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View from the Top

Keeping Up the Challenge in

a Turbulent Market

—Moving from Self-sufficiency to

Maximum Use of Alliances

Kazutoshi Murao
President of NTT WEST

Overview

The key to healthy sales and profits is
helping to create and design a
new communication culture and lifestyle

—Mr. Murao, it’s been about half a year since you
became president of NTT WEST. Do you feel that you
have settled into your new position? Please tell us
about your aspirations and growth strategies looking
forward.

At the time of my appointment, [ was overflowing
with ideas, and all I could think about was ways of
implementing them. But on assuming this office, 1
didn’t have nearly as much time for detailed and thor-
ough strategic planning that I thought I'd have.
Nevertheless, I want NTT WEST to become a “cul-
ture-creation company,” and I would like all of us in
the NTT WEST Group to bring a lot of spirit and
energy to our work in line with this corporate direc-
tion.

Let me be more specific. First, in the face of
decreasing revenues in voice-related services and
increasing revenues in Internet protocol (IP)-related
services, I plan to do everything in my power to
eliminate this revenue gap between two business

areas that are said to be uncomplementary. I will also
promote service development and the creation of alli-
ance-type services based on a mindset that places
importance on improving our customers’ lifestyles.
This is how I plan to establish a stable financial foun-
dation for NTT WEST.

On the whole, there are about 16 million subscrib-
ers to telephone services and about 7 million sub-
scribers to optical—or HIKARI—broadband services
at NTT WEST. If we can raise the average revenue
per user by providing additional optical fiber services,
we may be able to increase revenues by 20-30 billion
yen. In this way, I would like to close the revenue gap
that I just mentioned at an early date and increase our
overall revenues.

At present, the longtime growth in optical broad-
band services is starting to slow down as mobile ser-
vices using smartphones, tablets and other mobile
devices continue to spread. Under these conditions, I
would like to position Wi-Fi as a bridge between opti-
cal and mobile services and to aggressively develop
services that make use of Wi-Fi.

Of course, we will also be focusing our efforts on
cloud-related businesses. We have set up a develop-
ment and strategy-planning system for cloud
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businesses and have expanded our support staff to
500 employees. By doing so, we hope to change our
traditional corporate business style to a sales style
centered on the cloud.

As we look forward, we will make an all-out effort
to create new services. In this endeavor, it is impor-
tant that we design new services from the viewpoint
of customer lifestyle.

Moving from self-sufficiency to
maximum use of alliances

—Please tell us something about alliance-type busi-
nesses.

While I would like to see all NTT WEST employ-
ees working together on projects for developing new
optical fiber services, I would also like to see us
becoming even more active in the development of
alliance-type businesses as part of this effort. Instead
of adhering to an extreme belief in self-sufficiency,
we need to consider that forming alliances with com-
panies possessing world-class technologies, exten-
sive know-how, and advanced networks can lead to
prompt creation of novel services that can help create
a new communication culture and lifestyle.

To this end, we have established an alliance promo-
tion office and have set out to form alliances focused
mainly on video services such as Smart TV. Perhaps
the announcement of our recent partnership with
Hulu, the online video delivery service, is still fresh
in your minds. From here on, I plan to form various
alliances in order to make compelling services like
Smart TV a reality.

We have also set up a business-design promotion
office and a cloud business department. Our aim here
is to create highly novel businesses. We want to
design and implement models for unconventional,
progressive businesses and services without being
restricted to telecommunication services by collabo-
rating with business operators in a variety of fields.

For example, we have established a company called
NTT SMILE ENERGY together with OMRON
Corporation to provide energy-saving support ser-
vices for households. These services include provid-
ing users with the technology to visualize their energy
savings and electric power usage and generation. We
have also begun to develop cloud services for health
management in collaboration with hospitals and pub-
lic welfare services together with local governments.
Additionally, we have partnered with Yamaha
Corporation to provide a service that enables musi-
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cians in different locations to perform together using
Hikari Denwa, our optical-fiber IP phone service,
without feeling a delay. If we tried to develop novel
services like these entirely on our own, I don’t think
we’d be able to create a new communication culture.

In the beginning, I think our employees were some-
what at a loss as to how to go about forming such
alliances, but now, they are quite happy to hop around
the country looking for strategic partners.

Up to now, we have been involved with a variety of
undertakings centered on the construction of the Next
Generation Network. However, focusing only on the
network will not enable us to keep up with the times.
In the end, it is essential that we change our way of
thinking and take up projects in tune with the aspira-
tions of our customers and alliance partners if we are
to be accepted by society as a viable player.

In addition, statistics show that mobile phones are
more likely to be used indoors, inside the home. With
this in mind, we are providing a service called
“Sumaho De Hikari Denwa” that enables a smart-
phone to be used as an extension of the Hikari Denwa
service in the home, thereby drastically reducing call-
ing charges. This service was made possible by an
application that was developed by a small venture
company in Kyoto that had been working out of a
small apartment in a condominium building. We have
been able to form alliances with such companies and
provide services that please our customers, but it is
not easy to determine exactly where such chances lie.
For this reason, it is important for us to venture out
beyond the confines of the company and work up a
sweat, so to speak, visiting customer sites to keep us
wired into the needs of society. We must change our
behavior patterns, and that includes me as well.
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Clients are great business partners

We have found our customers to be great business
partners. It is my desire to treat our customers as
highly valued clients, and at the same time, to become
a valuable business partner to our customers. I want
to establish new and exciting businesses that combine
the strengths of our customers with our advanced ICT
(information and communications technology) plat-
form.

To this end, I would like to see our sales staff—
which has many opportunities to interact with our
customers—serve as “troops” on the lookout for busi-
ness opportunities that we call “seeds.” My plan is to
set up, by summer, a department in each region of the
country to search out opportunities to form alliances.
You can expect these troops to promote alliance-type
businesses not just from the viewpoint of selling
something but also with the goal of discovering the
seeds of future business.

Responding to difficult times in an attack pose with
spirit and joy

—Market conditions for the entire industry are con-
sidered to be very severe. How do you confront this
battle for market share?

In my mind, we must always keep up the attack in
the market share battle with a firm resolution to suc-
ceed; losing is not an option. We are continuing to

move forward in this battle, but the management
environment and the broadband industry are undergo-
ing tremendous changes. If we fail to realize that
optical fiber is not the center of broadband services,
we will truly be left behind. Players from around the
world with a focus on smartphones and other mobile
devices are entering network-related businesses
bringing about drastic changes at an unimaginable
speed.

Despite these changes, there are companies that are
happily moving forward and achieving good results.
It is not a good thing that the company managers use
the word “severe.” It can be said that the so-called
“severe” conditions are simply a call for spirited
action—it will not help to simply give up and become
complacent about those conditions.

In other words, because the changes are as dramatic
as those that occurred during the Meiji Restoration, it
is exactly during turbulent times like these that we
should be excited about moving forward and taking
up the challenge of building a better world. From a
global viewpoint, NTT WEST is just another enter-
prise among many, but I believe that being conscious
of where we stand and taking necessary measures can
put us on the path to success.

During my 30s and 40s, I had the good fortune to
work under some senior personnel with strong per-
sonalities who trained me well. Learning from them,
I became convinced during my years as a branch gen-
eral manager that “seeds are found in the field, at the
front line.” This is why I always made the rounds of
local sites by myself. If I were to make these rounds
with a retinue of assistants, those sites would be
informed beforehand of my visit and would “clean
up” accordingly, preventing me from seeing how they
operated on an everyday basis. At first, employees
complained that they could not “emotionally pre-
pare” for my visit, but they gradually became accus-
tomed to my impromptu appearances and to talking
to me about work conditions and problem areas. The
true state of conditions in the field holds abundant
ideas for improving business.

This approach holds true for corporate business too.
In analyzing the frequent occurrence of certain types
of problems, I found that personnel in charge would
often keep the problems to themselves and fail to
consult with their superior. No doubt they thought
that openness in the workplace was not such a good
idea and feared a reprimand from their superior. To
improve this situation, I told those holding positions
of responsibility that “The worse the news is, the
sooner it should be reported. Good news can be sum-
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marized later, say in written reports.” I could then
take action in dealing with such problems and even
go out to the site in question.

Consequently, as a branch manager, I was often
asked to travel to sites to partake with personnel in
negotiations with customers, and this sometimes
meant driving more than 100 kilometers in one day.
Through those experiences, I couldn’t help but find
the work to be interesting and enjoyable”.

I still follow this management style taught to me by
my superiors. I consider it to be my roots.

Intuition, decision, and heart

—Mr. Murao, can you leave us with a few words for
NTT WEST employees?

My personal motto, which I learned from the presi-
dent of a certain bank during my days as a branch
manager, is “intuition, decision, and heart.” This is
short for “exercising your intuition, making a deci-
sion, and unifying the hearts of the people under
you.” A top executive must be able to make projec-
tions about the near future and to read “forward-look-
ing vectors,” and to then make decisions as a matter
of responsibility. Most competent executives possess
these qualities. The most important quality of all,
however, is being able to unify the hearts and minds
of the company’s employees. Failure to do so can lead
to accusations of “power harassment” and a reputa-
tion as a dictator. To be sure, this is not an easy task,
but if a manager is not up to it, there is no way of
moving the organization forward.

To this end, I use an “indirect circuit,” in which I
make an effort to study reports not just from sections
in charge of key areas but from other sections as well.
I believe that I can spot things from a slightly indirect
view that I would not notice from a point within the
“whirlpool” of activity. I place a great deal of impor-
tance on this approach, which leads to various oppor-
tunities for having detailed talks with employees.

And here, I mean all employees. There is no reason
to give the executive staff special attention—they are
also “colleagues” to one and all within the company.

If I were to be revered with calls of “President!” and
paraded around like a mikoshi or portable shrine on
the shoulders of others, the end would certainly be in
sight for me. There are no “distinguished” personnel
at NTT WEST as far as I'm concerned. To everyone,
I say, “Let’s move forward as one.”

—And finally, can you leave a message for NTT
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researchers?

As a researcher, there are fields that one would like
to pursue and make achievements in. But from a busi-
ness point of view, it’s important that such research
desires be skillfully matched up with management
goals. Failure to achieve such a match can only lead
to misunderstandings. I’m not saying that we have so
far not been achieving mutual understanding, but I
would like to create an atmosphere that makes it even
easier to understand each other’s needs and to convey
one’s true feelings so that we can exchange opinions
more effectively. To facilitate intensive discussions,
the topics should be narrowed down, and honest, in-
depth debates should be pursued. Discussions of this
type can help us move forward with a sense of urgen-
cy completely in line with the company’s direction.

Interviewee profile
B Career highlights

Kazutoshi Murao entered Nippon Telegraph
and Telephone Public Corporation in 1976. After
serving as News Release Manager and Secretariat
Manager in the NTT Public Relations Office, he
became General Manager of the NTT WEST
Kyoto Branch in 2000, NTT WEST Senior Vice
President and Managing Director of the Corporate
Strategy Planning Department in 2005, and
Executive Vice President and Managing Director
of the Corporate Strategy Planning Department in
2008. He became Senior Executive Vice President
in 2009 and assumed his present position in June
2012.



Feature Articles: Circuit and Device Technologies for Extremely
Low-power Consumption for Future Communications Systems

Device Innovations toward
the Green of Information and
Communications Technology

Tsugumichi Shibata, Shin’ichiro Mutoh, and

Atsushi Murase

Abstract

The recent growth in popularity of fiber-to-the-home (FTTH) services and mobile smartphones is
resulting in an explosive increase in the volume of communications traffic, and this has led to a subse-
quent increase in the power consumed by network devices and terminals. In the Feature Articles in this
issue, we give an overview of power-reducing and power-saving techniques to implement green informa-
tion and communications technology, and we introduce technological developments NTT is working on
that are designed to reduce the power consumption of network equipment.

1. Introduction

In Japan, the simultaneous proliferation of optical
fiber-to—the-home (FTTH) services such as B FLET’s
and high-speed mobile communications services
such as Xi (pronounced crossy) has led to widespread
daily use of the “anywhere, anytime” Internet access.
Many users are now reaping the benefits of leading-
edge broadband networks, anticipating the expansion
of new application services and innovative terminal
devices, and looking forward to further improve-
ments in information and communications technolo-
gy (ICT) that give them a higher quality of life (QoL).
Against this background, the volume of communica-
tions traffic centered on image- and video-related
services is growing explosively, and it is therefore
important to find ways of ensuring that the power
consumed by related equipment does not increase.
We believe that power reduction is an important
research and development challenge in the drive for
continuous development of network services that
support the creation of an affluent society.

2. Ongoing research and development in
Microsystem Integration Laboratories

In November, 2010, the NTT Group drew up a new
environmental vision called THE GREEN VISION
2020 [1] for intended application through 2020. We
are continuing with our initiatives and research and
development (R&D) with the aim of forming a recy-
cling-oriented society by implementing Green of ICT
and applying Green by ICT [1]. In our R&D on cir-
cuits and devices for communications at NTT Micro-
system Integration Laboratories, we are developing
technology that not only prevents any increases in
power consumption but also reduces power consump-
tion while simultaneously improving device func-
tionality and performance. We are also conducting
innovative research with the aim of achieving extreme
power saving systems.

An optical IP (Internet protocol) network is divided
into three segments: a core network that covers a wide
area, access networks that extend from the core, and
network appliances that are connected to the access
networks (Fig. 1). Of these segments, the access net-
works consume the largest proportion of power [2],
and methods to save power in the access networks
are being investigated. R&D is underway on media
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Fig. 1. Conceptual view of IP optical network.

access control (MAC) large-scale integrated circuits
(LSIs) for the 10-Gbit/s Ethernet passive optical net-
work (10G-EPON) systems that will be the next
upgrade of the FTTH service. Our objective in this
research is to achieve reduced power consumption
through innovations in circuit architecture and reduc-
tions in circuit scale. We are also implementing sleep
control functions for optical network units (ONUs)
that are expected to have a substantial effect on power
saving, and are conducting experiments in order to
evaluate the effectiveness of these techniques. On the
user side, a trend toward a reduction in the normal
usage frequency (operating time) of devices has been
observed, so there is much leeway in saving electrical
power when devices are not in use.

In core networks, traffic from the access networks
is aggregated, and devices such as core routers are
required to efficiently accommodate functions for
processing large volumes of data in compact equip-
ment. In this case, efforts to reduce power benefit the
environment and energy resources and also alleviate
design margins relating to heat generation of com-
munications installations. This technology is expect-
ed to help reduce installation space requirements,
capital expenditure (CAPEX), and operating expens-
es (OPEX) by enabling high-density installation.

With network appliances, the focus is on reducing
power in mobile and sensor terminals. Power-saving
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technology is directly related to the extension of bat-
tery life and will help to improve user-friendliness
and reduce maintenance work. The transition in the
types of network appliances used over the years is
shown in Fig. 2. We predict that a huge variety of sen-
sor terminals in the machine-to-machine (M2M)
communications form will be widely distributed in
the future. Consequently, we are carrying out R&D
on ways to achieve much higher levels of power sav-
ing in terminal architecture and configuration tech-
nology, as well as R&D on energy harvesting tech-
nology.

3. LSI power-reduction technology and
directions of R&D

Here, we review techniques to reduce power con-
sumption through the appropriate design of large-
scale integrated circuits (LSIs), which form the heart
of signal processing and communications protocol
control equipment. In terms of device technology, we
could use compound semiconductor technology or
SiGe bipolar complementary metal oxide semicon-
ductor (Bi-CMOS) technology for communication
LSIs in the transmitters and receivers of transceivers
to improve speed. If we were to focus on power
instead, we could use silicon CMOS technology to
implement large-scale circuits that provide advanced
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digital signal processing or communications protocol
control. We review the power consumed by CMOS
circuitry below.

The power consumed by a CMOS digital circuit
can generally be written as:

P =C Vpp’ f+ Preak + Pro

The first term on the right side represents the elec-
trical power consumed through repeated charging
and discharging that occurs with the operation of the
logic circuitry. The second term is the power dissipa-
tion due to leakage current, which has increased as
transistors have become smaller and which will dis-
sipate power through leakage despite our best efforts
to prevent it. The third term is a characteristic feature
of large-capacity signal processing LSIs, which have
explicitly added the power consumption of the
peripheral input/output (I/O) circuit parts for moving
large volumes of data into and out of LSI chips. These
parts are formed by various circuits such as those that
perform the serial-parallel conversion and timing
control of I/O signals and the analog circuits that
drive external loads. The power consumption reaches
particularly high values in LSIs that input and output
large quantities of frames or packets when processing
large volumes of signals. This is a continuing major
issue in implementing larger throughputs and higher
integration levels.

In the first term of the equation, C is the load
capacitance of the logic gates (basic circuitry). This
also depends on the layout of the wiring, but as a rule
of thumb, the value is determined once the generation
(nodes) of the fabrication process has been deter-
mined. The value Vpp is the power voltage, which has

dropped from 5 V to 3.3 V as processes have become
finer, leading to a corresponding decrease in power
consumption. When the latest processes are used, the
internal digital circuits are designed to run with a
power voltage on the order of 1 V. In addition, fis the
actual operating speed (frequency) of the circuitry. If
we focus on f, it is clear that the first term can be
reduced by lowering f, if it is acceptable for circuit
operations to become sluggish or even stop temporar-
ily, depending on the communications situation. This
situation is shown schematically by the red line in
Fig. 3. Control of f can be achieved by clock gating
that stops the clock that is distributed to the circuitry,
either temporarily or partially.

The power dissipation caused by leakage current
(second term of equation) cannot be reduced by clock
gating but must be reduced by cutting the power sup-
ply. Shutting off power either temporarily or partially
is known as power gating. Circuit technology that
uses power gating is referred to as multithreshold
voltage CMOS (MTCMOS) technology and is well
known as an NTT innovation [4].

Skillful use of power gating makes it possible to
supply power to necessary functions only when
needed, and to let the device sleep when it is not
required. This is shown schematically by the green
and blue lines in Fig. 3. It may also be possible to
implement even finer-tuned power saving by re-
examining communications control or by exerting
control over the state of traffic that should be pro-
cessed. The power-saving technique linked to this
communications control (Fig. 4) is one of the techno-
logical development trends in power reduction based
on circuit technology for communication LSIs.
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4. Topics and structure of feature articles

The other Feature Articles in this issue introduce
six topics we are working on at NTT Microsystem
Integration Laboratories.

The second article, “Low-power LSI Techniques
for Next-generation FTTH System” gives a detailed
description of power reduction technology for control
LSIs for the 10G-EPON system [5]. It introduces our
efforts to reduce power by scaling down signal pro-
cessing and communications control circuits. It also
introduces the possibility of power-saving in the ana-
log circuits that drive lasers according to the data
traffic situation, by burst signal processing technolo-
gy, which is our technological strength.
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The third article, “Energy-saving Technique for
High-speed Packet Forwarding LSI” describes a
power gating technique for achieving both high
throughput and energy-saving performance of a 100-
Gbit/s-class high-end router packet-forwarding cir-
cuit [6]. The technique uses two parallel forwarding
engines that are fully activated when the traffic is
heavy and partially powered down depending on the
traffic conditions.

The next three articles deal with topics relating to
M2M sensor terminals. “Nanowatt Circuit Technol-
ogy for an Ultrasmall Wireless Sensor Node with
Energy Harvester” introduces details of investiga-
tions targeted at extremely low-powered sensor ter-
minals [7]. The goal is to develop sensor terminals
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that are able to gather electrical power from the sur-
rounding environmental energy, enabling them to
operate autonomously and perpetually. This article
also proposes sensing circuits and wireless transmis-
sion circuits operating on the order of nanowatts.
(Fig. 5)

The article entitled “Low Power Consumption Sen-
sor Interface Terminal for Various Telemetry Applica-
tions” describes terminal configuration technology
that can be applied to existing services and that can
accommodate a variety of sensors [8]. Devices for
telemetry must be able to operate under battery power
for five to ten years without maintenance. It is there-
fore a technological challenge to determine how they
will best be able to respond to such conditions.

The article “Vibrational Energy Harvesting with
Microelectromechanical System Technology” intro-
duces attempts to harvest electrical power from vibra-
tion energy that is all around us and provides details
relating to research into circuits that operate on elec-
trical power on the order of nanowatts [9]. We report
on details and the current situation of vibration

power-generating technology used in microelectro-
mechanical systems (MEMS) technology.

Finally, in “Integrated Silicon-based Optical Inter-
connect for Fast, Compact, Energy-efficient Elec-
tronic Circuit Systems” [10], we introduce the state
of R&D into silicon photonics technology that will be
used to convert the input-output interfaces of devices
that handle large volumes of signals to fiber optics,
reduce the previously described power consumption
term Py0, and also attempt to help make devices even
more compact and highly integrated by integrating
and combining optical and electrical processing.
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Low-power LSI Techniques for
Next-generation FTTH System

Mamoru Nakanishi, Hiroshi Koizumi, Sadayuki Yasuda,
Tomoaki Kawamura, Shoko Ohteru, Naoki Miura, and

Minoru Togashi

Abstract

Demand for reduced power consumption of network devices is growing as Internet protocol traffic
increases and fiber-to-the-home service penetration expands. This article describes our low-power-con-
sumption technology developed for application to medium access control large-scale integrated circuits
(LSIs) and analog front-end integrated circuits. Power saving is achieved with dynamic control accord-
ing to the traffic state or link state, which reduces power consumption in LSIs and in entire network

systems.

1. Introduction

The number of fiber-to-the-home (FTTH) subscrib-
ers in Japan has reached more than 20 million, and the
volume of downstream traffic is now as high as 1.7
Tbit/s [1]. The Gigabit Ethernet passive optical net-
work (GE-PON) is widely used as the main access
network. The expansion of cloud computing applica-
tions, 3D (three dimensional) video, and high-defini-
tion video (4K video) will likely lead to further
increases in Internet traffic.

The deployment of 10G-EPON, which is ten times
faster than GE-PON, is expected in order to handle
the increasing volume of traffic. The international
standard for the 10G-EPON physical link layer 1EEE
802.3av) [2] was established in 2009. System-level
10G-EPON standards (IEEE 1904.1 SIEPON) are
now being studied, with completion aimed for in
2013.

An overview of the 10G-EPON system is shown in
Fig. 1. An optical line terminal (OLT) is located at a
central office, and several optical network units
(ONUs) are installed at each user premises. The
ONUs share the optical fiber connected to the OLT
through a splitter. The OLT must support 10G and 1G
dual-rate communications to accommodate the coex-
istence of three different types of ONUs: symmetric

10G ONUs, asymmetric 10G ONUs, and 1G ONUs.

Reducing the power consumption of access net-
work systems is a pressing issue. ONU power con-
sumption accounts for 60% of power consumed by
the entire network, including the Internet protocol
(IP) core network, because the number of ONUs is
proportional to the number of subscribers. The power
consumption of access networks accounts for more
than 80% of the total network power consumption,
including the OLT and aggregation network switch-
es.

In the 10G-EPON system, the need for dual-rate
burst 1G/10G reception will lead to an increase in
hardware scale and power consumption. Neverthe-
less, the dual-rate reception is necessary in order to
accommodate the existing GE-PON, which will
allow the coexistence of 10G and 1G data paths, and
to accommodate multiple forward error correction
(FEC) and encryption methods for 10G and 1G data
communications. The following techniques for
reducing the power consumption of a practical 10G-
EPON system are therefore very important.

- Reducing the number of transistors and the

power consumption of LSI devices

- Downsizing and reducing the power of the sys-

tem by incorporating peripheral components into
large-scale integrated circuits (LSIs)

NTT Technical Review
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Fig.2. 10G-EPON MAC-LSI (OLT).

{

ONU

link control block (P2MP) manages and controls the
link status of the connected ONUs and grants permis-
sion for upstream transmission to the ONUs. The
P2MP also controls the frame reception timing of
burst upstream signals, so it is considered to be the
heart of the LSI. Thereafter, the LSI is connected to a
10G/1G dual-rate transceiver through the encryption
block (ENC), forward error correction block (FEC),

- Controlling the power consumption of devices and serializer-deserializer block (SERDES), which
according to the traffic and operating status converts the multiplicity of input/output signals.
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The 1G and 10G data paths are separated at the
FEC and ENC blocks because the standard
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specifications for FEC and encryption are different
for 1G and 10G. In contrast, the data paths for 1G and
10G are shared at the BRG and BUF blocks in order
to reduce the size of the BRG and BUF circuits.

2.2 Downsizing of encryption circuit

To distinguish and receive 1G burst signals from
asymmetric 10G-ONUs and conventional 1G-ONUs,
an encryption method must be selected, and decryp-
tion must be properly performed. If we employ a
method that distinguishes the decryption algorithms
by examining the received frame, the OLT has to buf-
fer the frame during the time it takes to examine it and
dynamically select the algorithm. This requires an
additional frame buffer and increases the OLT laten-
cy.

The OLT already knows the upstream receive time
slot and the type of source ONU because the OLT
assigns the bandwidth for ONUs so that upstream
frames from each one do not overlap each other. The
decryption controller we implemented can evaluate
decryption methods and set up the decryption algo-
rithm before the frames are received.

The dynamic bandwidth allocation information-
based scheduling method eliminates the need for
additional upstream-frame buffering and makes it
possible to change the decryption algorithm burst by
burst. Not only can significant hardware overhead be
avoided but also the increase in latency can be sup-
pressed.

2.3 High-throughput data-path construction
The details of the BUF block are depicted in Fig. 3.
A 10-Gbit/s data path and a 1-Gbit/s data path are
multiplexed in the multiplexer (MUX) to a 256-bit
width. This is because throughput greater than 22-

Gbit/s for the read and write operations of memory
access is necessary for full wire-rate transmission. In
addition, to prevent throughput degradation by con-
tinuously writing short frames such as 64-byte frames
to memory, a memory write controller writes frames
to external memories only when more than 1 kbyte of
frame data is stored in the buffer memory in the write
controller. Frames of both 10G and 1G data are first
stored in the same buffer memory and then sent from
the buffer in the order of priority determined by the
BRG block. In this way, we reduce the number of
external memories and the size of the circuits, and we
suppress the delay.

2.4 Flexible functionality

The OLT P2MP manages the states of ONUs such
as the link state and power-saving state. The OLT or
ONU transmits and receives the control frame to and
from each other and changes their state. To prevent
signals from the ONUs colliding in the upstream, the
OLT distributes the timing in 16-ns clock order to all
ONUs for synchronization. The main functions of the
P2MP are as follows:

- Carrying out multiplexing and demultiplexing in
order to send and receive data frames and control
frames.

- Generating local reference time and controlling
signals for each block in the LSI

- Managing the ONUs, including link-status
monitoring, control-frame generation and trans-
mission, and control-frame reception and pars-
ing.

To allow the 10G-EPON systems to be adapted to
various services such as triple play or bandwidth-
guarantee, the P2MP block should be able to perform
protocol processing between the ONU and OLT with
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Fig. 4. Concept of the proposed burst-by-burst power saving.

extendibility and flexibility. Moreover, flexible
protocol processing can support effective ONU sleep
management to save power. Software-hardware
cooperation in protocol processing is an efficient way
to achieve extendibility and flexibility. The function
which needs precise control for maintaining the tim-
ing accuracy and throughput requirements was
extracted as a hardware execution function. By con-
trast, flexible ONU management is assigned to soft-
ware. This assignment enables the P2MP to modify
the management of each ONU state and transmit con-
trol frames with any format. Thus, the OLT with traf-
fic control and link status monitoring implemented in
software enables us to achieve ONU sleep manage-
ment for power saving.

3. Burst-mode laser diode driver (BLDD)

3.1 Power consumption of burst-mode transmit-
ter

Reducing power consumption is a pressing need for
the burst-mode transmitter because 10-20% of the
ONU power is consumed by the BLDD. A simple
approach for power saving is to shut down the trans-
mitter when there are no upstream optical bursts.
However, this approach can be applied only during
long periods of no data transmission because of the
long settling time [3]. When a PON system has 32
branches, the maximum number allowed by IEEE
802.3av, each laser diode (LD) can be turned off for
97% (= 31/32) of the time on average. The conven-
tional BLDD consumes power continuously irrespec-
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tive of the existence of traffic. The sleep-based power
saving requires a settling time to power up, and a
sleep control signal is required in addition to the
transmit enable (Tx_EN) signal currently used as the
standard. The transmitter receives the Tx_EN signal
from the PON control IC and turns on the LD after
power is recovered. In our burst-by-burst power sav-
ing scheme, both the power and LD turn on simulta-
neously when the Tx_EN signal is received (Fig. 4).
Our proposed BLDD can exploit the short absence of
transmission data by shortening the power settling
time to approximately 3% of the maximum LD turn-
on delay of 512 ns defined in IEEE 802.3av, thereby
saving power efficiently.

3.2 BLDD with power-saving feature

A block diagram of the proposed BLDD circuit and
a photograph of a test chip that was designed and
fabricated in 0.18-um SiGe BiCMOS (bipolar
CMOS) technology are shown in Fig. 5. To quickly
restore power from the power-saving mode, a current
switch is added to the current source of each block.
The gate circuit is put in the front stage of the output
driver to keep the input signal at the differential low
level when the laser is off with power saving. Main-
taining the input at a low level makes the laser extinc-
tion more reliable. The gate circuit has to act as a
pre-buffer for the large output driver and therefore
consumes a relatively large current when the laser is
on. However, because the low-level output does not
need a large bandwidth, we are able to implement a
mechanism in the gate circuit that allows the circuit
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to reduce power consumption itself during the LD-off
state. The combination of burst control mechanisms
and current switching enables both effective power
saving and complete extinction of the laser [4], [5].
The distinctive feature is that both the burst operation
and power saving are controlled by only a single
Tx_EN signal.

The input data stream for all measurements was a
2311 PRBS (pseudo-random bit sequence) NRZ
(non-return-to-zero) signal with a data rate of 10.3125
Gbit/s. The measured power consumption for burst-
by-burst power saving operation and conventional

non-power-saving burst operation with various duty
ratios of Tx_EN signal pulsing are shown in Fig. 6.
The Tx_EN pulse frequency was 2 MHz. The power
consumption is dramatically reduced from 1006 to 64
mW when the laser is turned off with the power-sav-
ing operation. In contrast, the change in power con-
sumption for the conventional burst operation is very
small. Our BLDD reduces power consumption by
more than 90% when the PON system has 32 branch-
es.

The transient optical waveforms after fourth-order
Bessel-Thomson filtering with the burst-by-burst
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power saving operation are shown in Fig. 7. The
waveforms were measured 10, 15, 20, and 50 ns after
the transmission was enabled. The BLDD demon-
strates a sufficient average optical launch power of
7.3 dBm, an extinction ratio of 8.22 dB, and a mask
margin of 20% at 15 ns. The mask margin increases
to 30% at 50 ns. These results show that our BLDD
quickly recovers from the power-saving mode in 15
ns or less, which is 34 times faster than the turn-on
time defined in IEEE 802.3av PR30 standards. With-
out power saving, the turn-on time is 9.8 ns, which
means the penalty for the power saving is under 6 ns.
This is the first burst-by-burst power saving circuit
that satisfies the IEEE standard with a sufficient mar-
gin.

4. Conclusion

We introduced techniques for designing MAC LSIs
and burst-mode laser driver ICs to achieve power sav-
ing in the 10G-EPON system.

The increase in communications traffic is expected
to continue, which will inevitably result in equipment
becoming larger. To control power saving of an entire

Vol. 11 No. 2 Feb. 2013

system, electric power control for power saving at the
LSI level and cooperative operation between many
connected LSIs and ICs are needed.

We will work on implementing a control mecha-
nism for LSIs to achieve such system-level power
saving.
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High-speed Packet Forwarding LSIs
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Abstract

Network traffic is increasing exponentially, and this requires packet forwarding circuits with higher
capacity, which strengthens the demand for higher energy efficiency in these circuits. This article
describes an energy-saving technique for high-speed packet forwarding circuits.

1. Introduction

The packet forwarding circuit in a communication
network delivers data from the sender to the recipient.
This circuit looks up the media access control (MAC)
address (layer 2 switch) and IP (Internet protocol)
address (layer 3 switch) that are contained in the
inbound packet header and performs a routing func-
tion in which it sends the packets to the output ports.
NTT Microsystem Integration Laboratories has been
carrying out research and development (R&D) on
circuit configurations for implementing a next-gen-
eration packet forwarding large-scale integrated cir-
cuit (LSI). Our research includes high-speed circuit
technology for achieving 100-Gbit/s-class packet-
forwarding speeds, reduced power consumption,
higher performance with the same or lower power
consumption, and functional expansion by enabling
cooperation between a forwarding LSI and a pro-
grammable LSI to allow flexibility in adding future
services. Here, we explain our energy-saving tech-
nique.

2. Increase in forwarding performance and
energy efficiency

Research efforts are intensifying to achieve faster
processing speeds in network devices so they will be
able to process the continually increasing amounts of
traffic. The forwarding speed at the wavelength of the
trunk network is over 100 Gbit/s (Fig. 1) [1]-[3], and
the forwarding speed of Ethernet from Datacom Sys-

tems is not far behind. The forwarding circuits that
route such high-speed packets at the line rate must
process a large volume of packets in a very short time.
Therefore, either the circuits that implement that
function must be operated at a high clock frequency,
or the processing must be done by multiple circuits in
parallel. Development to suppress the increase in
power consumption that comes with these processes
is an increasingly important issue from the viewpoint
of energy conservation.

3. Energy-saving methods

The main approaches to saving energy in LSIs are
shown in Fig. 2. These are frequency scaling, in
which the frequency of the clock that drives the cir-
cuit is lowered, clock gating, in which the clock is
periodically stopped, and power gating, in which the
power is turned off [4]. The basic principles of these
methods when they are applied to packet forwarding
can be illustrated through the example of package
sorting and delivery. In normal operation, the
addresses are sorted and the packages are delivered at
high speed. When there are few packages to be deliv-
ered, the delivery speed is reduced. When there are no
packages to be delivered, the sorting process is put on
stand-by, from which it can begin again at any time,
and delivery is stopped. The last method is equivalent
to stopping both sorting and delivery. In other words,
the clock frequency (f) is set to the maximum (fimax)
during normal operation to obtain the full perfor-
mance of the circuit, and the circuit is run on the
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prescribed power supply (Vpp). Frequency scaling
conserves energy by reducing the clock frequency (f)
according to the amount of processing. As the fre-
quency is lowered, the energy-saving effect increases.
Both clock gating and power gating are applied when
the amount of processing drops to zero. Clock gating
reduces power consumption by stopping the clock
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signal from being provided to the circuit. Because
only the clock is stopped, the circuit remains in stand-
by mode, so circuit operation can begin immediately
when the clock signal is restored. For that reason,
clock gating can be applied for very short time peri-
ods, such as in the time interval between packets.
However, the power supply (Vpp) remains on, so it is
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not possible to prevent power consumption caused by
leakage current, and consequently, the energy-saving
effect is not that large. Power gating temporarily or
partially stops the power supply. Because power gat-
ing can prevent power consumption due to leakage
current, it is the most effective of the energy-saving
methods. However, once the power is turned off,
some time is required to restore it, so this method is
applied to circuits that operate for a certain period of
time and then stop.

4. Requirements and issues

When packets are inbound at 100-Gbit/s-class data
rates, the interval between packets is measured in
units of nanoseconds (10 seconds), so the forward-
ing circuit must operate constantly. Even when no
packets are inbound, the circuit must always remain
in a stand-by state that allows immediate forwarding
at high throughput when packets arrive without
notice. This requirement has made it difficult to apply
power gating, which has a recovery time measured in
microseconds (10'6 seconds). We therefore developed
an energy-saving technique in which power gating is
applied by concentrating packets in a packet process-
ing block when throughput is low. We explain that
technique in detail below.

5. Power gating technique

The basic configuration of a packet forwarding LSI
is illustrated in Fig. 3. The functional configuration

includes processing of both inbound packets coming
from the line (i-packets) and outbound packets going
to the line (o-packets). Received packets pass through
the serial-parallel converter (SerDes) and the media
access controller (MAC) and are buffered and pro-
cessed for transmission. The packets then pass
through the MAC and SerDes and are forwarded.
This packet processing sequence is similar for i-pack-
ets and o-packets, both in content and procedure, so
the two forwarding engines (FE1 and FE2) have
approximately the same functions. The i-packet data
rate can easily be estimated in advance from the net-
work interface input speed and the number of line
ports, but the data rate of the o-packet input from the
switch (SW) can fluctuate greatly according to the
switching by SW. Therefore, an external packet buf-
fer (PB2) and an interface circuit for it (PB2 IF) are
provided so that a packet buffer of appropriate capac-
ity according to the location can be implemented to
absorb the data rate fluctuation.

A power gating technique for achieving both high
throughput and energy-saving performance when
packets are input at short intervals and without notice
is illustrated in Fig. 4. During normal operation, the
processing of the inbound and outbound packets is
done by the respective FEs. The forwarding through-
put of each FE is 100 Gbit/s, so forwarding can be
done at a total data rate of 200 Gbit/s. However, when
traffic is light, the forwarding can be done by just one
of the two FEs, and power consumption can be
reduced by switching the packet path so that the pack-
ets inbound from the line and the packets outbound to
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Fig. 5. Energy-saving effect of power gating.

the line are both processed by the FE on the right side.
In that case, the power to the FE on the left can be
turned off to conserve energy (energy-saving opera-
tion 1; FE1 off). Furthermore, when traffic is light
and the internal packet buffer is sufficient to absorb
fluctuations in the data rate, the packets are funneled
to the FE on the left side and all packets are processed
by that FE. The power to the FE on the right side and
the external packet buffer can be turned off to further
reduce power consumption (energy-saving operation
2; FE2, PB2, and packet buffer IF are powered off).

6. Itemized power savings

The energy-saving effect obtained by applying
power gating in which the packet path is changed so
that all the forwarding is done by one of the FEs and
the power to the other FE is turned off are presented
in Fig. 5. The power-gated functional blocks include
forwarding engine 1 (FE1), which is off in energy-
saving operation 1, forwarding engine 2 (FE2), and
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the external packet buffer interface (PB2 IF), which
are turned off in energy-saving operation 2, and
input-output circuits (I/Os), which are off in both
energy-saving operations 1 and 2. The energy savings
are 48% for energy-saving operation 1, in which one
FE and some 1/Os are off, and 70% for energy-saving
operation 2, in which PB2 IF is also off.

7. Conclusion

The high-throughput packet forwarding LSI is
equipped with many high-speed input-output circuits
for receiving and forwarding at high data rates and
various MAC processing circuits for flexibly han-
dling a variety of protocols. We intend to expand our
energy-saving efforts beyond the results shown in
Fig. 5 to include those other constituent elements to
achieve even further energy savings.
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Nanowatt Circuit Technology for an
Ultrasmall Wireless Sensor Node with

Energy Harvester

Shoichi Oshima, Kenichi Matsunaga,
Toshishige Shimamura, Hiroki Morimura, and

Mitsuru Harada

Abstract

This article describes an ultrasmall wireless sensor node (WSN) that is powered by an energy har-
vester. The small WSNs can be mounted on any kind of object without increasing their volume, and the
energy harvester provides power without having to worry about battery life. However, it is difficult to
achieve a WSN that is both ultrasmall and yet still has sufficient power; the smaller the energy harvester
is, the less power it generates. We have developed two nanowatt circuit techniques to address this issue.
One is a sensing circuit that converts signals with vibration energy. The other is a wireless circuit that
uses a quick startup ring oscillator and pulse modulation with an intermittent-driving radio frequency

circuit.

1. Introduction

Wireless sensor networks that can gather and ana-
lyze trivial information such as vibration, tempera-
ture, angles, or positions will lead to the development
of new services [1]-[4]. For example, a current sensor
attached to electrical appliances in a house can detect
how much electricity is used or saved over time, and
a sensor that can detect patterns in vibrations caused
by wind can indicate cracks in concrete structures. In
addition, wireless sensor networks make it possible to
provide machine-to-machine (M2M) networks where
appliances operate voluntarily without human
instructions. An image of a wireless sensor network is
shown in Fig. 1. The network consists of wireless
sensor nodes (WSNs) that can be mounted on any
object or living thing to monitor environmental or
physical conditions, on master receivers that are con-
nected to the network to collect information from the
WSNs, and on servers to store and analyze data.

Our concept is to make the WSNs ultrasmall and to
drive them with an energy harvester. The small WSNs

can be mounted on any object without increasing the
object’s volume. The energy harvester draws ambient
energy from the surrounding environment. This
means that the conventional battery is unnecessary as
a power source, and consequently, there are no con-
cerns about battery life. These two aspects also
reduce the cost of the WSNs and make them less
intrusive, which allows a greater range of applica-
tions. Unfortunately, there is a conflict between
energy harvesting and node miniaturization; as the
energy generator becomes smaller, so does the gener-
ated power. In this article, we describe ultralow
power, nanowatt circuit technology that we devel-
oped to address this problem.

This article is organized as follows. Section 2
describes the energy harvester and nanowatt circuit
technology. Section 3 covers the components and
circuits of the WSN, and section 4 concludes the
article.
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Fig. 2. (a) Minimum WSN configuration and (b) amount of power generated by various sizes of energy harvesters.

2. Nanowatt circuit technology

The minimum configuration of the WSN energy
harvester, sensor, and wireless integrated circuit (IC)
is shown in Fig. 2(a). We first discuss the energy har-
vester and then explain the sensing circuit and the
wireless configuration.

2.1 Energy harvester

The size of the energy harvester versus the energy
generated from ambient heat, vibration, and light
sources is shown in Fig. 2(b) [5]. The shape of the
solar battery is considered as a square, and the others
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as cubes. Naturally, more energy degradation occurs
as the size of the harvester decreases. The energy
source that is selected therefore depends on the usage
conditions and energy requirements.

For example, there is a good source of heat when
WSNs are mounted on human skin or on a large-scale
integrated circuit (LSI) of a computer. However, the
energy conversion efficiency is low in this case, and a
heat waste structure is needed to convert energy.

Vibration is a good energy source for WSNs mount-
ed on humans or vehicles, but space is needed for the
vibration generator. Further, the vibration frequency
depends on the shape and the material of the generator,
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which limits the flexibility for modeling the genera-
tor.

Light is a good energy source only when the light is
irradiated. The generated power is affected by the
light source, and the intensity of light in different
environments, for example, a dark wine cellar, and a
sandy beach on a sunny day, can vary dramatically.

Whichever energy source is chosen, the generated
power for a WSN less than 1 cm in size under stable
conditions, such as when there is no one in a room, is
at most 1 uW. To drive all blocks of the WSN with
such low energy, nanowatt circuit technology is
required.

2.2 Sensing circuit technology [6]

Here we introduce a vibration sensing circuit with
nanowatt power consumption. The vibration structure
is usually a passive device that consumes little power.
However, the conversion of the vibration signal to an
electrical signal is the most important point.

The configuration of the vibration sensing circuit is
shown in Fig. 3. A movable component made of
metal forms a capacitor that is connected to the power
source. When this component vibrates, its capaci-
tance vibration pattern changes. This results in cur-
rent being pulled from the power source, which is the
same as what happens in a charge pump operation.
Thus, the vibration signal is changed into an electri-
cal signal through the use of vibration energy rather
than electrical energy, which consumes no electrical
power. The measured power consumption of this cir-
cuit is only 0.7 nW.

2.3 Wireless IC technology [7]
In this subsection we introduce an ultralow power

wireless transmitter that uses intermittent pulse train
modulation.

Let us start by first examining a conventional wire-
less system. The power consumption over time for
one-time data transmission is depicted in Fig. 4(a).
To transmit data, first, the wireless circuits turn on.
However, some startup time is necessary before data
can be transmitted. The main operations that make up
the startup time are oscillator stabilization and IC
reset and initialization. These operations require
about 10 ms when the system uses a crystal oscillator
to lock the phase-lock loop circuit. The wireless sys-
tem then starts to transmit the data. During the data
transmission, the power consumption consists of the
power for driving the circuits and the power transmit-
ted to the air. In theory, only the power transmitted to
the air is required for wireless communications. As
little power as possible should be used for oscillator
stabilization and for driving the circuits.

Our wireless system is shown in Fig. 4(b). We use
two key techniques to reduce the total power con-
sumption. One is a quick startup circuit to cut off the
energy loss during the stabilization time. The other is
the use of a 1-symbol intermittent pulse train instead
of a continuous wave, so that when the pulse stops the
radio frequency (RF) circuits also stop in order to
reduce the energy needed to transmit 1-symbol data.

The total energy for transmitting data is shown in
Fig. 4(c). When the length of the transmitting data is
long, the 1-symbol energy is dominant in the total
energy, and when the data length is short, the stabili-
zation energy is dominant. The proposed system can
reduce the energy used for both startup and data
transmission and achieve lower energy than a conven-
tional system.
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A block diagram of the proposed wireless transmit-
ter is shown in Fig. 5. It consists of a baseband ring
oscillator for a data clock, an RF ring oscillator for a
pulse generator, a pulse counter, an identification
(ID) generator, and a driver amplifier. The ring oscil-
lator is effective for achieving a quick startup. When
the baseband oscillator starts, the ID signals are gen-
erated. While the signal is set to 1, the RF oscillator
generates a pulse train. The pulse counter counts the
number of pulses and stops the RF oscillator when the
count reaches 32. After that, the RF circuits stop and
consume no more power. The measured power con-
sumption of 1-bit generation is 10 nJ/bit. This means
that when we transmit 50 bits of “1” data in 1 s, the
total power consumption is 500 nW.

3. Fabricated WSN

Photographs of a fabricated WSN are shown in
Fig. 6. The configuration is also shown. The WSN
has a solar battery, vibration sensor, wireless IC,
antenna, and other devices. The total volume is 1 cm?
with a small-wire dipole antenna. The 1-cm? printed
circuit boards are stacked three-dimensionally to
reduce the total size. The frequency band is set to 300
MHz, which means that no usage license is necessary
under low output power conditions in Japan. The data
rate is 1 Mbit/s and the bandwidth is 10 MHz. The
transmitted data length is 36 bits including the pre-
amble, fixed pattern, and ID. When the WSN detects
sufficient vibration, it transmits the ID.

The measurement setup and results are also shown
in Fig. 6. The WSN was charged with solar energy,
and the data signals were then transmitted when the
vibrations were detected. The ID signals were strong
enough for a receiver located 3 m away to detect them
and to demodulate bit data.

4. Concluding remarks

The ultrasmall WSN powered by an energy
harvester is expected to lead to new services. In this
article, we introduced nanowatt circuit technologies
for sensing and wireless circuits. The fabricated
1-cm® WSN successfully transmitted an ID a 3-m
distance using only solar energy.

In future, we will attempt to fabricate a much
smaller WSN that can transmit signals a much longer
distance using less energy; such an achievement
would allow any object in the world to be connected
to a network.
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Low-power-consumption Sensor
Interface Terminal for
Telemetry Applications

Toshihiko Kondo and Mitsuru Harada

Abstract

We have developed a sensor interface terminal with low power consumption that enables various com-
munication terminals to accommodate several sensors. In this article, we describe the concept of the
interface terminal and the technologies applied to achieve low power consumption. We also give an
overview of a prototype terminal and report the results of its demonstration in an actual environment.

1. Introduction

1.1 Telemetry

Telemetry is the collection of data from various
measurement instruments through communication
lines. One of the most common applications of telem-
etry is the remote reading of gas, water, and electric-
ity meters. A telemetry system recently introduced in
Japan for reading liquefied petroleum gas meters is
now used for more than 6 million customers [1]. The
system has also been applied to inventory control of
vending machines, parcel delivery management, and
temperature monitoring in greenhouses to improve
efficiency, service, and safety [2].

The system is an M2M (machine-to-machine) ser-
vice that provides communications between a server
and sensors without any manual input. It primarily
uses subscriber telephones and optical lines as com-
munication lines in wired systems and the 3G (third-
generation) network, PHS (personal handy-phone
system), and specified low-power radio [3] in wire-
less systems. These communication lines are selected
to match the installation environment and utilization
goals.

1.2 Importance of sensor interface

NTT Microsystem Integration Laboratories has
developed low-power terminals, interfaces, and sen-
sor circuits for ubiquitous sensor terminals. We
applied these elemental technologies in a terminal

used for remote reading of gas meters and for visual-
izing electricity consumption, and we conducted tri-
als to evaluate the sensor terminal performance [4].

A ubiquitous sensor terminal mainly comprises a
communication unit, interface unit, and power supply
unit, as shown in Fig. 1. The communication unit
controls connections with communication lines and
accommodates various sensors through the interface
unit. The power supply unit is usually equipped with
a primary or secondary battery. In addition, a power
generator such as a solar cell is sometimes installed to
effectively use renewable energy. It is impractical to
fabricate a terminal with a unique composition
because the requirements for these units strongly
depend on the target application, and they therefore
must be generalized so they can be used in diverse
conditions. Therefore, the sensor interface terminal,
which mediates between a communication terminal
and sensors, is very important for connecting various
types of communication lines to various types of sen-
Sors.

The next section describes a sensor interface termi-
nal that we developed based on NTT’s established
technologies and knowhow.

2. Sensor interface terminal

2.1 Overview
We established three main control technologies for
the sensor interface terminals. The first is circuit
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Fig. 2. Operation profile of terminal.

control, which involves intermittent operation of each
circuit and an interruption control. The second is
data-transmission control, which reduces the fre-
quency of transmission to a minimum by combining
immediate transmission and block transmission. The
third is adaptive retry control, in which data transmis-
sion is retried according to an algorithm that is
matched to a characteristic or condition of a commu-
nication line. The use of these technologies leads to a
battery life from five to ten years in a sensor interface
terminal.

2.2 Circuit control

In telemetry terminals, a battery life of more than a
few years is generally required in order to cope with
added installation sites and to reduce maintenance
costs. For example, the communication units in the
terminals used for remote reading of gas and water
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meters have very low power consumption and are
powered by a battery rather than by utility power.
Therefore, an equivalent battery life is required in the
sensor interface terminal, which is one of the system
components. To meet this requirement, the accumu-
lated operation time is minimized by finely control-
ling the operation time of each circuit block, in par-
ticular, the power supply circuit and signal shaping
circuit, which have relatively high power consump-
tion. The operation profile of the terminal is shown in
Fig. 2. The terminal activates both the power supply
circuit and the signal shaping circuit when it obtains
sensor data. The terminal turns on only the power
supply circuit when it communicates with a commu-
nication terminal. Furthermore, we minimized the
power consumption of the microcontroller, which
controls the entire terminal, and that of the interface
circuit using sleep control and an event-driven
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Fig. 3. Photographs of prototype terminal.

wake-up function. This control is effective because
the power consumption in the sleep period strongly
affects the total power consumption of the terminal
when communication occurs very infrequently.

2.3 Data-transmission control

In less demanding applications such as remote
meter reading, reducing the frequency of communi-
cation is effective for reducing power consumption.
By contrast, in demanding applications such as alarm
systems, realtime performance is very important. In
some cases, a small number of data-transmissions is
desirable, for example, when a fee for the communi-
cation line is charged according to the amount of
transmitted data. Transmission control that takes
these factors into consideration is necessary.

We established a data-transmission method to sat-
isfy the above requirements. The terminal accumu-
lates sensing data in its internal memory and manages
them as bundled data. The terminal transmits the
bundled data in a lump. The significant decrease in
the overhead of data and packets reduces memory
consumption, the amount of data that is transmitted,
and the frequency of transmission, resulting in low
power consumption. For event-driven data originat-
ing from the terminal, the terminal transmits sensing
data individually without bundling to ensure realtime
performance.

2.4 Adaptive retry control

The appropriate retry control must be selected
according to the application because the communica-
tion line that is used normally depends on the applica-
tion. Retry control is required in order to avoid colli-

sions between transmitted data and to minimize
delay. It is important to retry data transmission when
the carrier is not busy when using specified low-
power radio as the communication line.

We devised a method that adaptively alters the retry
interval and timing according to the properties and
condition of the communication line, which are esti-
mated from the time taken to establish a link and to
transmit data. An optimized retry algorithm enables
the terminal to transmit data efficiently and reduces
the time for retries and the total time for completing
a series of data transmissions, which results in less
power waste.

3. Demonstration in actual environment

3.1 Prototype terminal

We applied the technologies explained in section 2
to experimentally produce a sensor interface terminal
that can be accessed by a communications terminal
for remote gas meter reading. Photographs of the
prototype terminal are shown in Fig. 3, and the spec-
ifications are listed in Table 1. The terminal has one
communication interface and four sensor ports as
input/output interfaces for external devices. This
enables connection with various communication ter-
minals in order to accommodate several clamp-type
alternating current sensors (CTs) and conventional
sensors with analog outputs. The ability to handle up
to four sensors expands the range of potential appli-
cations. Here, we selected an interface that conforms
to gas industry standardization as the communication
interface. The terminal operates for five to ten years
with a primary lithium battery as the power supply.

NTT Technical Review
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Table 1. Specifications of prototype terminal.

Communication interface

8-bit interface (standardized in gas industry)

Measurement range of alternating current

Below 500 A

Range of inputs from sensor equipment DC 4-20 mA

Number of sensor ports 4

Data accumulation interval 30 minutes

Dimensions 125 (W) x 80 (H) x 32 (D) mm
Weight Approximately 240 g

Power supply

Primary lithium battery

Battery life (estimated)

5-10 years

Room

Communication
terminal (parent)

Communication
terminal (child)

X[ ]

Data /

Electrical breaker box

/
\I/

Specific Prototype
low-power terminal
radio
frequency

Delivery of
information

Client’s

Central server
personal computer

Communication
terminal (child)

Prototype
terminat;

Electrical breaker box

Fig. 4. System configuration for demonstration.

The long battery life makes these terminals good
choices for installation in places without access to
utility power.

3.2 Visualization of electricity consumption

We have been demonstrating the visualization of
electricity consumption using the prototype terminal
at the NTT Atsugi R&D center since August 2012.
The system configuration used for the demonstration
is shown in Fig. 4. The prototype terminal and three
CTs are installed inside an electrical breaker box
inside a room; a communication terminal with a radio
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is placed outside each breaker box. Seven terminals
were installed in total. The communication terminals
we used were commercial terminals for remote gas
meter reading [5]. They consisted of a parent terminal
and child terminal. The former communicates with
the latter using specified low-power radio in the 429-
MHz band and communicates with a central server
through the 3G network and the access line. After the
central server gathers and processes sensor data, it
delivers information such as electricity consumption
to the client PC (personal computer). An example of
the observed information is shown in Fig. 5. This
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Fig. 5. Example of observed information.

system visualizes the time course of electricity con-
sumption of every circuit in each room in detail. This
makes it easy to see where energy-saving actions can
be promoted. In addition, we can understand various
tendencies from this information. For example, elec-
tricity consumption of lighting and office automation
(OA) equipment respectively indicates the presence
and activity of people, whereas the electricity con-
sumption of OA but not of lighting indicates that
people are not present.

4. Conclusion

We introduced a sensor interface terminal that can
be used for various telemetry applications as an
example of a ubiquitous sensor terminal that uses
NTT’s core technologies to achieve low power con-
sumption. We demonstrated that the terminal allows
conventional sensors to be easily connected to net-
works. We expect that this terminal will provide a

platform that can flexibly accommodate various
applications. In the future, we will promote research
and development to expand the interface functions
and add new functions to extend the range of applica-
tions.
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Abstract

This article introduces a system for converting ambient vibrational energy to electrical energy using a
microelectromechanical system (MEMS). A novel slit-and-slider structure is proposed as a way to min-
iaturize small sensor terminals. The results obtained with this system are expected to pave the way to
designing and fabricating small vibrational energy harvesters.

1. Introduction

Different sources of energy such as thermal energy,
light energy, and vibrational energy exist in the ambi-
ent environment. Energy harvesting is a technology
for capturing minute amounts of energy from one or
more of these naturally existing energy sources in
order to generate electrical energy from it and store it
for later use. The harvesting of vibrational energy has
been an area of particular interest and has been inten-
sively studied because vibrational energy exists
almost everywhere in our living environment [1].
Recent progress in various low-power-consumption
technologies in the semiconductor field has made it
possible to drive various circuits or devices with a
tiny amount of energy. Consequently, the utilization
of energy sources in the ambient environment has
become a realistic possibility. Some groups in our
laboratory have been researching sensor terminals
and their low-power circuits for future ubiquitous
sensor networks [2]. One of the fundamental tech-
nologies for these terminals that our group has been
investigating is vibrational energy-harvesting tech-
nology using a microelectromechanical system
(MEMYS). This article describes the principle of con-
verting energy from vibration, and reports on the
fabrication and basic characteristics of a novel struc-
ture with a MEMS.

2. Fundamental process of energy
harvesting with electrostatic
conversion from vibrational energy

Three types of energy conversion are possible when
harvesting vibrational energy: electrostatic, piezo-
electric, and electromagnetic [3]. Because we desire
a power supply for various integrated circuits in a
small sensor terminal, we chose electrostatic conver-
sion because it is compatible with a planar process.
An electrostatic energy harvester exploits the phe-
nomenon of electrostatic induction by a dielectric. An
electret is a suitable dielectric material because it can
be charged to a high voltage and can hold the voltage
semi-permanently on its surface. Electrets are used in
many applications such as condenser microphones
and air filters.

The fundamental setup of the vibrational energy
harvesting process using electrostatic induction with
an electret [4], [5] is shown in Fig. 1. When negative
charges are applied to the electret, positive charges
are induced on a fixed electrode and a movable elec-
trode (Fig. 1(a)). When the movable electrode plate is
displaced by an external vibration in the direction of
the arrow, some of the positive charges are moved
from the fixed electrode to the movable one, and then
current is generated through the external load
(Fig. 1(b)). When positive charges are applied to the
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electret, negative charges are induced on the elec-
trodes. This current is expressed as

do

=== 1

7 ey
where, I, O, and t are current, charge, and time.
Assuming that the fundamental structure is an elec-
trostatic capacitor model, we rewrite eq. (1) as

_ydC_ . d(S
I_th_gvdt(d)’ )

where, V, C, ¢, S, and d indicate voltage, capacitance,
permittivity, the area of capacitance, and the gap of
capacitance. The current increases as the gap of the
structure becomes smaller, the area of the structure
becomes larger, the constant of the electret material
becomes higher, and the voltage of the electret
becomes higher.
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3. Novel structure

3.1 Design

The novel structure we devised [4], [5] is shown in
Fig. 2. This structure, called a slit-and-slider struc-
ture, consists of an electret, a slit chip, which has
fixed electrodes and physically supports the electret,
and a slider chip, which has a movable electrode dis-
placed by external vibration (Fig. 2(a)). The slit and
slider chips are connected by a spacer to create a suit-
able gap between the fixed and movable electrodes.
An illustration of part of the structure after the mov-
able electrode moves is shown in Figs. 2(b) and (c).
When negative charges are applied to the electret,
positive charges are induced in the fixed and movable
electrodes by an electric field that passes through the
substrate (Fig. 2(b)). When the movable electrode is
displaced to the right, some positive charges in the
fixed electrode move to the movable electrode
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(Fig. 2(c)). AC (alternating current) between the fixed
and movable electrodes is generated by the vibration
of the movable part.

3.2 Fabrication process

The fabrication process for the device structure is
based on thick-electroplating technology [6]. The
fabrication process flow for the slit-and-slider struc-
ture is shown in Fig. 3. For the slider chip, first, the
lower structures of the movable plate, for example,
the lower interconnections, are formed on the sub-
strate by gold (Au) electroplating (Fig. 3(a)). Next,
the lower structures are planarized with photosensi-
tive polyimide (Fig. 3(b)). The polyimide is a sacrifi-

cial layer that is removed later. Then, other parts of
the movable plate and spacer are formed by repeating
the electroplating and planarization steps (Figs. 3(c)
to (e)). This stacking process simplifies the fabrica-
tion of the multilayered structure. Finally, the sacrifi-
cial layers are removed by dry ashing (Fig. 3(f)). The
slit chip is fabricated using the same process. To bond
the two chips, silver paste is applied to the walls of
the slit chip, which is then flipped over and hot-
pressed against the slider chip.

Images of fabricated slider and slit chips are shown
in Fig. 4. The images were taken before the flip-chip
bonding. Different elements for the slit-and-slider
structure were fabricated on the substrate by stacking
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multiple layers. The movable plate is 1 mm? in size
and 20 pm in thickness, which makes it the smallest
structure ever reported for an energy harvester with
electrostatic induction.

Close-up views of a movable plate on a chip with-
out and with external vibration are shown in Figs. 5(a)
and (b), respectively. When the movable plate moves
vigorously because of the external vibration, a stro-
boscopic effect is observed for the movable plate and
spring.

4. Energy harvesting experiment

A schematic diagram of the experimental setup for
current generation is shown in Fig. 6. The output
from the movable electrode was connected to the
input of a lock-in amplifier. The lock-in amplifier
detects components with the same frequency as an
input vibration reference signal. The surface of the
electret was attached to the top of the slit chip, and the
electret was fixed with a metal plate. The fixed and
movable electrodes were interconnected separately
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outside the walls of the structure. The fixed electrodes
and metal plate were connected directly to the ground.
The frequency of external vibration was swept
upwards, whereas acceleration was kept constant at 1
m/s.

In this experiment, we used ethylene-tetrafluori-
nated ethylene copolymer (ETFE) film as an electret,
because this material has long-term stability for hold-
ing charges [7], [8] and a good record of use in com-
mercial products and applications [9]-[12]. The
experimental setup for charging the electret film is
shown in Fig. 7. The film was DC (direct current)-
corona-discharged between a grounded electrode and
high-voltage needle electrodes in this apparatus
(Fig. 7(a)). The discharge was applied at —10-kV bias
voltage at room temperature. The surface potential
distribution of the charged film, which was set on the
automatic two-axis stage, was measured with an elec-
trostatic voltmeter. The measured potential distribu-
tions of the surface for each electret film are shown in

Charging needle

Electrical U

field T~/ ! ‘ ;,
Electret—— ¢+ & & i & |

film

% Ed

(-10kV)

ARY
(a) Charging electret film using DC corona method
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(b) Potential distribution on surface of ETFE film

Fig. 7. Charging of electret film.
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Fig. 7(b). The surface potentials are about —450 V at
minimum.

The current generation is shown in Fig. 8. The AC
current is dependent on frequency. The current shows
a peak at around 1.15 kHz. The maximum value is
0.17 nA at 1.17 kHz. This behavior coincides with the
observation of the frequency characteristic of the
movable part before flip-chip bonding, as shown in
Fig. 5(b). Thus, the peak intrinsically comes from the
resonant vibration. This result confirms that the
vibrational device generates current with the elec-
tret.

5. Conclusion

We investigated a technology for vibrational energy
harvesting using a novel slit-and-slider structure with
electrostatic induction. We demonstrated through
experiments that AC current was generated by exter-
nal vibration and the electret. The maximum current
was 0.17 nA at 1.17 kHz of external vibration with a
magnitude of acceleration of 1 m/s?. These experi-
ments show the potential of vibrational energy har-
vesting. This promising technology is expected to
lead to the development of an energy harvester and
sensor network terminals.
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Integrated Silicon-based Optical
Interconnect for Fast, Compact,
Energy-efficient Electronic Circuit

Systems

Koji Yamada, Yutaka Urino, Takahiro Nakamura, and

Yasuhiko Arakawa

Abstract

The performance of electronic circuit systems is now reaching saturation because of restrictions on the
bandwidth, integration density, and power consumption of electronic interface devices. In this article, we
present high-density chip-to-chip optical interconnects based on silicon photonics technology, which has

the potential to solve these critical problems.

1. Optical interconnects in
electronic circuit systems

The information and communications industries
are now facing an explosive increase in information
processing capacity in order to support the distribu-
tion of heavy loaded rich content and the growing use
of high-performance mobile terminals.

The extensive construction of broadband network
systems and huge datacenters has been carried out in
order to cope with this information explosion. These
large-scale information processing systems use an
infinite number of electronic circuits, and it is there-
fore critical to improve their performance and reduce
their power consumption. For example, the band-
width of chip-to-chip interconnects between LSIs
(large-scale integrated circuits) will double every two
years and reach 1 Tbit/s in the mid 2010s and 10
Tbit/s in 2020 [1].

However, from the viewpoint of size and power
consumption, such broadband interconnects cannot
be achieved with conventional electrical wiring. The
trend in the distance separating neighboring electrical
wirings, which would determine the size of data inter-
connect systems [2], is shown in Fig. 1. For intra-chip
interconnects, the separation can be reduced thanks to

advances in microfabrication technology. For chip-
to-chip interconnects, however, the separation must
have some lower limit because the separation is deter-
mined by the geometrical structure of the pads and
pins of LSIs, through which the LSIs are connected to
printed circuit boards. Figure 1(b) shows the trend in
signal frequency, which directly affects the power
dissipation in electrical wiring. By the late 2010s,
when the frequency is expected to reach 40 GHz,
conventional electrical wiring will not be able to pro-
vide any practical solutions [2].

To solve these interconnect-related problems in
electronic circuit systems, many organizations have
developed optical interconnect technology. The rela-
tion between interconnect bandwidth and the foot-
print of interconnect modules [3] is shown in Fig. 2.
Optical interconnect modules have conventionally
been based on discrete photonic devices made of
compound semiconductors and developed for appli-
cations in LANSs (local area networks) and WANSs
(wide area networks) and for inter-rack and on-board
interconnects. However, constructing a chip-to-chip
interconnect system is very difficult with conven-
tional photonic technology because it requires ultra-
high-density photonic device integration. Moreover,
it is also very difficult with conventional photonic
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technology to converge photonics and electronics,
which is one of the most important requirements in
the optical interconnects. This is because materials,
device sizes, design schemes, and fabrication pro-
cesses in conventional photonic technology are quite
different from those of electronics.

To solve these problems in conventional photonic
technology and to construct a chip-to-chip optical
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interconnect system, we have developed a system
using silicon photonics technology. This system can
achieve high-density photonic device integration and
has the potential for photonic-electronic conver-
gence.
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2. Concept of high-density
optical interconnect system

3. Fabrication of integrated silicon-based
optical interconnect circuits

A conceptual image of the high-density chip-to-
chip optical interconnect system, or ultracompact
optical interposer, is shown in Fig. 3 [3]. Laser diodes
(LDs), optical modulators, and photodetectors (PDs)
are integrated on a single silicon substrate and opti-
cally linked to each other by silicon optical wave-
guides. Bare LSI chips are mounted on the substrate
and electrically connected to the optical modulators
and PDs on the substrate by flip-chip bonding. Sili-
con photonics technology makes photonic devices
ultracompact, and their integration density can there-
fore be significantly improved. The compact and
high-density photonic device integration provides a
compact optical interconnect system with large band-
width and low power consumption. Moreover, CMOS
(complementary metal-oxide semiconductor) elec-
tronics technology is used for most of the design and
fabrication processes, which makes it easier to inte-
grate discrete optical parts in the design and assembly
processes. Thus, we can significantly reduce the costs
of design and fabrication of integrated photonic
devices.

This technology will make it possible to achieve
integrated silicon optical interconnect circuits with
10-Tbit/s/cm? bandwidth in fiscal year 2013.

A photograph of the integrated silicon-based opti-
cal interconnect circuits we fabricated in 2010 [4] is
shown in Fig. 4. The fabricated chip is 4.5 x 5 mm. A
13-channel (ch) LD array, silicon optical modulator
array, and germanium (Ge) PD array are constructed
on this chip, and these photonic devices are connected
by silicon photonic wire waveguides. These devices
are fabricated on a 4-inch silicon on insulator (SOI)
wafer using a state-of-the-art fabrication process that
is compatible with that for electronic circuits.

Cross-sectional structures of the photonic devices
on the chip are shown in Fig. 5. The SOI layer, which
forms the core of the silicon (Si) waveguide, is 200
nm thick. This SOI layer was used to fabricate
600-nm-wide silicon waveguide cores by electron-
beam lithography and dry etching. Silicon optical
modulators with a lateral p-i-n electronic structure
were fabricated by implanting boron and phosphor
ions. The silicon optical modulator is only 340 um
long, which is a few tenths the size of conventional
ones made of lithium niobate crystals. Ge PDs were
also fabricated by growing a Ge layer on the SOI
layer and implanting boron ions into the Ge. The
high-purity Ge layer was grown only in the region
designed for the PDs by using the UHV-CVD (ultra-
high vacuum chemical vapor deposition) method.

A silica overcladding layer was deposited on these
optical modulators and Ge PDs by electron cyclotron
resonance plasma-enhanced chemical vapor
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deposition (ECR-PECVD). The ECR-PECVD meth-
od allows silica layers to be deposited at temperatures
below 200°C, which means we can form the silica
overcladding layer without damaging the modulators
and photodetectors underneath it. The silicon chip
with the waveguides, modulators, and PDs was fabri-
cated by NTT Advanced Technology Co. Waveguide
facets and stages for LDs are formed on the fabricated
chip by dry etching. Then, a 13-ch LD chip was
mounted on the chip using a unique passive align-
ment method developed by PETRA (Photonics Elec-
tronics Technology Research Association) [5]. The
wavelength of the LDs is in the 1.55-pum infrared
band, which is widely used in telecommunications
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applications.

4. Performance of integrated silicon-based
optical interconnect circuits

First, we present the performance of single devices
fabricated on the chip. The measured optical attenua-
tion performance of the Si modulator is shown in
Fig. 6. The optical output power from the modulator
was measured while applied voltage to the p-i-n
structure of the modulator was swept. As shown in
this figure, the VzL value, which represents the
modulation efficiency of the modulator, is as small as
0.012 V » cm. A modulator with such a small VzL
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achieves low-voltage optical modulation. The extinc-
tion ratio of optical power is about 15 dB, which is
large enough for optical data transmission [4].
Although the 3-dB frequency bandwidth of the mod-
ulator is a few hundred megahertz, the device can be
used in operations of a few gigabits per second by
applying a pre-emphasized input. The measured fre-
quency characteristics of a PD are shown in Fig. 7.
The 3-dB frequency bandwidth is 4.2 GHz, which is
sufficient for receiving data at a few gigabits per sec-
ond [4].

Next, let us look at the experimental results for the
simultaneous operation of LDs, modulators, and PDs
integrated on a chip. The 13-ch array of LDs was
driven by a single DC power supply, and the continu-

ous wave optical power from each LD was guided to
an optical modulator. Digital signal data from a pulse
pattern generator were pre-emphasized by an electri-
cal differentiator and then applied to the modulator.
The voltage of signal input to the modulator was
3.9 Vpp. The modulated optical signal was guided to
the PDs and converted to an electrical signal. The
experiment was performed under an uncontrolled
temperature condition. An eye pattern of the output
signal from the PD for a 5-Gbit/s NRZ (non-return-
to-zero) data stream is shown in Fig. 8(a). The eye
pattern is clearly open, which confirms the 5-Gbit/s
data transmission capability in the on-chip integrated
optical interconnection circuit [4]. No significant
channel cross-talk was observed in the neighboring
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channels. The measured bit error rate (BER) in a 5-
Gbit/s transmission operation is shown in Fig. 8(b). A
BER of less than 10!%, or an error-free operation, was
confirmed when the detector input power was -9.5
dBm.

In this silicon-based optical interconnection circuit,
the sum of the footprints of an LD, modulator, and
PD, including electrode pads, is estimated to be
0.144 mm? per channel. Since 5-Gbit/s data transmis-
sion has been confirmed in one data channel, the
transmission density of this optical interconnection
system is estimated to be 3.5 Tbit/s cm?. This is a new
world record for transmission density in an optical
interconnection using light sources.

5. Toward 10-Tbit/s/cm? interconnects

In order to achieve our target transmission density
of 10 Tbit/s/cmz, further improvement in the device
performance and a reduction in the device size are
necessary. For example, a 100% increase in operation
speed and a 30% reduction in device size are required.
To increase the operation speed, we have developed
modulators with a side-wall grating structure. This
structure improves optical confinement and reduces
the width of the waveguide core, which directly con-
tributes to increasing the modulation efficiency and
speed. Moreover, we have developed PDs with MSM
(metal-semiconductor-metal) electrode structures;
these PDs also contribute to increasing the frequency
bandwidth of the photodetector. To reduce the foot-
print of the LDs, we have developed a low-loss LD
coupling structure and optical branches, which makes
it possible to reduce the number of LDs while keep-
ing the optical power per channel constant. Thanks to

Vol. 11 No. 2 Feb. 2013

these improvements, we have already increased
transmission density to 6.6 Tbit/s/cm?® [6]. For this
result, the electrode pads, which occupy half of the
device footprint, were still large because it was neces-
sary to use measurement probes for testing. However,
in practical interconnect systems, we do not need
such large pads for the testing; therefore, we can sig-
nificantly reduce the area of the electrode pads to
achieve a 30% reduction in the total device footprint.

With these improvements, we expect to achieve our
final target, a 10-Tbit/s/cm? transmission density, in
the near future.
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Mechanical Transfer of
GaN-based Devices Using Layered
Boron Nitride as a Release Layer

Yasuyuki Kobayashi, Kazuhide Kumakura,
Tetsuya Akasaka, Hideki Yamamoto, and

Toshiki Makimoto

Abstract

Nitride semiconductors are the preferential choice in various device applications such as optoelectronics
and high-power electronics. These gallium nitride (GaN)-based device structures can be grown on
sapphire, silicon carbide, and silicon substrates, but not on large, flexible, and affordable substrates such
as polycrystalline or amorphous substrates. This article reports our research results that demonstrate that
hexagonal boron nitride (h-BN) can form a release layer that enables the mechanical transfer of GaN-
based device structures onto foreign substrates. Aluminium (Al) GaN/GaN hetero-structures and indium
(In)GaN/GaN multiple-quantum-well (MQW) structures grown on h-BN-buffered sapphire substrates,
ranging in area from 25 mm? to 4 cm?, were mechanically released from the host substrates and
successfully transferred onto other substrates. The electroluminescence intensities from the transferred
light-emitting diode (LED) were comparable to or higher than those from a conventional LED on a low-
temperature AIN buffer layer, indicating that the MQW preserved its original quality after the transfer.

1. Introduction

1.1 GaN semiconductor growth

Gallium nitride (GaN)-based semiconductors have
a wide range of applications such as high-power
devices for wireless communications, visible light
sources for illumination, and ultraviolet light sources
for sterilization. In general, GaN-based semiconduc-
tors have been grown on single-crystal sapphire sub-
strates using a buffer layer, which can consist of low-
temperature aluminium nitride (AIN) [1], low-tem-
perature GaN [2], or aluminium oxynitride (AION)
[3]. However, high-quality GaN-based devices can-
not be grown on polycrystalline or amorphous sub-
strates even by using state-of-the art growth technolo-
gies such as metal-organic vapor phase epitaxy
(MOVPE). The laser lift-off technique [4] enables the
transfer of GaN-based devices from one substrate to
another. However, it has some disadvantages, such as

the need for laser lift-off equipment and a surface
cleaning process to remove material residues after
laser irradiation. Hence, there is a compelling need
for a simple technique that requires neither chemical
treatment nor additional equipment for the transfer.

1.2 Boron nitride as a release layer

Boron nitride (BN) is not a naturally occurring
chemical compound; it was first synthesized by W. H.
Balmain [5] in 1842. This compound has three main
crystal structures: hexagonal boron nitride (h-BN),
cubic boron nitride (c-BN), and wurtzite boron nitride
(w-BN), which are respectively shown in Figs. 1(a),
(b), and (c). C-BN has been extensively studied for
high-temperature and high-power applications. W-
BN has a metastable crystal structure. H-BN, whose
crystal structure is graphite-like with lattice constants
of a=2.50 and ¢ = 6.66 A, is a promising material for
optical device applications in the deep ultraviolet
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Fig. 1. Crystal structures of BN. (a) Hexagonal BN (h-BN),
(b) cubic BN (c-BN), and (c) wurtzite BN (w-BN).

spectral region. In addition, h-BN can potentially act
as an ideal layer for mechanically releasing GaN-
based devices from substrates because the layers in
h-BN are bonded to each other by van der Waals
attraction. Here, we use h-BN as a release layer,
which enables us to release a GaN-based device
structure from the substrate and transfer it to a foreign
substrate mechanically [6]. Note that mechanically
transferable GaN layers have been grown on zinc
oxide (ZnO)-coated graphene layers [7], although
there are size limitations, which presents a challenge.
Polycrystalline BN films have also been used as buf-
fer layers to grow GaN films on Si substrates [8], but
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Fig. 2. Schematic illustrations of the MQW design, release,
and transfer processes. (a) The MQW structure; (b)
the MQW is placed on a foreign substrate; (c) the

MQW is released from the host sapphire
substrate.

this approach only resulted in polycrystalline GaN
films.

2. Experimental

2.1 Growth process

The indium (In)GaN/GaN multiple-quantum-well
(MQW) structure and the release and transfer pro-
cesses are shown in Fig. 2. The h-BN release layer
and the InGaN/GaN MQW structure were grown by
MOVPE with hydrogen or nitrogen carrier gas. Tri-
ethylboron, trimethylgallium, trimethylaluminium,
triethylgallium and trimethylindium were the group
IIT source materials, and ammonia was the group V
source. First, a single-crystal (0001) ultrathin h-BN
layer with a thickness of 3 nm was grown on a (0001)
sapphire substrate [9], [10]. The orientation
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relationship between the substrate and the h-BN was
(0001)n-BN Il (0001 )sapphire. This indicates that the
plane of boron and nitrogen was parallel to the sub-
strate surface. Then, the InGaN/GaN MQW structure
was grown on the h-BN release layer (Fig. 2(a)). The
single-crystal h-BN layer works as the release layer.
A flat single-crystal GaN layer can be grown on a
single-crystal AlGaN or AIN layer on the h-BN
despite the large lattice mismatch and the structural
difference between the graphite-like (h-BN) shown in
Fig. 1(a) and wurtzite (AlGaN and AIN) shown in
Fig. 1(c).
2.2 Transfer to foreign substrate

After the growth, we flipped the MQW structure
upside down and put it on a foreign substrate via an
adhesive sheet (Fig. 2(b)). In this case we used an
indium sheet as the adhesive; adhesive tape or glue
would also work. Next, we heated the structure to a
temperature sufficient to heat-seal the indium to the
sapphire and the MQW. Finally, the MQW structure
was released from the host sapphire substrate by
mechanical force and thereby transferred to the for-
eign substrate (Fig. 2(c)). We call this transfer method
“MeTRe” (Mechanical Transfer using Release
layer).

3. Results and discussion

3.1 Mechanical release of MQW structure

A micrograph of the transferred InGaN/GaN MQW
structure, approximately 25 mm?, is shown in Fig.
3(a). The structure is positioned on the indium sheet
attached to the foreign substrate, as illustrated in Fig.
2(c). We also successfully transferred an AlGaN/GaN
heterostructure, approximately 4 cm?, on the indium
sheets. The size of the transferred area can be con-
trolled by adjusting the adhesive sheet size. Some
protrusions from the indium sheet, which are at the
upper side of the structure, are discernible, indicating
that the InGaN/GaN MQW structure with a thickness
of about 3.5 um is mechanically released from the
host sapphire substrate. The surface of the indium
sheet is seen through the transparent InGaN/GaN
MQW. No cracks were observed in the upper half of
the MQW structure, which suggests that the mechan-
ical release process results in minimal crack forma-
tion.

3.2 XRD results

We performed X-ray diffraction (using a 26/® con-
figuration) for the transferred MQW structure to
check the crystal quality after the transfer. The X-ray
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Fig. 3. Structural and optical properties of MQW structure
after transfer. (a) Photograph of transferred MQW
structure, (b) XRD pattern for transferred MQW,
and (c) PL spectra at room temperature for the
MQW before and after transfer.

diffraction (XRD) pattern in Fig. 3(b) shows satellite
peaks from the MQW up to the first order, along with
those for GaN (0002) and AlGaN (0002), without any
trace of a sapphire (0006) peak. X-ray diffraction of
the InGaN/GaN MQW structure before the transfer
shows satellite peaks from the MQW, and peaks of
GaN (0002), AlGaN (0002), and sapphire (0006).
This means that the MQW structure consisting of the
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AlGaN layer, the GaN layer, the ten-period InGaN/
GaN MQW structure, and the GaN cap layer, was
successfully transferred, and the host sapphire
substrate was mechanically released. It also supports
the scenario that the separation occurs in the h-BN
release layer, as shown in Fig. 2(c). The intensities of
the satellite peaks up to the first order after the trans-
fer are almost the same as those before the release,
indicating that the MQW structure retains its original
crystal quality.

3.3 XPS measurement results

We then performed X-ray photoelectron spectros-
copy (XPS) measurements of the surfaces of the
transferred film and the counter-surface of the sap-
phire substrate after the mechanical release to verify
that the separation occurred in the h-BN. The B signal
was obtained for both surfaces; the position of the B
1-s XPS peak for the transferred surface was the same
as that for the counter-surface of the sapphire sub-
strate, which indicates that the separation of the film
actually took place at the h-BN release layer.

3.4 PL measurement results

To check the optical properties of the InGaN/GaN
MQW after the transfer, we carried out room-tem-
perature photoluminescence (PL) measurements on
the MQW before and after the transfer. An InGaN-
based semiconductor laser diode with an emission
wavelength of 375 nm was used as the excitation
source. The PL spectra from the MQW before and
after the transfer are shown in Fig. 3(c). Both spectra
show strong luminescence at almost the same peak
wavelength of 434 nm. However, the intensity after
the transfer is stronger than that before it because the
indium sheet has high reflectivity in the visible wave-
length region. We can also observe fringes in the PL
spectrum after the transfer, suggesting that the sur-
face of the transferred film is considerably flat.
Indeed, atomic force microscopy images of the sur-
face of the transferred films indicate that the surface
is flat and has a root mean square roughness of
0.95 nm, which is consistent with the fringes in the
PL spectrum in Fig. 3(c).

3.5 EL results

Next, we describe the electroluminescence (EL)
emitted from the transferred LED at room tempera-
ture. For comparison, we grew the LED structures on
a typical LT-AIN buffer layer on a c-plane sapphire
substrate and fabricated a conventional MQW LED
without using a lift-off process. The LED structures
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consisted of a Si-doped AlGaN layer, Si-doped GaN
layer, InGaN/GaN MQW structure, and Mg-doped
GaN layer. The electron and hole concentrations in
the Si-doped and Mg-doped GaN layers were 2 x 10'®
and 3 x 10"7cm, respectively. The EL spectra of the
transferred LED and conventional LED for currents
of 10, 30, and 50 mA are shown in Figs. 4(a) and (b).
The EL intensities of the transferred MQW LED are
comparable to or higher than those of the conven-
tional LED grown on the LT-AIN buffer layer because
of reflection from the back-side contact indium. Full
width at half-maximum (FWHM) values of the EL of
the conventional and transferred LEDs are almost the
same for each current level. The comparable EL
intensities and nearly the same FWHM values in
Figs. 4(a) and (b) indicate that the MQW retained its
original quality after the transfer. We also fabricated
a vertical-type transferred LED (Fig. 4(c)), which can
be achieved only when the LED is released from the
host substrate. After the LED structure had been
released, we deposited Al/Au electrodes on the back
side of the LED and mounted it onto the indium sheet.
An optical image of the EL from the vertical-type
LED is shown in Fig. 4(d). We can clearly observe
blue light emission from the vertical-type LED at
room temperature.

4. Prototype fabrication

We used this mechanical transfer technique to fab-
ricate a battery-powered LED prototype, in which the
released LED was sandwiched between two lami-
nates. The LED prototype emits violet-blue EL at
room temperature. In addition, we released an
InGaN/GaN LED from a sapphire substrate and
transferred it to a piece of commercially available
adhesive tape using MeTRe [11].

The MeTRe method has several advantages com-
pared with conventional techniques. First, this
approach requires no additional equipment and no
chemical etchant. Second, the process is simple and
can be completed within several seconds because the
process harnesses the van der Waals forces of the
h-BN to release the host sapphire substrate. Finally,
the separated surface after the release is essentially
flat because the separation tales place in the h-BN
release layer. Accordingly, MeTRe is promising for
reducing the cost of the release and transfer process.

5. Conclusion

We developed the MeTRe process for releasing
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GaN-based device structures from the host sapphire
substrate and transferring them to foreign substrates.
The mechanical transfer has been successfully used
for AlIGaN/GaN and InGaN/GaN MQW structures
ranging in area from 25 mm? to 4 cm?. We demon-
strated that the intensities and FWHM of the trans-
ferred LED are comparable to those of a conventional
LED, which confirms that the original device quali-

ties are preserved even after the transfer using the
MeTRe method. The MeTRe process will open up
avenues of fabricating novel devices such as very thin
LEDs, transparent solar cells sensitive only to ultra-
violet light, and highly functional hybrid CMOS
devices.
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Global Standardization Activities

Standardization Progress in Software
Defined Networking/OpenFlow

Yoshihiro Nakajima

Abstract

The concept of Software Defined Networking (SDN) has attracted attention recently from network
carriers and service providers because of its potential to provide flexible/dynamic control and program-
mability in network topology and packet forwarding/processing functions. In this article, we briefly
describe SDN and OpenFlow and discuss their standardization trends.

1. Overview of Software Defined
Networking/OpenFlow network

The use of server virtualization technologies and
cloud computing is increasing substantially, and it is
therefore more important than ever to ensure that
network infrastructures provide high flexiblity, adapt-
ability, and scalability from the management and
provisioning point of view. Software Defined Net-
working (SDN) is an architecture that has been devel-
oped to achieve this [1]. In SDN, the control plane
and data plane are decoupled from the existing net-
work node that they are tightly coupled to. SDN pro-
vides a centralized operation that includes network
topology management, status tracking, and other
advanced controls.

An overview of a basic SDN architecture is shown
in Fig. 1. Resources of network elements in the infra-
structure layer are logically abstracted to improve
functionality and performance and then provided to
the components in the upper layer. The control layer
analyzes the network-related control including packet
routing and forwarding and assigns the control of
data planes in the infrastructure layer in accordance
with a request from the upper software layer, for
example, the network management system (NMS).

OpenFlow is an important technology used to real-
ize SDN. It is a layer-2 control protocol between the
control plane and the data plane. An overview of
OpenFlow is shown in Fig. 2. The items that differ
between the conventional network nodes and Open-
Flow nodes are also indicated in Fig. 2.

An OpenFlow controller uses a rule set of the flow
header pattern for the traffic packet data plane to con-
trol packet forwarding in the data plane of an Open-
Flow switch. The OpenFlow controller centrally
manages how packet forwarding in the data plane of
the OpenFlow switch will be handled by issuing
packet forwarding/processing rules for the data plane.
This architecture provides users with high program-
mability and configuration capabilities; therefore,
fine-grained per-flow traffic control can be achieved
in the OpenFlow network, where it is difficult to
achieve with existing network equipment.

In this article, we describe the organization that
facilitates the standardization of SDN/OpenFlow. In
addition, we explain the standardization of Open-
Flow, one of the most important protocols in SDN,
and the future direction of these standardizations.

2. SDN/OpenFlow standardization organization:
OpenFlow Networking Foundation

The OpenFlow Switching Consortium was estab-
lished in 2008. The purpose of the consortium is to
popularize OpenFlow networking and maintain the
OpenFlow Switch Specification. Discussions on
OpenFlow standardization were carried out by this
consortium. OpenFlow version 1.0 and version 1.1
were respectively published in January 2010 and Feb-
ruary 2011.

The Open Networking Foundation (ONF) [2] was
established in March 2011 in order to broaden the
concept of OpenFlow and to promote the
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commercialization of SDN. Activities related to the
standardization process of SDN and OpenFlow
specifications are now overseen by the ONF.

The ONF has formed working groups that conduct
the technical standardization tasks of SDN/Open-
Flow. These groups hold technical discussions, con-
duct compatibility test studies, and prepare charter
drafts or standardization drafts for ONF board mem-
bers. When a draft is approved by the ONF board
members, an ONF standardized specification is
issued. Discussion areas, names of working groups,
and standardized protocols and technology points are
shown in Fig. 3.

The ONF board members consist of directors of
major global carrier operators including NTT, direc-
tors of major global service providers, and academic
researchers. More than 70 companies, including car-
rier operators, software vendors, switch chip vendors,
network equipment vendors, and system virtualiza-
tion vendors, have joined ONF.

The OF-Config protocol has also been standard-
ized. This protocol makes it possible to configure
OpenFlow switch resources to connect to the Open-
Flow controllers. Version 1.0 was published in Janu-

ary 2012, and version 1.1 was developed in accor-
dance with OpenFlow 1.3.0.

3. Standardization progress of OpenFlow

The standardization of OpenFlow has been in
progress since 2008. The latest OpenFlow version
1.3.0 was published in February 2012. Here, we
describe the major updates and changes of each
OpenFlow version.

- OpenFlow 1.0

OpenFlow supports network protocols (e.g., Eth-
ernet, VLAN (virtual local area network), IPv4
(Internet protocol version 4), TCP (transmission
control protocol), UDP (user datagram proto-
col)) for campus networks and data center net-
works.

- OpenFlow 1.1

Several functions in OpenFlow switches were
extended to meet the requirements for wide area
networks. OpenFlow supports network protocols
such as MPLS (multiprotocol label switching)
and the Q-in-Q extention of VLAN; these focus
on inter-datacenter networks and carrier net-
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works. A multiple flow table mechanism was
introduced to enable packet pipeline processing
in order to reduce the number of flow rules.

- OpenFlow 1.2

Openflow added support for the IPv6 protocol in
the data plane as well as for the network proto-
cols that were supported in earlier versions of
OpenFlow. An OpenFlow extensible match noti-
fication based on type-length-value (TLV) was
introduced in order to achieve flexibility in pro-
tocol message parameters between the controller
and switches for newly emerging protocols. A
multi-controller mechanism was added to allow
switches for controller failover.

- OpenFlow 1.3

Openflow supports the operation of the control
plane in IPv6 environments. Tunneling proto-
cols, which are often used in intra-datacenter
networks and virtual private networks, and pro-
vider backbone bridging (PBB) are also sup-
ported. An OpenFlow switch that adds logical
port capability for link aggregation and flow
control functionality for higher quality of service
(QoS) to enable per-flow bandwidth control have
been introduced. Furthermore, in order to sup-
port multiple OpenFlow controllers, per-flow-
based traffic measurement and per-connection-
based event filtering functionality have been
implemented.

ONF introduced OpenFlow version 1.3.0 to provide
stable specifications for network equipment vendors
and software vendors in order to prevent divergence
between the progress of OpenFlow specifications and
the implementation of OpenFlow-enabled switches
and controllers. Switch chip vendors and software
vendors have proceeded with the development of
OpenFlow products using OpenFlow version 1.3.0 as
a target.

4. Future direction

ONF created a working group called “Architecture
and Framework WG” in order to accelerate the dis-
cussions of the SDN framework and architecture.
This working group is conducting discussions on the
scope and standardization of SDN, SDN use cases,
northbound/southbound application programming
interfaces, and data models. It is also discussing SDN
adaptation to transport networks, and the next genera-
tion of OpenFlow forwarding plane modeling.
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Practical Field Information about
Telecommunication Technologies

Case Study of Noise Faults
Originating in Metallic Leased Lines
and Countermeasure

Abstract

In this article, we introduce failure cases and a failure countermeasure for metallic leased lines. This
is the fifteenth in a bimonthly series on the theme of practical field information on telecommunication
technologies. This month’s contribution is from the Network Service Engineering Group, Technical
Assistance and Support Center, Maintenance and Service Operations Department, Network Business

Headquarters, NTT EAST.

1. Introduction

2. Overview of metallic leased lines

The communications network is becoming increas-
ingly faster thanks to higher capacities in the transit
network and the conversion to optical fiber in the
access network. In the home, meanwhile, LAN (local
area network) environments using gigabit network
interfaces are growing in number. This trend can also
be seen in telecommunication services, where cus-
tomers can get speeds of several tens of gigabits per
second over wide-area Ethernet leased lines for busi-
ness use [1] and a maximum speed of 200 Mbit/s on
the downlink via the FLET’S HIKARI NEXT broad-
band service for home use [2].

In short, the NTT Group provides various high-
speed communication services. What is probably not
well known, however, is that it continues to provide
leased-line services at the very slow speed of 50 bit/s
over metallic lines. Needless to say, it is impossible to
transmit large volumes of data at this speed, but these
metallic leased lines are still being widely used for
various applications such as remote monitoring of
water-supply facilities, the transmitting/receiving of
information in river management, and the transmit-
ting of telemetric data.

The position of metallic leased lines among tele-
communication services provided by NTT EAST and
NTT WEST is shown in Fig. 1.

As circuits that can provide dedicated data trans-
mission at speeds up to 50 bit/s by a direct-current
(DC) method, metallic leased lines can be configured
using an earth-return or metallic-return system
(Fig. 2). The earth-return configuration enables full-
duplex, bidirectional communications for transmis-
sion and reception using a single-pair cable (L1/L2:
lines 1 & 2). The metallic-return configuration, on the
other hand, can be used for either unidirectional or
half-duplex communications. The pulses transmitted
by communication devices used for metallic leased
lines are of the DC type with a maximum voltage of
50 V. More technical details about analog leased lines
are given on the NTT EAST website [3].

3. Metallic leased lines and noise faults

In the metallic-return system, the L1 and L2 lines
are used as outward and homeward paths for the same
signal, which means that the voltage induced in
neighboring circuits is low.

In the earth-return system, however, different sig-
nals flow through L1 and L2; this results in a high
induced voltage that can generate noise faults in
neighboring circuits. These noise faults include mix-
ing of noise in analog circuits and communication
anomalies in metallic leased lines and in 3.4-kbit/s
leased lines within the same cable.
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Thus, metallic leased lines are sources of noise that
can affect other circuits within the same cable and
give rise to various anomalies. The next section pres-
ents a case study of noise faults caused by metallic
leased lines and describes the countermeasure
applied.

4. Case study of noise faults and
countermeasure

4.1 Fault description and inspection results

A waterworks bureau that manages communica-
tions between a purification plant and multiple pump-
ing stations using analog leased lines (3.4-kbit/s
leased lines and metallic leased lines) reported that
communication anomalies were occurring from time
to time in terminals on the purification-plant side. In
order to switch the leased lines generating the com-
munication anomalies to other core wires in the same
cable, the fault-repair department conducted a free-
wire test, but the appearance of line-testing anomalies
(induced voltage detected from nearby core-free
wires) indicated that many core wires could not be
used. The facility configuration is shown in Fig. 3.

4.2 Inspection method

When the cable extending from the purification
plant was checked, it was found that the cable accom-
modated 20 circuits of metallic leased lines using the

earth-return system. Therefore, voltage-to-ground
measurements of metallic leased lines and free core
wires were performed within that cable to see wheth-
er noise from metallic leased lines was being mixed
into other circuits. The measurement results are
shown in Fig. 4.

These results revealed that noise constantly fluctu-
ating in the peak-to-peak voltage range up to 10 Vpp
was being mixed into free core wires. This noise was
thought to be causing the line-testing anomalies dis-
covered by the fault-repair department. It was there-
fore inferred that noise was being induced from the
20 metallic-leased-line circuits in the same cable. In
particular, the sections in Fig. 4 marked by broken
lines indicate points in these waveforms where noise
was thought to be synchronized with signals in the
metallic leased lines.

The cause-and-effect relationship between induced
noise and signals in metallic leased lines is examined
in detail in Fig. 5. The green and red waveforms indi-
cate signals in metallic leased lines, and the blue
waveform indicates the line voltage in the earpiece of
a telephone connected to an analog circuit within the
same cable. At this time, noise (sounding like “bootz,
bootz”) could be heard from the earpiece. These
waveforms showed that noise in free core wires was
synchronized with the rise and fall of signal voltage
in metallic leased lines.
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Red waveform: noise voltage generated in free/unused core wires
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Fig. 4. Noise in metallic leased lines and free core wires.

in earpiece
(160 mV/div)
-
Synchronized signal
Metallic and noise
leased lines I
(25 V/div)
\

25 ms/div

Fig. 5. Noise details.

Photo 1. Appearance of induction suppressor for metallic

leased lines.
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4.3 Cause of fault

The results of the inspection described above led to
the conclusion that the reported communication
anomalies were caused by noise originating in
metallic leased lines. This noise became mixed into
other circuits within the same cable, resulting in com-
munication anomalies in the 3.4-kbit/s leased lines
and metallic leased lines and in line-testing anoma-
lies in free circuits.

4.4 Countermeasure and results
Noise filters commonly used as a countermeasure
to noise mixing are not effective for noise originating
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Fig. 7. Measurement results after application of countermeasure.

in metallic leased lines. This noise can, however, be
effectively controlled by applying the induction sup-
pressor shown in Photo 1 to metallic leased lines.
This device suppresses induction in other circuits by
smoothing out sharp changes in the signal waveform
of a metallic leased line.

The method of applying the suppressor in this case
study is shown in Fig. 6. There was already a suppres-
sor between the terminal and the NTT office. In this
case study, additional suppressors were installed at
two locations (purification plant and NTT office),
since bidirectional communications were being car-
ried out. The G pin on each induction suppressor was
connected to the earth for communication purposes.

The signal waveforms after this countermeasure
was applied to the metallic leased lines and the results
of measuring noise at the telephone earpiece on an
analog circuit are shown in Fig. 7. The rise and fall of
signals in the metallic leased lines have been
smoothed out, thereby eliminating sharp changes in
those signals. As a result, no noise was observed
mixing into the analog circuits.

5. Conclusion

This article introduced a case study of a noise fault
in metallic leased lines and a countermeasure applied
to correct it. NTT EAST and NTT WEST must
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continue to maintain existing metallic leased lines References

despite the current expansion of high-speed broad-

band services. The Technical Assistance and Support (1] NTT Communications website.

Cent in t t id tt for deali http://www.ntt.com/gigast_e/index.html
enter will continue to provide support tor dealing [2] NTT EAST and NTT WEST websites.

with faults unique to metallic leased lines. http://flets.com/english/next/index.html

http://tlets-w.com/english/flets_hikari/
[3] Analog leased lines, NTT EAST.
http://www.ntt-east.co.jp/en/business/analog/index.html
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