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Abstract

Recent years have seen remarkable developments in informa-
tion and communications technology and a dramatic increase in
communications traffic. The capacity limit in existing optical
fiber supporting such communications is about 100 Tbit/s per
optical fiber, and it is predicted that transmission systems using
this optical fiber will reach this limit in due time. In this interview,
we talked with NTT Distinguished Researcher Takashi Matsui
about his research on solving this transmission capacity problem

by greatly expanding optical transmission capacity using “optical
fiber transmission line technology for space-division multiplexing.”
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Optical fiber transmission line technology for
space-division multiplexing for achieving a
multi-petabit-class transmission infrastructure

—Dr. Matsui, what exactly is “optical fiber transmis-
sion line technology for space-division multiplexing”
for solving the transmission capacity problem?

Optical fiber transmission line technology for
space-division multiplexing (SDM) prepares multi-
ple light paths within optical fiber to perform com-
munications and achieves far more transmission
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capacity than existing technologies. In recent years,
the usage scenarios of information and communica-
tions technology (ICT) have become quite diverse
producing a sharp rise in the demand for transmission
capacity. For example, the core network that bundles
and transmits communications signals over long dis-
tances between prefectures in Japan currently imple-
ments an optical transmission system having a trans-
mission capacity of 16 Tbit/s per optical fiber, which
represents an increase of about 1000 times over the
last 20 years. The capacity limit of optical fiber now
in common use is predicted to be about 100 Tbit/s per
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optical fiber, so we can expect the current optical
transmission system to reach its limit around 2030
due to the rapidly rising demand for communications.

The solution to this problem in next-generation
transmission capacity is SDM optical fiber transmis-
sion line technology. The mainstream form of optical
fiber used in today’s optical transmission system is
single-mode fiber that transmits signals through only
one path per optical fiber. In contrast, SDM optical
fiber transmission line technology transmits signals
through multiple, independent paths per optical fiber.
Since increasing the number of paths by n times
increases transmission capacity by approximately n
times, it becomes possible to dramatically expand
transmission capacity beyond comparison with exist-
ing technology.

To increase the number of optical paths in a single
optical fiber, we research SDM optical fiber transmis-
sion line technology mainly from two perspectives:
the part of the fiber that passes light called a “core”
and the way in which light propagates through a core
called a “mode.” There are three specific approaches
here: multi-core fiber that incorporates multiple
cores, multi-mode fiber that sets multiple modes in a
single core, and multi-mode multi-core fiber that
combines the above two technologies. In the case of
multi-core fiber that is as thin as current optical fiber,
the maximum number of single-mode cores is four.
On the other hand, multi-mode multi-core fiber
enables light to propagate in multiple spatial modes
per core, which makes for excellent extendibility. As
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an example, establishing three modes within each of
four cores means that light can propagate through 3 x
4 = 12 paths (spatial channels), which opens up the
possibility of expanding transmission capacity by a
significant amount. In addition, combining this fea-
ture with technology for expanding wavelength
bands in optical fiber is expected to greatly expand
transmission capacity beyond what ever could be
achieved by conventional technologies (Fig. 1).

In multi-core fiber having multiple cores in a single
optical fiber, a phenomenon called “crosstalk™ arises
in which light leaking into a neighboring core creates
interference. This crosstalk can significantly reduce
transmission capacity to an extent that prevents trans-
mission capacity to be increased by n times by
increasing the number of paths by n times. At NTT,
we are working to solve this problem by attempting
to fit as many cores as possible into a single optical
fiber while making the inter-core distance large
enough to prevent the generation of crosstalk. Of
course, making the diameter of the optical fiber larger
would enable the number of cores to be increased.
However, thicker optical fiber creates problems in
relation to physical properties such as making it hard
to bend the fiber when laying and making it difficult
to handle the fiber cable overall. On top of this,
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making the diameter of optical fiber larger means
increasing the amount of glass material used, which
can greatly degrade the manufacturability of optical
fiber. When setting out to deploy optical fiber in
actual facilities, these problems in physical properties
and ease-of-handling and in manufacturing cost take
on great importance. So researching without taking
these problems into consideration can lead to a result
in which no one would be able to use the optical fiber.
It is for this reason that searching for an optimal num-
ber of cores while maintaining the conventional
diameter of optical fiber has become a key research
issue.

In parallel with this research, we are also research-
ing the expansion of wavelength bands in optical
fiber. At present, systems are configured with optical
fiber in which signals are packed into a region limited
to a bandwidth of about 35 nm called the C-band in
the 1.5-um range. If this wavelength band can be
expanded so that a wide range of wavelengths can be
used, a quantum leap in transmission capacity should
become possible. We are therefore conducting
research with the aim of expanding the wavelength
band to the 1.6-pum band, for example, to support the
need for greater transmission capacity with NTT’s
vision of the Innovative Optical and Wireless Net-
work (IOWN) in mind. In the design of optical fiber,
the task is to find a wavelength band in which suffi-
cient transmission quality can be obtained by control-
ling changes in the refractive index and optical char-
acteristics of optical fiber. However, two key techni-
cal problems in SDM optical fiber are “crosstalk
increases when expanding the upper wavelength limit
(to longer wavelengths)” and “light can easily leak
when expanding the lower wavelength limit (to
shorter wavelengths).” In optical-fiber structures up
to now, shortening the lower wavelength limit and
lengthening the upper wavelength limit have had
tradeoffs, so we are exploring new optical-fiber struc-
tures and manufacturing methods that can signifi-
cantly increase transmission capacity while searching
out wavelength bands that can be used.

As one achievement of SDM optical fiber transmis-
sion line technology, our research group successfully
performed a relay transmission experiment exceed-
ing a transmission capacity of 100 Tbit/s per optical
fiber in cooperation with industry, academia, and
government in 2017. We did this by using a transmis-
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sion line that interconnected 4-core multi-core fibers
fabricated by multiple vendors. We have also been
researching the number of cores and modes that can
fit within a certain fiber thickness for which the opti-
cal fiber breakage rate can be sufficiently tolerated. In
2018, we demonstrated a 10-mode, 12-core multi-
mode multi-core fiber thereby achieving the world’s
highest number of spatial channels at 120.

In research reports on SDM optical fiber up to now,
extremely diversified structures have been proposed
in terms of the number of cores, thickness of the opti-
cal fiber, and other parameters. However, when actu-
ally making optical fiber into a product and using it in
communications facilities, connectivity between
optical fibers and compatibility with other devices
and facilities must be ensured. For this reason, NTT
took the worldwide lead in proposing that the thick-
ness of optical fiber be maintained at 0.125 mm as
used by existing single/multi-mode fiber and that
four cores are optimal in transmission by multi-core
fiber.

These research efforts have progressed through col-
laboration with many experts and individuals from
the NTT Group. When arriving at the stage of install-
ing optical fiber, a variety of technologies that are
needed to configure a total optical communications
system must be studied in addition to connectivity,
such as input/output methods, transmission-equip-
ment and system configuration, and operation meth-
ods. Our research has been making good progress by
receiving feedback from many people.

In view of a 125-fold increase in transmission
capacity as a target of the All-Photonics Network in
NTT’s IOWN vision, we are aiming for a transmis-
sion capacity potential of more than 10 times in an
optical fiber transmission line as our research target
going forward. To achieve this target, the first step in
our research plan for SDM optical fiber transmission
line technology is to focus our attention on establish-
ing technology for 4-core multi-core fiber having
high affinity with existing optical technology. Addi-
tionally, while using this 4-core multi-core fiber tech-
nology as a basis to work from, we will explore
methods of establishing technology that can extend
the number of spatial channels in one direction to 10
or more and thereby achieve a transmission capacity
potential of more than 10 times in an optical fiber
transmission line.

Moreover, taking into account present capacity
demands, it is predicted that the demand for transmis-
sion capacity will increase to the multi-petabit
class from 2040 on. We therefore want to work on
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Fig. 2. Research targets toward a new transmission infrastructure.

establishing technology that can also support the
future beyond IOWN. Furthermore, in addition to
high-density SDM optical fiber starting with multi-
mode multi-core fiber, we will also work on technol-
ogy for controlling wavelength characteristics. Our
aim here is to establish new optical fiber transmission
technology that can achieve transmission capacity 50
times that of current levels and support transmission
capacity of the multi-petabit class (Fig. 2).

In my many years of research, I have often wit-
nessed the appearance of optical fiber and devices
based on totally new concepts different from those of
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the past. At the research stage, this can be quite excit-
ing, but a pitfall here is that a new fiber or device may
turn out to be useless when it comes time for actual
implementation. Of course, when you are pursuing
only the research immediately in front of you, no
value is being created. To some extent, | think it’s
very important to strike a balance between an aware-
ness of how research is to be used in the future and
taking up the challenge of new, cutting-edge research,
and then set and prioritize themes. No matter how
interesting a certain research theme may be, I believe
it is meaningless if it comes to be used nowhere in the
end. I myself have experienced such a failure any
number of times, and to avoid making the same mis-
take again, I conduct my research while listening to
diverse viewpoints and exchanging opinions with
experts in other organizations and fields and manu-
facturers too. In this way, I can expand my field of
vision.

In fact, NTT Access Network Service Systems
Laboratories that [ belong to is in charge of all sorts
of technologies that are needed in the network to con-
nect customers with central offices. It deals with a
very broad range of technical fields from civil-engi-
neering facilities, optical facilities, and wireless
facilities to operations and services. Because it has
facilities throughout Japan, it has high technical com-
petence and a great ability to make judgments on the
specifications, construction, and operation of those
facilities all the way from research and development
to implementation and operation. [ believe that this is
a major strength of NTT Access Network Service
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Systems Laboratories. In addition, I feel that the abil-
ity to develop and implement technologies while
fortifying our ties with NTT Group companies and
discussing their needs is very reassuring for research-
ers. The achievements that have come about through
the efforts of senior researchers are also encouraging.
Moreover, | have many opportunities to hear what
people in standardization organizations and academic
societies outside of NTT have to say, and I can con-
duct my research while exchanging opinions with a
wide range of people. Interacting with people in a
variety of situations is truly a blessing. I believe that
this sort of environment is very important for achiev-
ing success in research.

Today, technology is progressing, and we are enter-
ing an era in which many people, myself included,
can feel its benefits. Technology will continue to
evolve: communications in our daily lives will
become even more convenient through wireless tech-
nologies, and cutting-edge services and social inno-
vations will be driven by virtual reality, artificial
intelligence, and other types of advanced software.
From here on, however, optical transmission facili-
ties will become indispensable to support such high-
speed communications and new social developments.
Yet, in recent years, it has become difficult to focus
on technologies related to the communications infra-
structure as they tend to be hidden by software-based
technical fields in the digital space. So the communi-
cations infrastructure is perhaps a low-profile field,
but if new technologies in this field can be released to
the world, I think they would have great potential in
driving dramatic changes in existing industries and
today’s society. Going forward, I myself would like
to promote top-level research results throughout the
world and contribute to the development of new opti-
cal communications facilities including the standard-
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ization of these results in a form that can provide for
practical deployment. In this endeavor, I look for-
ward to everyone’s support.

Additionally, while I hope that this will be the
desire of people involved in the research of optical
communications from here on, there is still much
room left for discussion in how this field should con-
tinue to develop and in what way new technologies
should be pursued. If a flexible way of thinking can
be adopted as in the merging of our technologies with
technologies in other fields, I believe that the entire
optical communications field can be energized and
that the future of the communications infrastructure
can be made bright indeed. To those who can sow the
seeds of such flexible thinking and to readers who
find this article interesting, I would say, “Let’s work
together to build a new future for optical communica-
tions.”
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