical Review Vol. 17 No. 5 May 2019

as liquid crystal on silicon, and waveguides. Since
mode utilization has been limited to SDM transmis-
sion, the focus has mainly been on signal multiplex-
ing. For other functions such as wavelength multi-
plexing and sensing, precise mode conversion is
necessary.

We are now researching silica planar lightwave
circuit (PLC) technology and various devices using it
as a means of controlling modes. In this article, we
introduce a wavelength division multiplexer using
optical propagation modes and an ultralow-crosstalk
MC for an optical time domain reflectometer
(OTDR).

2. Structure of optical multimode waveguide

A PLC is a waveguide circuit composed of a silica
core and cladding on a substrate such as Si (silicon)
or SiO; (silicon dioxide), as shown in Fig. 2(a). A
waveguide pattern is fabricated using standard wafer
processes such as photolithography and reactive ion
etching. The core structure of single-mode and multi-
mode waveguides is shown in Fig. 2(b); the intensity
of optical field distribution with several modes is also
shown in a cross-sectional view. The core width and
height of the single-mode waveguide enable only the
fundamental mode to exist in a lateral direction. The
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Fig. 2. (a) Structure of waveguide. (b) Cross-sectional view of cores and optical field distributions in single and multimode

waveguides.

intensity of the optical field distribution is shown at
the upper right of Fig. 2(b). A multimode waveguide
has a core size in which first or higher-order modes
can coexist with the fundamental mode. The number
of modes that can exist is determined by the core size.

The intensity of optical field distribution is shown
at the lower right of Fig. 2(b). In the waveguide, the
mode should be precisely controlled for various
applications by changing the width of the core, since
the characteristics change when the modes propagat-
ing through the waveguide change. PLC technology
could be the most promising approach for providing
such highly accurate fabrication of waveguides, since
it has been developed for application to optical com-
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munications for many years [3]. In the following sec-
tions, we introduce several applications using multi-
mode PLC technology.

3. RGB coupler

A compact red (R)-green (G)-blue (B) multiplexer
for laser diodes is attractive for use in glass-based
displays, head-mounted displays, and compact pro-
jectors. Such laser imaging applications use multiple
laser sources and multiplex them into a single beam
that is then scanned onto a screen by a beam scanner
such as a microelectromechanical system mirror.
RGB multiplexers have conventionally been
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Fig. 3. (a) Wavelength multiplexer using MCs. (b) Optical circuit of the RGB coupler. (c) Spectra of the RGB coupler.

constructed by using mirror prisms, multilayer films,
and optical fibers. An RGB multiplexer (RGB cou-
pler) based on a PLC is promising for downsizing to
a single chip integrating the functions used in a con-
ventional RGB multiplexer [4, 5].

An RGB coupler typically uses directional couplers
(DCs) to multiplex light with different wavelengths.
The wavelength dependence of the coupling length is
used to implement the wavelength multiplexing func-
tion because the higher the wavelength is, the shorter
the coupling length becomes. For example, a DC
structure is designed to match the coupling length of
blue light and the recoupling length of green light.
Then the blue and green lights are multiplexed by the
DC. It is difficult to multiplex more than three wave-
lengths this way, and even in the case of two wave-
lengths, the DC tends to become long due to the need
for period-matching between the coupling and recou-
pling.

To solve this problem, we developed an RGB cou-
pler using MCs, each of which includes an additional
multimode waveguide that is wider than the single-
mode waveguides. The added multimode waveguide
is sandwiched between the single-mode waveguides
of a conventional DC, as shown in Fig. 3(a), where
the black line represents the core of the optical cir-
cuit. The additional multimode waveguide works as
an MC that converts between Oth-order and higher-
order modes. Because the MC converts only wave-
lengths satisfying the conversion conditions, it is
possible to selectively multiplex desired wavelengths.
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For example, when the MC is designed to satisfy the
conversion conditions at the green wavelength, the
green light can move to the next single-mode wave-
guide by means of mode conversion.

In contrast, almost all the blue light goes through
the MC, as shown in Fig. 3(a). Since this coupling
structure can multiplex green and blue light as if it
were wavelength-independent thanks to suppression
of the transition of unwanted-wavelength light, the
coupler length does not need to be the lowest com-
mon multiple of the coupling lengths of the colors. As
a result, the coupler can be shorter than conventional
DCs.

Our RGB coupler using MCs is shown in Fig. 3(b).
Because MC1 and MC2 were designed to satisfy the
coupling conditions at the green and red wavelengths,
the coupler can multiplex R, G, and B into the same
waveguide. The total length of MC1 and MC2 is 2.6
mm, which is less than half as long as the conven-
tional RGB coupler using DCs.

The measurement results for the RGB coupler fab-
ricated using PLC technology is shown in Fig. 3(c).
The transmittances are —0.3 dB for blue, —1.2 dB for
green, and —0.3 dB for red. Although the transmit-
tance of green light is relatively low, the results con-
firmed that we succeeded in making a very small
RGB coupler with low loss (better than 1.5 dB) using
MCs.

42



Regular Articles

Port 3
Mode
crosstalk

Port 4
"o
»

(a)
Port 1 Port 3

Port 2 'ﬂ Port 4
. !-f

"
=.

(b)

Transmittance (dB)

Transmittance (dB)

0 - T

N»

——Port1>4 |

4
L 4

D> e

L 2

: 1-um OTDR

1 1.02 1.04 1.06

Wavelength (um)

1.08 1.1

(©

—e—Port 41

_—

-34
-05-04-0.3-02-0.1 0 0.1 02 0.3 0.4 05

Distance from an alignment position in lateral
direction (um)

(d)
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Measured (c) conversion efficiency and (d) mode crosstalk.

4. Sensing coupler for sensitive OTDR

An OTDR is used to diagnose optical fiber links. A
1-um-band mode-detection OTDR (1-um OTDR)
system has been reported [6, 7] that uses 1-um-band
probe pulses to generate not only the fundamental
mode but also the first-order mode as backscattered
light in typical single-mode fibers compliant with
ITU-T G.652". A mode coupler is used to separate the
backscattered light into individual modes and to
select the mode of the probe pulses. The first-order
mode at the wavelength in the 1-um band is more
sensitive to trouble spots in optical fiber links, such as
macro/micro-bends, than the fundamental mode in
the communications wavelength band. Therefore, the
1-um OTDR is very promising for finding potential
trouble points before they have a serious impact on an
optical communications system. The 1-um OTDR
requires an MC with low mode crosstalk to ensure
sensitive detection. Here, we introduce a mode cou-
pler that achieves high conversion efficiency and low
mode crosstalk by using a multistage mode conver-
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sion method.

A schematic of the structure and operation of a
conventional mode coupler is shown in Fig. 4(a). The
input fundamental mode from port 1 is converted to
the first-order mode and output from port 4. Almost
all of the fundamental mode from port 2 passes
through the coupler. The fundamental mode and first-
order mode are generated as backscattered light. The
fundamental mode and first-order mode from port 4
can be detected separately from the mode-mixed light
at ports 1 and 2. The dashed line shows the mode
crosstalk path. Part of the fundamental mode from
port 4 is coupled to the thin waveguide with the fun-
damental mode and output from port 1 as a noise
component.

To solve this noise component problem, we devel-
oped a coupler with high conversion efficiency and

* ITU-T G.652: Recommendation issued by the International Tele-
communication Union - Telecommunication Standardization
Sector (ITU-T) concerning characteristics of a single-mode opti-
cal fiber and cable.
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low mode crosstalk, as shown in Fig. 4(b). An addi-
tional mode conversion waveguide placed between
the single-mode waveguide and multimode wave-
guide of the mode coupler indirectly converts the
mode into a desired one via an intermediate mode. In
this work, we chose the second-order mode as the
intermediate mode. Adding the second-order mode
enhances the mode isolation and reduces mode cross-
talk. Setting the waveguide width correctly ensures
that no additional loss occurs due to adding the wave-
guide.

The measured conversion efficiency of the coupler
fabricated using PLC technology is plotted in
Fig. 4(c). The conversion efficiency is —0.8 dB at the
wavelength of 1.05 um, which is used for the 1-um
OTDR. The measured mode crosstalk is shown in
Fig. 4(d). The mode crosstalk is under —30 dB. These
results confirm that we succeeded in making a mode
coupler with high conversion efficiency and low
mode crosstalk by using a multistage mode conver-
sion method.

5. Future prospects

This article introduced optical multimode devices
that use PLC technology. We showed that by using
the mode as a new degree of freedom of light, we can
miniaturize waveguide devices and achieve high per-
formance. Establishing design, manufacturing, and
evaluation technologies for handling modes will pave

the way for the implementation of unprecedented
optical devices with new functions and unique prop-
erties.
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Standardization Efforts of
International Electrotechnical
Commission Related to Surge

Protection Components, and Receipt
of METI Minister’s Award

Hidetaka Sato

Abstract

1. Introduction

There is an ongoing need to protect electronic
equipment from damage caused by lightning surges,
and therefore, research on technology to achieve this
continues. In this section, issues that have become
newly apparent are introduced.

1.1 Emergence of new issues

Lightning protection measures up to now have
mainly focused on preventing permanent damage or
fires caused by burning, scorching, or melting as a
result of an insulation breakdown within information
and communication technology (ICT) equipment and
electric/electronic appliances triggered by overvolt-
age or overcurrent surges caused by lightning. Today,
advances in lightning protection technology have
reduced equipment damage due to overvoltage break-
down in hardware, but data errors have recently
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An International Electrotechnical Commission (IEC) international standard for surge isolation trans-
icati S een established based on a proposa om Japan e

become evident as a new form of lightning-related
damage. This is a phenomenon in which errors occur
in data being processed even if the hardware itself has
suffered absolutely no damage. It can give rise to
problems such as corruption of original data, equip-
ment freezing, system hang-ups, malfunctions, out-
of-control operation, and system downtime. In the
event of such a problem, it is usually possible to
restore operation by resetting the equipment, turning
power OFF/ON (rebooting), reloading the operating
system, or restoring (salvaging) corrupted data. Nev-
ertheless, such lightning-related data errors run the
risk of lost opportunities, disappearance of immedi-
ately previous data deliverables, and failure to notice
that data errors lay hidden within memory. While data
errors that occur during data reading or transfer can
usually be handled by error-correcting code, the need
has arisen for more robust measures against data
errors that occur at the time of a lightning strike.
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Com.: communications

Fig. 1. Equipotential and isolation lightning-surge protection methods and their international standards.

1.2 Problem with Japan’s isolated earth environ-
ment

Surge isolation transformers (SITs) have been
widely used in Japan’s power supply system for some
time. They are known as lightning-resistance trans-
formers, and they have rarely been used outside
Japan. To give some background, while Japan
focused on isolated-earth systems, the trend overseas
was integrated-earth systems and lightning protection
by equipotential methods such as using the earth as a
reference point. For example, grounding for commu-
nications in Japan has been achieved by installing
subscriber arresters for communications use in all
telephone subscriber homes, but this method involves
the independent grounding of subscriber arresters in
isolation from the grounding of power systems, build-
ings, and other elements. As a result, the following
problem arises with Japan’s isolated earth environ-
ment: if a lightning surge flows in one such earth
connection, an earth potential rise occurs due to earth
resistance, resulting in a new overvoltage surge
source.

The International Electrotechnical Commission
(IEC) has been active in developing standards for
surge protective devices (SPDs) and surge protective
components (SPCs) used in equipotential methods,
and the development of standards for isolation meth-
ods has been progressing at the Institute of Electrical
and Electronics Engineers (IEEE) and International
Telecommunication Union - Telecommunication
Standardization Sector (ITU-T).

NTT Technical Review Vol. 17 No. 5 May 2019

2. Overview of IEC committee organization

The IEC committee and Working Group addressing
the standardization of technology in this area are
introduced in this section.

2.1 IEC/SC 37B organization

IEC Technical Committee (TC) 37 (surge arrest-
ers)/ Subcommittee (SC) 37B (components for low-
voltage surge protection) is a group working to estab-
lish IEC international standards on discrete surge-
protection components that reduce lightning surges to
a sufficiently small level to protect the human body,
equipment, and appliances. Four international stan-
dards have been established so far: IEC 61643-311:
GDTs (gas discharge tubes); IEC 61643-321: ABDs
(avalanche breakdown diodes); IEC 61643-331:
MOVs (metal oxide varistors); and IEC 61643-341:
TSSs (thyristor surge suppressors) (Fig. 1). All of
these standards concern components for achieving
overvoltage protection through lightning equipoten-
tial methods using the voltage non-linear resistance
characteristics of these SPCs. In relation to the above,
Japan submitted a new work item proposal (NP) on
SITs as a fifth type of SPC using an isolation method
completely different from the above equipotential
methods.

2.2 Overview of Working Group (WG) 3 project
activities

The initial 2010 NP and CD (committee draft) was

approved by international vote, but since the partici-

pation of at least four overseas experts required for
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Fig. 2. Lightning-surge overvoltage and common mode noise protection using SIT and SPD.

establishing a project could not be obtained from the
14 participating members (P-members), Japan’s pro-
posal for a new IEC project was rejected. We attrib-
uted this to the low international awareness of SITs.
We therefore conducted an information campaign
over the next two years to heighten worldwide aware-
ness, and by resubmitting the NP in 2012, we suc-
ceeded in establishing an IEC 61643-351/352 project
through the participation of experts from the four
countries of China, Germany, the United Kingdom,
and Japan. IEC/SC 37B/WG 3 (surge isolation trans-
formers) was then established with the author as
convenor, and standardization work began.

At the same time, France and the United States
opposed this project for the reason that SITs were
outside the scope of SC 37B. They argued that the
scope of IEC SC 37B, the parent subcommittee, is
components for use as SPDs, and the definition of an
SPD was “a device incorporating one or more non-
linear elements having the purpose of limiting surge
voltage and diverting surge current,” so SITs, having
no non-linear elements, were outside the scope.

A revision to the scope of SC 37B was therefore
proposed by Japan at the 2013 plenary meeting and
discussions, and the result of an international vote
produced the following new scope: “To prepare inter-
national standards for components for low-voltage
surge protection. These SPCs are used in power, tele-
communication and/or signaling networks with volt-
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ages up to 1000 V a.c. and 1500 V d.c.”

In other words, all components that reduce surge, or
SMCs (surge mitigation components), were now to
be handled by SC 37B, and on the basis of this revi-
sion, France and the United States became involved
as experts. Additionally, an IEC NP in relation to
SITs proposed by Japan was introduced at the ITU-T
SGS5 (Study Group 5: environment and circular econ-
omy) meeting in Geneva held from April 26 to May
3, 2011. As a result, even ITU-T came to recognize
the need for SITs, and thus, SIT-related activities
progressed with a liaison member.

3. Lightning protection of ICT equipment by
SITs for communications

An example of a countermeasure to lightning over-
voltage surge protection and common mode noise
combining an SPD (equipotential method) and SIT
(isolation method) is shown in Fig. 2 using equivalent
switch circuits. Here, the SPD and SIT operate in an
exclusive and complementary manner. The SPD
requires grounding to achieve equipotential surge
protection. In the event of a surge, it immediately
turns the switch ON to form a path that diverts the
surge current to earth. At this time, a large-area com-
mon mode noise loop including the earth forms,
resulting in a noise source that can generate data
errors, and an earth potential rise occurs due to earth
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Fig. 3. Self-contained isolation system for DC SELV (direct current safety extra-low voltage) circuit in ICT and Internet of

Things equipment.

resistance. These are weak points of this device.

However, the SIT turns OFF under a surge condi-
tion, thereby blocking a common mode surge current
and dramatically improving noise resistance from an
electromagnetic compatibility perspective. Thanks to
its high insulation-breakdown voltage, a SIT can treat
its primary-side and secondary-side ground (GND)
potentials as different, thereby achieving GND isola-
tion.

An example of the application of a SIT to ICT
equipment is shown in Fig. 3 and to Ethernet com-
munications in combination with a direct current
(DC) power feed is shown in Fig. 4. The ICT equip-
ment on the secondary side usually features a DC
safety extra-low voltage (SELV; not exceeding a peak
value of 42.4 V or DC 60 V) circuit that requires no
grounding when used in combination with insulation,
enabling it to be set at a floating potential. In conven-
tional SPD multistage protection, the let-through cur-
rent that flows due to SPD coordination becomes a
powerful common mode noise source that has been
the cause of data errors in ICT equipment. The com-
bined SPD and SIT block common mode noise by
virtue of the SIT and drastically reduce surge voltage
migration to 1/100-1/1000 of the SPD peak voltage.
It is therefore an excellent countermeasure to both
lightning overvoltage surges and data errors.
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4. METI Minister’s Award

The author received the 2018 Ministry of Economy,
Trade and Industry (METI) Minister’s Award in
Industrial Standardization in recognition of the fol-
lowing activities: submitting Japan’s proposal for
IEC/TC 37/SC 37B/WG 3 and serving as convenor
(WG 3 international chairman); contributing to the
formulation of IEC 61643-351 (SIT performance
requirements and test methods) and IEC 61643-352
(SIT selection and application principles); and in
anticipation of artificial intelligence (Al), Internet of
Things (IoT), and big data connections that are
expected to expand on a global scale, formulating
international standards for lightning protection mea-
sures in SELV ICT equipment connected to the Inter-
net, thereby making Japan a forerunner in this
endeavor and enhancing the country’s international
industrial competitiveness.

5. Future plans

In recent years, studies have been accelerating on
Industry 4.0 (transformation of the manufacturing
industry through IoT and Al technologies) and the
international standardization of ISO (International
Organization for Standardization) 8000 (data quality)
with an eye to achieving the Society 5.0 vision [1].
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Fig. 4. SIT application example for PoE (Power over Ethernet) communication.

From here on, as the use of big data expands and [oT
and Al spread throughout society, we can expect data
quality to become all the more important in industri-
al, service, and medical-care fields and in databases
released by government and public institutions. In
addition to simultaneously supporting lightning over-
voltage surge protection and data quality, the SIT is a
leading component embodying the idea of a self-
contained isolation system [2], similar to that of air-
planes, having a proven record in withstanding direct
lightning strikes and lightning electromagnetic
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waves. With this in mind, we plan to proceed with the
IEC international standardization of SITs for power
supply systems.
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NTT Develops Non-rigid Object
Recognition Technology that Achieves
Recognition of Database Images—
Not Only Rigid 3D Objects but also
Non-rigid Objects—at Low Cost

1. Introduction

NTT has developed a new technology called angle-
free rigid and non-rigid object information retrieval,
which recognizes and searches deformable objects
with a small number of database images (Fig. 1). This
technology makes it possible to recognize rigid three-
dimensional (3D) objects as well as non-rigid objects
such as soft packaging or cloth products with high
accuracy.

Conventionally, image recognition technologies
including deep learning based ones require the prepa-
ration of many database images capturing multiple
deformation patterns in order to recognize deformed
objects. If an unknown deformation is added to the
object, many more database images are needed to
recognize it. Our new rigid and non-rigid object
image matching technology recognizes an object
with an unknown deformation as the same object as
the non-deformed object image in the database.

With this technology, the cost of preparing database
images is greatly reduced, which makes it possible to
develop a product management system for a retail
industry in which new products are released frequent-
ly. This is also applicable to product recognition,
which saves labor in check-out operations, and prod-
uct information presentation, which enables custom-
ers to browse product descriptions in multiple lan-
guages.

2. Background

To realize a digital transformation that improves
our lives by connecting people with information and
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communication technology, it is essential to establish
recognition and search technologies that can perform
these functions using images taken by smartphones
and cameras in place of the human eye.

However, non-rigid objects such as soft packaging
products and cloth products have different patterns of
deformation than rigid 3D objects. Therefore, the
appearance of the images changes greatly, resulting
in lower recognition accuracy. To maintain recogni-
tion accuracy, it is necessary to register the image
corresponding to the deformation of the target object
as areference image. However, if the pattern of defor-
mation of the target object is arbitrary, it is necessary
to prepare a large number of images, which substan-
tially increases the cost.

3. Research and development achievements

In the angle-free rigid and non-rigid object infor-
mation retrieval technology developed by NTT, a
geometric constraint is applied for each of multiple
partial areas rather than for the entire object. The
rigid and non-rigid object image matching accurately
specifies the correct correspondence from the corre-
spondence relationship of the image features. Thus,
the correct correspondence between the input image
and the reference image can be specified even if the
object is deformed. As a result, it is possible to recog-
nize and search with high accuracy not only rigid 3D
objects, but also non-rigid objects in which arbitrary
deformations occur.
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fixed shape.

arbitrary deformations, with just a few registered images.

* The conventional angle-free object information retrieval can recognize/retrieve 3D objects with high accuracy using a few registered
images. However, the recognition accuracy for deformed objects decreases, as this technology assumes that the object has a

* Angle-free rigid and non-rigid object information retrieval can recognize/retrieve with high accuracy objects having
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Fig. 1. Features of angle-free rigid and non-rigid object information retrieval.

4. Technical features

Angle-free rigid and non-rigid object information
retrieval is an NTT corevo® artificial intelligence
technology that was developed based on angle-free
object information retrieval, a technique for recogniz-
ing and searching 3D objects only by registering
images from a few directions. The features of this
technology are as follows.

In the conventional angle-free object information
retrieval, the recognition accuracy deteriorates for
deformed objects because the constraint condition on
the same object is derived from the projective geo-
metric examination based on the assumption that the
object has a fixed shape. Furthermore, with existing
learning based methods such as those based on deep
learning, if a non-rigid object is used as a target, the
recognition accuracy also deteriorates, since there are
countless deformation patterns, unless a large number
of reference images observing various deformations
are prepared in advance.

Therefore, rigid and non-rigid object image match-
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ing has been developed, which accurately specifies
the correct correspondence from the correspondence
of the image features by applying the geometric con-
straint to multiple partial regions instead of to the
entire object. This makes it possible to specify the
correct correspondence even if the object is deformed,
by clustering using geometric features such as dis-
tances and rotation angles between multiple corre-
spondence relationships based on the correspondence
result of image features between the input image and
the reference image. NTT’s angle-free rigid and non-
rigid object information retrieval expands this tech-
nology, making it possible to achieve recognition and
retrieval with high accuracy by only registering a
small number of images even if the pattern of defor-
mation is arbitrary.

For Inquiries

Public Relations,

NTT Service Innovation Laboratory Group
http://www.ntt.co.jp/news2018/1811e/181126b.html
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Live Line Aging Estimation of AC Adapters

F. Ishiyama and Y. Toriumi

Proc. of the 18th IEEE International Symposium on Signal Pro-
cessing and Information Technology (ISSPIT 2018), pp. 175-178,
Louisville, KY, USA, December 2018.

There is a risk that highly deteriorated alternating current (AC)
adapters may ignite and catch fire. If we could estimate the extent of
aging using live line measurement, we would be able to find deterio-
rated AC adapters without interrupting the operation of electrical
equipment. As we know that deteriorated AC adapters cause electro-
magnetic noise on power lines, we conducted a study to ascertain if
we could estimate the extent of aging from the intensity of the noise.
We found that this was possible using our method of time series
analysis, which has extremely high time-frequency resolution. In this
paper, we describe our method and present the results of the analysis.

Intelligent Monitoring of Optical Fiber Bend Using Artifi-
cial Neural Networks Trained with Constellation Data

T. Tanaka, W. Kawakami, S. Kuwabara, S. Kobayashi, and A.
Hirano

IEEE Networking Letters, DOI: 10.1109/LNET.2019.2897295,
February 2019.

We demonstrate, for the first time, the highly accurate detection of
the physical condition of optical fiber by using an artificial neural
network (ANN). The ANN takes constellation data as its input, and
outputs estimation data indicating the presence of optical fiber bend-
ing. This technique can estimate optical fiber condition without
additional testers. We verify that the trained ANN can precisely detect
optical fiber bends from test data as well as validation data in trans-
mission lines with no optical amplifiers. The proposal is effective if
optical amplifiers are used provided the amplitude spontaneous emis-
sion noise is small.

Economical Speed Adjustment Scheme Based on Deep
Reinforcement Learning
M. Yoshida, K. Mizutani, T. Hata, I. Shake, and T. Kashiwai
Transactions of Society of Automotive Engineers of Japan, Vol. 50,
No. 2, pp. 622-628, March 2019 (in Japanese).

NTT Technical Review Vol. 17 No. 5 May 2019

In this paper, we report on a deep reinforcement learning technique
that outputs the optimum speed acceleration to improve fuel econo-
my while taking into account traffic flow on a public highway. The
deep reinforcement learning utilizes the distance of spatiotemporal
features of traffic signal conditions. From the simulation evaluation
of our scheme, we confirmed that fuel efficiency can be improved by
about 10% while maintaining the overall traffic flow with the pro-
posed method, compared to the rule-base speed adjustment scheme.

Development of Resilient Information and Communica-
tions Technology for Relief against Natural Disasters

H. Kumagai, H. Sakurauchi, S. Koitabashi, T. Uchiyama, S. Sasa-
ki, K. Noda, M. Ishizaki, S. Kotabe, A. Yamamoto, Y. Shimizu, Y.
Suzuki, Y. Owada, K. Temma, G. Sato, T. Miyazaki, P. Li, Y. Kawa-
moto, N. Kato, and H. Nishiyama

Journal of Disaster Research, Vol. 14, No. 2, pp. 348-362, March
2019.

The study focused on the research and development of information
and communication technology (ICT) for disaster preparedness and
response with respect to two categories, namely, the delivery of alert
messages to a wider group of residents and providing quick relief
communications in affected areas. In the former category, the devel-
opment focused on two targets, one involving the delivery of alert
messages to indoor residents with a V-Low broadcasting service and
the other involving the delivery of an alert message to individuals
with disabilities and difficulties in understanding Japanese. In the
latter category, a portable ICT unit was developed for rapid relief
communications, and mesh network technology enabling robust
information sharing among base stations in the affected area was
developed. Furthermore, a related development focused on a resilient
information management system to collect information in areas that
do not have access to the Internet. Furthermore, device relay technol-
ogy was developed to expand access network coverage areas. After
the development of individual technology, activities for the societal
implementation of the development results were conducted through
field experiments and disaster drills in which the developed technolo-
gies were integrated and utilized.
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