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Abstract—A vision of the photonic network in 2020 is presented,
which envisages a “smart photonic cloud.” A smart photonic cloud
is defined as a universal network platform without any physical or
logical constraint that provides flexible connectivity for machineto-machine communication such as networked high-performance
computing or intra- and inter-data center networks. The key requirements for the network in the Big Data era include an ultralarge capacity with low power consumption, low latency, as well
as flexibility on demand to the changes in the configuration and
bandwidth of the optical path. To cope with the growing demand
for network virtualization, novel photonic layer virtualization will
be proposed, which differs from the conventional approach in terms
of the number of slices and the dynamic range of the bandwidth
of each slice. First, the objectives and the guiding principle of the
vision will be addressed. Next, three “Ss” will be presented that
represent the key enabling technologies, namely scale-free photonics, smart photonic networking, and a synthetic transport platform. A key engine with which to realize the above three enabling
technologies is the photonic network processor (P-NP), which can
define versatile functionality of switches and transmission systems
by software. The P-NP takes advantage of the rapid progress made
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tems, and it consists of pools of optical frontends, digital signal
processors, L1/L2 switches, which are either electrically or optically interconnected based on silicon photonic technology. Finally,
a multifunctional optical cross-connect and a bit-rate-flexible optical transponder are presented as examples of P-NP applications.
Index Terms—Digital signal processing (DSP), network virtualization, optical fiber communications, photonic network, photonic
network processor.

I. INTRODUCTION
HE photonic network will play a crucial role in the coming Big Data era. Commerce, medical care, education,
entertainment, and social life will rely more heavily on cloud
computing in the near future. Data are generated from various sources such as sensor networks, scientific meteorological
simulations, genomics, computational physics, financial transactions, social network services, and the Internet logs of search
engines. The network traffic for storing, updating and accessing to all those generated data sets in the data centers (DCs) is
exponentially increasing. According to the Cisco white paper,
DC traffic will reach 6.6 zetta-bytes by the end of 2016 with a
compound annual growth rate (CAGR) of 31% [1].
In the Big Data era, we can mine valuable information from
data like extracting rare metals from used appliances. The analysis of Big Data, based upon real-time complex event processing, will be performed by exchanging huge quantities of data on
inter-DC and intra-DC networks [2]. The size of data sets that
are feasible to be processed in a reasonable amount of time is
often limited by not only the processing capability but also the
bandwidth and the latency of data transfer over the networks.
Therefore, the network will require an abundant bandwidth with
low latency.
Another driver of the data traffic increase will be mobile
phones. According to a recent survey, the number of mobileconnected devices will exceed the world’s population in 2013
[3]. Overall mobile data traffic is expected to grow to 11.2 exabytes per month by 2017, which amounts to a 13-fold increase
over 2012 at a CAGR of 66%. The data rate of mobile access
increased 1600-fold over 15 years since 1995. In 2017, the
introduction of LTE-advanced will allow the peak rate of mobile
phones to reach 1 Gb/s. The peak bit rate of mobile phones has
been catching up with the current wire-line access bandwidth
over the last 7 years, and this trend will continue in the future.
Therefore the impact of the rapid traffic growth over mobile
phones on the core network will become more significant in the
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coming years, and photonic network technologies will play a
more important role in mobile backhaul networks.
For the network operators, the cost reduction is the crucial
issue to be profitable under a strict price cap of their services,
while they have to solve a problem of the capacity crunch caused
by the ever-increasing data traffic in the Big Data era. The reduction of operational capital expenditure (OPEX) also remains to
be tackled. Current network operation and management (OAM)
is labor intensive. For example, if there is need to upgrade the
transmission capacity of a link, workers are sent to the sites to
exchange the module or card of the OTPs. The operation will
incur labor cost and time, say, several hours or more, excluding the several weeks needed to prepare additional modules.
Optical paths are currently set up manually by changing the
cross-connect connections on site, and hence this also incurs labor cost and takes a long time. If the OTP can be automatically
upgraded by updating software from a remote site, and if the
switch can be automatically configured, OPEX can be saved, and
the time for service delivery can be minimized. Finding a way to
reduce the OPEX would make the photonic network less labor
intensive. A key to finding the solution is “smartness,” namely
the capability to synthesize desired switching and transmission
functions by software control.
This paper presents a vision of the photonic network in 2020,
which envisages a “Smart Photonic Cloud (SPC).” The key
requirements for the network in the Big Data era include ultralarge capacity with low power consumption, low latency and
flexibility in response to demand for changes in the configuration and bandwidth of optical paths. To satisfy all these requirements, the SPC will establish a universal network platform
without any physical or logical constraint, thus providing flexible connectivity for machine-to-machine communications such
as networked high-performance computing on intra- and inter DC networks. Also, to cope with the growing demand for
network virtualization, the SPC will pursue virtualization technologies in the photonic layer, which will greatly improve on
the conventional approach in terms of the number of slices and
the dynamic range of the bandwidth of each slice.
The objectives and the guiding principle of the vision will be
addressed in Section II. Section III presents three “Ss”, which
are the key enabling technologies, namely scale-free photonics,
smart photonic networking, and a synthetic transport platform.
A key engine with which to realize the above three enabling technologies is the photonic network processor (P-NP), which can
provide the software-defined versatile functionality of switches
and transmission systems. The concept and the detailed architecture of P-NP will be shown in Section III-C. Section IV is
devoted to some applications of P-NPs, and Section V provides
our concluding remarks.
II. OBJECTIVES AND GUIDING PRINCIPLE
BEHIND SMART PHOTONIC CLOUD
A. Current Status of Photonic Network Technologies
Optical fiber transmission capacity has exhibited a constant
100-fold increase every 10 years thanks to WDM-based optical transmission technology. The recent innovation of digital
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coherent optical transmission technology appears capable of
maintaining this trend for another decade [4], [5]. With digital
coherent technology, the transmitter can generate light signals
of any shape with the combination of digital signal processors
(DSP) and ultra-high speed digital-to-analog converters (DAC).
This makes it possible to design an ideal filter for Nyquist
WDM and to generate accurate M-ary quadrature amplitude
modulation (QAM) signals with pre-distortion emphasis. On
the receiver side, the optical signals are converted into parallel
digital electrical signals by analog-to-digital converters (ADC)
and then processed by ultra-high speed DSPs. The DSP at the
receiver compensates signal impairments due to the chromatic
and polarization dispersion and the nonlinearity of optical fiber.
The pre-distortion emphasis at the transmitter can compensates
nonlinearity of modulator as well as the impairments caused in
the fiber propagation. It then becomes possible to realize such
functions as optical polarization tracking and optical phase compensation [6], [7]. Long-haul 100 Gb/s digital coherent transmission systems with dual-polarization quadrature phase-shift
keying have already been deployed [8], [9], and the next target
bit rate per superchannel will range from 400 Gb/s to 1 Tb/s [10],
[11]. Ultra-dense WDM such as super-channel or Nyquist WDM
[12] will be the key technology as regards improving spectral efficiency. Emerging space-division-multiplexing (SDM)
technologies using multi-core fibers or multi-mode transmission technique are also being extensively investigated to further
expand the potential of optical fibers [13].
As the total fiber transmission capacity increases, the technologies for dividing the capacity into many flexible paths are
also evolving. One such technology is packet optical transport,
where electric packet switches are integrated with WDM optical cross-connects to create flexible sub-wavelength paths with
arbitrary bandwidths [14]. Another emerging technology is the
flexible grid WDM where the bandwidth of each wavelength
can be flexibly adjusted. To allow the efficient allocation of
optical spectral bandwidth, a flexible WDM grid has been proposed, which defines a set of nominal central frequencies, a
smaller channel-spacing and the concept of a frequency slot
[15]. A data plane connection can choose modulation formats
and variable-sized frequency slots suitable to the data rate and
spectral efficiency to achieve [16].
At the network resource control and management level, network virtualization and software-defined networks quickly become the key concepts in terms of fully utilizing the expanding
optical network capacity and path bandwidth flexibility. These
technologies enable us to flexibly and efficiently build various
dedicated application-specific networks on a single transport
network infrastructure, application by application [17].
B. Objectives of Smart Photonic Cloud
Although these emerging photonic technologies provide us
with ways to continuously expand and fully utilize the potential
of optical fiber, the speed of the increase in network throughput or network power reduction seems slow compared with the
speed at which photonic technology is evolving. This is because
the current IP-based network architecture for data communica-
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tions is basically a hierarchical multi-hop network of electrical
routers or Ethernet switches and such flexible optical paths are
only considered to be the “links” between them. The above approach strongly relies on the large-capacity core routers at the
top of the hierarchy to route most of the data traffic, and thus the
power consumption of expensive state-of-the-art core routers
constitutes a bottleneck as regards total network performance
and network power reduction, and even network CAPEX/OPEX
reduction.
Recently some networks have started to use optical paths or
packet-optical paths to off-load heavy router traffic and to reduce
the capacity required for the top routers [14], [18]. However,
since the amount of data traffic continues to increase exponentially as stated in Section I, this technique cannot be the final
solution. Novel network architecture is needed to overcome the
limitations of the current router-based networks.
For this reason Photonic Network Vision 2020 has proposed
the SPC, which is a universal network platform consisting of
full-programmable and scalable photonic nodes. The objectives
of the SPC are threefold.
1) Objective 1—Bottleneck-Free Infrastructure: The SPC
should be free from the limitations of the large-capacity routers.
By fully exploiting the progress made on optical transmission
technologies, the network capacity of the SPC can be increased
to support any level of demand from network operators or users.
On a common transport infrastructure, they can overlay any size
of multiple application-oriented network, including ubiquitous
sensor networks, machine-to-machine communications, Exascale computing [19], or networks for “the Internet of Things”
that provides everything with Internet connectivity [20]. Also
the network power consumption can be greatly improved by
eliminating power consuming large-capacity routers from the
network core.
2) Objective 2—Smart and Value-Creative Network: The
SPC should have not only unlimited network resources but
also the “smartness” of flexibly and efficiently utilizing the
network resources to realize value-creative application-oriented
networks. This includes the ability to efficiently slice the network resources and dynamically create virtual networks with
any topologies and the flexibility to create or modify any network functions such as packet filtering and forwarding, actions
at failure events or network storage services as well as the optical transceiver specifications. Moreover, the SPC will be used
in an attempt to create novel data-flow transfer methods with
low-latency and low-power consumption, by exploiting future
photonic switching technologies.
3) Objective 3—Fully-Synthetic Photonic Platform: The
SPC establishes a universal network platform where network
operators can fully synthesize any networks with any functions
required for applications and immediately deliver them to the
users. Recent technologies such as the software defined networking (SDN) [21] and network functions virtualization (NFV)
[22] proposes creating virtual networks or virtual network functions by effectively using the programmability of current routers
or layer-2 switches, such as routing tables or controller software.
The SPC extends this direction further to the programmability of
entire transport networks by including functions determined by
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Fig. 1. Conceptual schematic of the Smart Photonic Cloud (SPC) for the Big
Data era in 2020. A backbone path network consisting of synthetic photonic
nodes that interconnects data center networks and access and aggregation networks with flexible optical L1/L2 paths. Various application-oriented overlaid
networks are created on it.

hardware. This enables the operators to fully synthesize and customize the lower layer optical transmission specifications in the
transport nodes, such as optical signal baud-rates, modulation
formats, noise reduction algorithms in optical transceivers as
well as the higher layer features such as the transport protocols,
and packet filtering or data storage functions. This platform will
reduce the network CAPEX/OPEX because the network operators can efficiently utilize the unused transport node resources already in the field to construct a new overlay application-oriented
network, and it can reduce the labor cost required for installing
new equipment or replacing the packages on the deployed transport nodes and the cost for maintaining stocks of a wide variety
of spare packages.

C. Guiding Principle
The basic idea behind achieving the above three objectives
with SPC architecture is to replace the core of the current hierarchical router networks with a flat network consisting of
innovative photonic transport nodes called “synthetic photonic
nodes”. A synthetic photonic node can handle both optical paths
realized by fully exploiting the progress made on optical transmission technologies and sub-wavelength paths or logical paths
based on novel Layer-2 technologies. And it can also support
various higher-layer protocols and user-defined node functions.
All these node functions can be synthesized by software.
The network architecture of SPC in Fig. 1 is very simple:
the backbone path network at the center consisting of synthetic
photonic nodes interconnects the DC networks at the top and

KITAYAMA et al.: PHOTONIC NETWORK VISION 2020—TOWARD SMART PHOTONIC CLOUD

the access and aggregation networks at the bottom with direct
optical paths realized by the photonic nodes. The access and
aggregation networks aggregate and distribute data packets from
fixed or mobile network users’ devices or distributed machines
or sensors, while the DC networks aggregate and distribute data
packets from a huge number of servers and storage facilities.
Since the amount of aggregated traffic in each of the access and
aggregation networks and the DC networks increases as the Big
Data era approaches, the capacity required to interconnect them
is sufficient to allocate a direct optical path. Therefore, the multihop network of electrical large-capacity routers is not necessary
for the backbone. A flat network consisting of innovative photonic transport nodes, which have the programmability in the
node functions including higher-layer functions and efficiently
handle optical paths, is much more suitable for the backbone
and reduces the network latency and power consumption. In
the access and aggregation networks and the DC networks, the
key function is efficient packet-by-packet data aggregation and
distribution, and electrical routers and layer-2 switches will be
useful even in future networks. However, future optical switching technologies that extend passive optical networks (PON)
and high-speed optical packet switching will be also effectively
used to offload electrical switches.
The entire SPC is managed by an integrated virtual network
operation extending SDN and NFV capabilities, and the operators can dynamically create and efficiently manage the overlaid
networks with various application-oriented functions. Photonic
network vision 2020 proposes the investigation of the three
key technologies to realize this SPC architecture: scale-free
photonics, smart photonic networking, and a synthetic transport platform. These are called the three “Ss” technologies and
the challenges of each technology are described in detail in
Section III.
III. THREE “SS” KEY ENABLING TECHNOLOGIES
The three “Ss”, technologies which are key enabling technologies that all start with the letter S, namely scale-free photonics,
smart photonic networking, and synthetic transport platform,
will be discussed. The three “Ss” technologies serve as the
bases for creating the SPC.
A. Scale-Free Photonics
Scale-free photonics represent the technologies to overcome
the physical limitations in the optical transmissions. They include challenges involved in further expanding the optical transmission capacity limit as well as arbitrarily slicing the capacity
into any number of channels as the basis of a bottleneck-free infrastructure. As regards the fiber capacity limit, SDM technologies such as multiple cores per fiber or multi-mode transmission
will increase the total capacity per fiber, but the challenge of
improving the spectral efficiency per core remains important.
Ultra-DWDM such as super-channel or Nyquist WDM [12] will
be the key to improving the spectral efficiency, where the target
is a total transmission capacity of several tens to a hundred Tb/s
per single core. Technologies for stabilizing frequency of the
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Fig. 2. In-line phase-sensitive amplifier (PSA) in a trunk line along with a
frequency-stabilized optical transmitter using optical phase lock loop.

light source and reducing noise are also the basis for achieving
this goal.
As for frequency stabilization, a frequency-stabilized laser is
essential as the transmitter for coherent transmission systems,
particularly Nyquist WDM. In the future it may be possible to
deliver optical frequency and phase references to transmitters
and receivers at remote sites through a frequency-synchronous
network on a global scale and calibrate the light source and
local oscillator on site. As shown in Fig. 3 the optical frequency
comb generator and optical phase lock loop will be promising
for use in the calibration [23]. The target light source frequency
accuracy for 2020 is ±1 MHz, and the target linewidth of the
light source is less than 10 kHz.
As regards the noise reduction, an optical amplifier with a low
noise figure (NF) is attracting attention. The low NF of an inline optical amplifier improves the optical signal-to-noise ratio
in long-haul transmission systems, resulting in an extension of
the repeater span. The resulting reduction in the number of the
amplifiers has a great impact on the system cost and power
consumption. Toward 2020 and beyond, the challenge will be
to develop an ultimately low NF in-line optical amplifier such
as a phase-sensitive amplifier (PSA). As shown in Fig. 2 the
theoretical NF of an ideal optical PSA is 0 dB [24]. Recently,
the PSA has exhibited low noise characteristics and a waveform
shaping effect for PSK and QAM signals [25].
Technologies designed to reduce the noise generated by
the correlation between multiple channels has become very
important, since new transmission technologies use multiple
channels or superchannels to transmit ultra-broadband data. If
we are to improve spectral efficiency, we need higher-level
QAM signals and ultra DWDM signals without a “spectral
gap” between adjacent channels, e.g., Nyquist WDM. Advanced DSP and higher-speed DAC/ADC are needed to realize Nyquist WDM and a multilevel QAM of more than 16. To
expand channel capacity, superchannel transmission technologies [26] with multiple subcarriers have been actively investigated for next-generation signals beyond 100 Gb/s such as
dual-subcarrier PDM-16QAM. In addition, SDM technologies
utilize spatially overlapped signals (e.g., spatial superchannel
[27]) with the same wavelength in multi-core and multi-mode
fibers. However, such superchannel techniques are very sensitive to linear/nonlinear crosstalk between adjacent channels and
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Fig. 3. Capacity per slice as a function of the number of slices for conventional
virtualization using electrical and wavelength paths. Photonic layer 2 (P-L2)
virtualization fills the vacancy of conventional virtualization techniques.

between spatial modes, and so advanced techniques for reducing
crosstalk will be indispensable. In previous studies [28], [29],
inter- and intra-channel nonlinear crosstalk compensation using a multiple-channel digital back propagation algorithm [30]
was demonstrated and a Q-factor increase of more than 1 dB
linear crosstalk compensation between 6 spatial modes using
12 × 12 multiple-input multiple-output (MIMO) was also
demonstrated [31]. However, in these demonstrations, MIMO
DSP was performed off-line by using digital sampling oscilloscopes with several input channels. To realize a real-time MIMO
DSP for crosstalk compensation, cooperation between multiple
DSP-LSIs and advanced DSP algorithms [32] is essential.
B. Smart Photonic Networking
Smart photonic networking refers to technologies that fully
incorporate the layer-2 networking functions into photonic
nodes and effectively utilize the transport network resources
for smart and value-creative networks. This is what “smartness”
means. Fig. 3 shows the capacity per slice vs. number of slices
in the network virtualization. Network virtualization is currently
performed mainly in the electrical domain. It can provide a large
number of slices, for example ten thousands. But each slice is
thin due to the limit of the total throughput of an electrical
switch. On the other hand, an optical path-based slice has a
problem in that the number is limited to a hundred.
What differentiates “photonic layer-2 (P-L2)” virtualization
from the legacy virtualization is that we can increase the number of slices and extend the dynamic range of slice capacity,
owing to the flexible spectral arrangement and sub-wavelength
path. Future photonic nodes incorporating technologies such as
digital coherent optical transceivers and flexible grid WDM can
create optical paths with arbitrary bandwidths over a large dynamic range of around 30 dB ranging from 1 Gb/s to 1 Tb/s,
which enable us to utilize the fiber capacity in the SPC flexibly
and efficiently. By integrating the layer-2 networking functions
into the photonic node, it can divide the bandwidth of each
wavelength into many logical paths with narrower bandwidths
without using external electrical packet switches.

Fig. 4. Comparison of network architecture. (a) Multi-hop Ethernet switch
network, (b) photonic layer 2 (P-L2) network, and (c) Ethernet passive optical
network (PON).

Due to the combination of both flexible wavelength-based
“physical” paths and packet-based sub-wavelength “logical”
paths, the virtual network slices in the SPC outnumber those
of the conventional WDM-based virtual networks where only
up to 100 wavelengths are available on each link as indicated by
the direction shown in the top-left of Fig. 3. This is the concept
of photonic layer virtualization.
The layer-2 function in the photonic nodes, such as packet
forwarding rules including broadcast and multicast or protocols
for the address-location resolutions, are programmable from the
controller outside the node as in current software-defined networks. This will be the basis for creating virtual slices with
various topologies and various data handling operations for
application-oriented networks.
Smart photonic networking will also be used to establish
P-L2 technology which provides an end-to-end optical connection with ultimately low latency close to the propagation delay.
As for the layer-2 networking protocol, Ethernet is widely used
in current networks, and Ethernet switches are in widespread
use. However, an innovative approach is needed to improve the
power consumption and packet forwarding delay of electrical
circuit-based switches for the scale-free SPC. The key concept
of the P-L2 is to simplify the Ethernet bridging or switching
functions as much as possible, by exploiting the inherent nature of photonics and optics such as its high speed, abundant
bandwidth, and all-optical processing capability. The intention
is to create a new photonic-native data transport protocol, not
necessarily emulating the conventional Ethernet protocol, while
retaining the interface with the existing protocols at the edges.
Fig. 4 compares the architecture of a P-L2 network with that
of an Ethernet. A typical Ethernet is a multi-hop network of
Ethernet bridges or switches, in which all data packets are processed by electrical circuits for the physical (PHY) and media
access control layers [see Fig. 4(a)]. In the P-L2 architecture,
all-optical signal processing is adopted and combined with the
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digital electronics in such a way that the best of both powers
can be fully exploited [see Fig. 4(b)]. At a P-L2 edge, the PL2MAC layer converts the data packets of the existing protocols
such as Ethernet into data signals for P-L2. Also the complicated
processing for the layer-2 protocol such as the address-location
resolution and the OAM are handled by the electronic circuits
in the media access P-L2 edges. In this scheme, the broadcast
signals are not used for address resolutions, since they generate heavy traffic and limit the scalability of the network. By
employing the software defined network technology, address
resolutions are managed by the outside software and signaling,
and the routing table in PL2-MAC is fully controlled through
the control plane.
The PHY layer in P-L2 edge converts the data signal from
the PL2-MAC layer into optical signals for P-L2 and transmits
them to a P-L2 bridge over transparent optical channels with
a flexible bandwidth of up to one Tb/s. P-L2 bridges transfer
the optical data signals from P-L2 edges to their destinations
through optical switches, without converting the optical signals
to electrical signals. As regards the switching method for optical switches in the P-L2 bridge, not only circuit-based switching
using low-speed optical switches but also time-slot- or packetbased switching using high-speed space switches or high-speed
tunable lasers will be used to fully utilize the optical transmission capability and to realize data aggregation or distribution
in optical region. This P-L2 architecture can build a wide-area
layer-2 network with “optically-one-hop” connections.
From another viewpoint, it might be possible to see this P-L2
architecture as a multi-hop version of the Ethernet PON. While
a passive optical coupler in the center connects ONUs and an
OLT in a PON system [see Fig. 4 (c)], a network of active optical
switches connects those edges in a P-L2 network, and the size
of the network can be expanded to handle hundreds of edges
by using multi-stage optical switches. The preliminary investigations of this direction for P-L2 have already been reported
for a time-slot-based optical network [33]. In addition, the technologies studied for optical packet switching might be useful
for realizing the P-L2 bridges [34].
C. Synthetic Transport Platform
Optical paths of 100 G and beyond will soon be available,
and a flex grid provides physical flexibility in wavelength allocation. On the other hand, it is well known that the IP network
has logical flexibility. What is missing is a bridge between physical flexibility and logical flexibility as illustrated in Fig. 5(a).
Here is an example. Suppose the operator provides customers
with two 50 G label switched paths of MPLS transport profile
or two 50 G Ethernet links by dividing a 100 G wavelength path
into two 50 G links using a sub-wavelength (λ) switch as shown
in Fig. 5(b-1). When a customer requests another 50 G, the
operator can increase the wavelength path bandwidth to 150 G
using flex-grid. The sub-wavelength switch should also increase
the capacity by adding additional switching modules as shown
in Fig. 5(b-2). Finally, both 100 G and 50 G user paths are
multiplexed into a 150 G wavelength path via 150 G capacity
sub-wavelength switch as shown in Fig. 5(b-3). The operator
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Fig. 5. (a) Contrast between the logical channel of an IP network and the
physical channel of a flexible grid WDM transport network where the bridging functionality of flexible mapping technology is currently missing, and
(b) upgrade scenario of a sub-wavelength switch when demand arises for another
50 G bandwidth from mass users.

should immediately respond to the customer’s demand. But the
scaling-up process takes long. For the operator to immediately
respond to the customer demand by bridging the gap between
the physical and logical channels, therefore, the future transport node needs scalability, L2 integration, programmability,
and common hardware. Currently the sub-wavelength switch,
including multiplexing/demultiplexing functions, cannot be expanded from 100 G to 150 G because its capacity is limited to
a single chip of LSI such as a 100 G OTN framer, a DSP, and
a network processor. To fully exploit the transport capability,
layer-2 functionalities such as sub-wavelength switching and
client path encapsulation into common layer-2 frame have to be
integrated in the transport node. This makes it possible to map
sub-wavelength client signals onto an optical path.
A synthetic transport platform is realized with a network of
synthetic photonic nodes. A synthetic photonic node is a novel
transport node that integrates a next-generation optical cross
connect and a fully-programmable “P-NP”, which enables us to
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Fig. 7. Conceptual schematic of silicon optical interposer integrated with
LSI bare chips. A laser diode, arrays of eight optical modulators and eight
photodetectors are integrated on a silicon substrate. LSI bare chips are mounted
on the interposer, and are electrically connected to the optical modulators and
photodetectors.

Fig. 6. (a) Architecture of a synthetic photonic node, (b) photonic network
processor (P-NP) consisting of pools of DSPs, NPs, and ODU-XCs/L2-SWs,
connected with reconfigurable optical interconnect, and (c) projected stages of
the optical interconnect.

fully exploit emerging optical transmission technologies as well
as future layer-2 functionality or higher-layer node functions.
This photonic node can be seen as an extended version of a
packet-optical transport node, but it has unlimited scalability
and full flexibility. These characteristics allow it to define all
the node features from transponder capabilities to higher-layer
node functions by software and to incorporate the technologies
of scale-free photonics and smart photonic networking.
The architecture of a synthetic photonic node is shown in
Fig. 6(a). It consists of an optical cross-connect and a P-NP.
The optical cross-connect of this node has all the features of
the colorless, direction-less, contention-less cross-connect, as
well as new capabilities. For example, it is grid-less (CDCG)
thus enabling it to handle flexible WDM grids and is capable of
SDM switching, which allows it to handle multi-core fibers or
multi-mode transmission.
A P-NP will be a key building block as regards “smartness,”
namely capacity to synthesize desirable functions for switching
nodes or OTPs by software. As shown in Fig. 6(b), it consists of
pools of LSI chips of DSP for digital coherent signal processing, network processors or central processing units (NP/CPU),

and optical front-ends (O-FE), all connected by reconfigurable
optical interconnections. The O-FE consists of a transmitter, a
receiver, and a wavelength multiplexer/demultiplexer. By combining O-FEs and DSPs, we can configure any kinds of digital
coherent optical transceivers for ultra-broadband channels based
on various modulation formats. Such multiple-DSP modules
will provide the computation power required to compensate for
undesired interference between neighboring DWDM channels,
caused by the cross-phase modulation resulting from fiber nonlinearity as well as linear inter-channel crosstalk, and multi-core
operation requires the interconnection of DSPs. The NP/CPUs
interface with an L2 switch from the clients and perform packet
processing for layer-2 protocols or higher layer functions. They
also work as the control plane for the photonic node. The switch
fabric of ODU-XC/L2-SWs operates as the cross-connect of
optical channel data units (ODU-XC) or packet-based logical
channels.
As shown in Fig. 6(b) all the pools of devices are interconnected through reconfigurable optical interconnections. Therefore, any desired functional module can be configured by programming the optical interconnection pattern that connects a
certain set of components from the pools of devices. The photonic network operation system manages all the resources of
these device pools and controls their configuration. The P-NP
always ensures the minimum power consumption because only
the necessary components in the pool are activated. Moreover,
it is fault-tolerant against component failure because it has a
self-organizing capability for replacing a defective chip with a
spare one in its pool.
To realize optical interconnections for the P-NP, it will be
preferable to adopt a silicon optical interposer [35], [36]. A
conceptual schematic of silicon optical interposer integrated
with LSI bare chips is illustrated in Fig. 7. A laser diode, arrays
of optical modulators and photodetectors, optical splitter, and
waveguides are integrated on a silicon substrate. LSI bare chips
are mounted on the interposer and are electrically connected to
the optical modulators and photodetectors. The cw output from a
laser diode is distributed to the optical modulator array through
the optical splitter. The electrical signal from the LSI chip is
detected with the photodetector and converted into optical signal
by using the optical modulator, and it’s sent to the other LSI
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chip, followed by the optical-to-electrical conversion. The LSI
bare chips of the DSP, NP/CPU, and ODU-XC/L2-SW will be
interconnected optically on the silicon optical interposer, while
very short electrical wiring will be used for the interconnections
between the neighboring O-FEs and the DSPs. This will be a
key technology to reduce the power consumption and footprint
as well as the cost because of its CMOS-compatible process,
and thus creates a new value in the reduction of cost, the power
consumption, and the footprint. The silicon optical interposer is
projected to become available after 2020 [34].
By taking account of currently available 13” (300 mm) silicon
wafer or 18” (450 mm) silicon wafer, which will be available
in 2020, we can consider two target products of P-NP in the
first and second stages as summarized in Fig. 6(c). As the area
of a bare die will be 100  200 mm2 , a few tens of bare DSP,
NP/CPU, and ODU-XC/L2-SW chips can be integrated on a single silicon optical interposer. In the first stage, a total throughput
of 800 Gb/s is projected, which could be deployed in a 100 Gb/s
WDM link. In the second stage, the projected total throughput
is 3.2 Tb/s, which might be deployed in a 400 Gb/s WDM link.
Optoelectronic components in the O-FE and the OE and EO
devices for the optical interconnect and hard-wiring will separately integrated, and they are assembled on the interposer by
flip-chip bonding. In the first stage, a 25-Gb/s four-lane optical
interconnect without WDM will be a better option because a colorless transmitter and receiver can be used. If a 4-wavelength ×
25-Gb/s WDM becomes available for the optical interconnect,
the interconnection footprint can be reduced. Challenges remain
in terms of realizing the reconfigurability of the optical interconnect. In this respect there will be two options as regards the
optical switch fabric, namely a space switch and wavelength
routing.
IV. USE CASES OF PHOTONIC NETWORK PROCESSOR
A. Use Case 1: Multi-Functional Optical Cross-Connect
One of the applications of the P-NP will be as a multifunctional colorless, directionless, contentionless, gridless optical cross-connect (CDCG-OXC). A CDCG-OXC must be able
to accommodate a variety of client signals such as Ethernet (L2)
packets, ODU frames, and the mixture of the two. When the type
of client node or the traffic pattern changes, the CDCG-OXC
must be able to respond by modifying its function. As shown
in Fig. 8(a) there will be variations in the architecture, depending on the required functionality. The architecture at the top is
suitable for transmitting L2 packets without ODU channel hierarchy. The pool of NPs at the top is configured for L2 protocol
processors. The pool of ODU-XCs in the middle multiplexes or
demultiplexes the client data traffic in ODU channel level. The
architecture at the bottom is fully equipped with both pools of
NP and ODU-XC, and can terminate L2 protocols of client data
signals and multiplex/demultiplex them into ODU channels.
B. Use Case 2: Bit Rate-Flexible Optical Transponder
Let us consider two scenarios for upgrading transmission
links from existing 100 Gb/s links. The options are either to add
fixed-rate 100 Gb/s OTP or to replace 100 Gb/s OTPs with bit

Fig. 8. (a) Use case 1: Multi-functional CDCG-OXC; with layer 2 switch,
ODU-XC, and ODU-XC and layer 2 switch. (b) Use case 2: Upgrading scenarios
of optical transponder (OTP): conventional bit rate-fixed OTP vs. bit rate-flexible
OTP.

rate-flexible OTPs at the maximum bit rate of 400 Gb/s, whose
bit rate can be remotely modified by software. A bit rate-flexible
OTP is realized by changing the modulation format and/or the
number of optical carriers [15]. Assume that a 200 Gb/s link
is currently established between Nodes A and E as shown in
Fig. 8(b), and there is a request from the customer for another
200 Gb/s between Nodes A and E.
1) Option I—Fixed 100 Gb/s OTP: We will simply add two
100 Gb/s OTPs, and the requested total link capacity is increased
to 400 Gbps.
2) Option II—Bit rate-flexible 400 Gb/s OTP: We redefine
the bit rate from the current 200 Gb/s to the requested 400 Gb/s
by software update. For simplicity, we assume that the reach of
100 Gb/s is double that of 200 Gb/s, and 200 Gb/s is also double
the reach of 400 Gb/s. Option I requires labor costs and time
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for the delivery. On the other hand, Option II needs repeaters
but there is no need for any additional installation work because
bit rate-flexible OTPs in Nodes B, C, and D are configured as
400 Gb/s remotely, and hence we can save both time and labor
costs. Option II is future-proof, and it has an edge over Option I
as regards service delivery time, and OPEX is lower because
there are no labor costs.
V. CONCLUDING REMARKS
A photonic network vision for 2020 has been presented that
envisions a “SPC.” Photonic L2 virtualization has been discussed, which differs from the conventional approach in terms
of the large number of slices and the large dynamic range of
the bandwidth of each slice. Three key enabling technologies,
namely scale-free photonics, smart photonic networking, and a
synthetic transport platform, have been proposed. The P-NP is
a key engine for realizing the above three enabling technologies
that can synthesize multi-functional switches and transmission
systems. Although there remains much to be studied how to
realize the P-NP, silicon photonics could be one of the killer
technologies. The P-NP, as a key building block, could pave the
way to realize White Box-oriented transport equipment. Finally,
a multi-functional optical node and a bit rate-flexible OTP have
been presented as use cases of P-NP.

[9]
[10]
[11]

[12]

[13]
[14]

[15]
[16]

[17]
[18]

ACKNOWLEDGMENT
The authors would like to thank the members of the Task
Force, “Photonic Network Vision 2020” of the Photonic Internet Forum (http://www.scat.or.jp/photonic/english/ index.html).
They would also like to thank the Ministry of the Internal Affairs
and Communications, Japan and Y. Arakawa, T. Fujita, T. Saida,
T. Morito, T. Usuki, and Y. Urino of Photonics Electronics Technology Research Association and for invaluable discussions.
REFERENCES
[1] Cisco global cloud index: Forecast and methodology, 2011–2017, Cisco
Systems, Inc., San Jose, CA, USA, 2013.
[2] I. Ali, E. Oimezogullarri, and O. F. Celebi, “Data stream analytics and
mining in the cloud,” in Proc. IEEE 4th Int. Conf. Cloud Comput. Technol.
Sci., 2012, pp. 857–862.
[3] Cisco visual networking index: Global mobile data traffic forecast update,
2012–2017, Cisco Systems, Inc., San Jose, CA, USA, 2014.
[4] S. Tsukamoto, Y. Ishikawa, and K. Kikuchi, “Optical homodyne receiver
comprising phase and polarization diversities with digital signal processing,” presented at the Eur. Conf. Opt. Commun., Cannes, France, 2006,
Paper Mo4.2.1.
[5] T. J. Xia, S. Gringeri, and M. Tomizawa, “High-capacity optical transport
networks,” IEEE Commun. Mag., vol. 50, no. 11, pp. 170–178, Nov. 2012.
[6] C. Laperle and M. O’Sullivan, “Advances in high-speed DACs, ADCs,
and DSP for optical coherent transceivers,” J. Lightw. Technol., vol. 32,
no. 4, pp. 629–643, Feb. 2014.
[7] X. Zhou, L. E. Nelson, and P. Magill, “Rate-adaptable optics for next
generation long-haul transport networks,” IEEE Commun. Mag., vol. 51,
no. 3, pp. 41–49, Mar. 2013.
[8] E. Yamazaki, S. Yamanaka, Y. Kisaka, T. Nakagawa, K. Murata,
E. Yoshida, T. Sakano, M. Tomizawa, Y. Miyamoto, S. Matsuoka,
J. Matsui, A. Shibayama, J. Abe, Y. Nakamura, H. Noguchi, K. Fukuchi,
H. Onaka, K. Fukumitsu, K. Komaki, O. Takeuchi, Y. Sakamoto,
H. Nakashima, T. Mizuochi, K. Kubo, Y. Miyata, H. Nishimoto, S. Hirano,
and K. Onohara, “Fast optical channel recovery in field demonstration of

[19]
[20]
[21]
[22]
[23]

[24]
[25]

[26]

[27]

[28]

[29]

100-Gbit/s ethernet over OTN using real-time DSP,” Opt. Exp., vol. 19,
no. 14, pp. 13179–13184, 2011.
M. Tomizawa, “DSP aspects for deployment of 100G-DWDM systems in
carrier networks,” in Proc. Opt. Fiber Commun. Conf. Expo./Nat. Fiber
Opt. Eng. Conf., 2012, pp. 1–3.
P. J. Winzer, “Beyond 100 G Ethernet,” IEEE Commun. Mag., vol. 48,
no. 7, pp. 26–30, Jul. 2010.
J. Renaudier, R. Rios-Muller, L. Schmalen, M. Salsi, P. Tran, G. Charlet,
and S. Bigo, “1-Tb/s transceiver spanning over just three 50-GHz frequency slots for long-haul systems,” presented at the Eur. Conf. Exhib.
Opt. Commun., London, U.K., 2013, Paper PD2.D.5.
G. Bosco, A. Carena, V. Curri, P. Poggiolini, and F. Forghieri, “Performance limits of Nyquist-WDM and CO-OFDM in high-speed PMQPSK systems,” IEEE Photon. Technol. Lett., vol. 22, 15, pp. 1129–1131,
Aug. 2010.
T. Morioka, Y. Awaji, R. Ryf, P. Winzer, and D. Richardson, “Enhancing
optical communications with brand new fibers,” IEEE Commun. Mag.,
vol. 50, no. 2, pp. S31–S42, Feb. 2012.
P. Iovanna, F. Testa, R. Sabella, A. Bianci, M. Puleri, M. R. Casanova,
and A. Germoni, “Packet-optical integration nodes for next generation
transport networks,” IEEE/OSA J. Opt. Commun. Netw., vol. 4, no. 10,
pp. 821–835, Oct. 2012.
Spectral Grids for WDM Applications: DWDM Frequency Grid, ITU-T
Standard G.694.1, Feb. 2012.
M. Jinno, H. Takara, B. Kozicki, Y. Tsukishima, T. Yoshimatsu,
T. Kobayashi, Y. Miyamoto, K. Yonenaga, A. Takada, O. Ishida, and
S. Matsuoka, “Demonstration of novel spectrum-efficient elastic optical path network with per-channel variable capacity of 40 Gb/s to overf
400 Gb/s,” presented at the 34th Eur. Conf. Opt. Commun., Brussels,
Belgium, 2008, Paper Th.3.F.6.
S. Gringeri, N. Bitar, and T. J. Xia, “Extending software defined network
principles to include optical transport,” IEEE Commun. Mag., vol. 51,
no. 3, pp. 32–40, Mar. 2013.
G. Wellbrock, “The convergence of L1/2/3 functionality in next generation
network lements—A carrier’s perspective,” presented at the Opt. Fiber
Commun. Conf. Expo., Los Angeles, CA, USA, Mar. 2011, Paper OTuE6.
W. Harrod, “A journey to exascale computing,” in Proc. High Perform.
Comput. Netw., Storage Anal., SC Companion, 2012, pp. 1702–1730.
G. Kortuem, F. Kawsar, D. Fitton, and V. Sundramoorthy, “Smart objects
as building blocks for the Internet of things,” IEEE Internet Comput.,
vol. 14, no. 1, pp. 44–51, Jan./Feb. 2010.
Open Network Foundation. (2014). [Online]. Available: https://www.
opennetworking.org/
ETSI GS NFV, “Network Functions Virtualisation (NFV): Architectural
Framework,” ETSI Standard V1.1.1, Oct. 2013.
M. Koga, A. Takada, A. Ishizawa, T. Nishikawa, and H. Takara, “Proposal
of optical frequency synchronized photonic network based on carrierenvelope offset phase locked frequency comb,” in Proc. Korea-Jpn. Workshop Beyond 100 G, 2011, pp. 76–77.
A. Takada and W. Imajuku, “Amplitude noise suppression using a high
gain phase sensitive amplifier as a limiting amplifier,” Electron. Lett.,
vol. 32, no. 7, pp. 677–679, 1996.
M. Asobe, T. Umeki, and O. Tadanaga, “First demonstration of noise
figure below 3 dB in CW pumped phase sensitive amplifier using PPLN
waveguide,” presented at the Lasers Electro-Opt. Conf., Baltimore, MD,
USA, 2013, Paper PDP B10.
W. R. Peng, I. Morita, H. Takahashi, and T. Tsuritani, “7 × 1.12-T bit/s,
200-GHz-spaced, PDM-16QAM transmission over all-EDFA 400-km
SSMF and 2 ROADMs,” presented at the Opt. Fiber Commun. Conf.
Expo., Los Angeles, CA, USA, 2012, Paper OW4C.5.
M. D. Feuer, L. E. Nelson, X. Zhou, S. L. Woodward, R. Isaac, B. Zhu,
T. F. Taunay, M. Fishteyn, J. M. Fini, and M. F. Yan, “Joint digital signal
processing receivers for spatial superchannels,” IEEE Photon. Technol.
Lett., vol. 24 21, pp. 1957–1960, Nov. 2012.
T. Kobayashi, H. Takara, A. Sano, T. Mizuno, H. Kawakami, Y. Miyamoto,
K. Hiraga1, Y. Abe, H. Ono, M. Wada, Y. Sasaki, I. Ishida, K. Takenaga, S.
Matsuo, K. Saitoh, M. Yamada, H. Masuda, and T. Morioka, “2 × 344 Tb/s
propagation-direction interleaved transmission over 1500-km MCF enhanced by multicarrier full electric-field digital back-propagation,” presented at the Eur. Conf. Exhib. Opt. Commun., London, U.K., 2013, Paper
PDP3.E.4.
E. Ip, Y. K. Huang, E. Mateo, Y. Aono, Y. Yano, T. Tajima, and
T. Wang, “Interchannel nonlinearity compensation for 3λ × 114-Gb/s
DP-8QAM using three synchronized sampling scopes,” presented at the

KITAYAMA et al.: PHOTONIC NETWORK VISION 2020—TOWARD SMART PHOTONIC CLOUD

[30]
[31]

[32]

[33]

[34]
[35]
[36]

Opt. Fiber Commun. Conf. Expo., Los Angeles, CA, USA Paper, 2012,
Paper OM3A.6.
E. Ip and J. M. Kahn, “Compensation of dispersion and nonlinear impairments using digital backpropagation,” J. Lightw. Technol., vol. 26, 20,
pp. 3416–3425, Oct. 2008.
R. Ryf, S. Randel, N. K. Montoliu, E. Burrows, S. Corteselli,
S. Chandrasekhar, A. H. Gnauck, C. Xie, R. J. Essiambre, P. J. Winzer,
R. Delbue, P. Pupalaikis, A. Sureka, Y. Sun, L. Gruner-Nielsen,
R. V. Jensen, and R. Lingle Jr, “32-bit/s/Hz spectral efficiency WDM
transmission over 177-km few-mode fiber,” presented at the Opt. Fiber
Commun. Conf. Expo., Anaheim, CA, USA, 2013, Paper PDP5A.1.
C. Liu, J. Pan, T. Detwiler, A. Stark, Y.-T. Hsueh, G.-K. Chang, and
S. E. Ralph, “Joint ICI cancellation for superchannel coherent optical
systems in nonlinear transmission regimes,” presented at the Opt. Fiber
Commun. Conf. Expo., Anaheim, CA, USA, 2013, Paper OTu2I.4.
K. Hattori, M. Nakagawa, N. Kimishima, M. Katayama, A. Misawa, and
A. Hiramatsu, “Optical layer-2 switch network based on WDM/TDM
nano-sec wavelength switching,” presented at the Eur. Conf. Exhib. Opt.
Commun., Amsterdam, The Netherlands, Paper, 2012, Paper We.3.D.5.
S. J. B. Yoo, “Energy efficiency in the future Internet: The role of optical packet switching and optical-label switching,” IEEE J. Sel. Topics
Quantum Electron., vol. 17, no. 2, pp. 406–418, Mar./Apr. 2011.
Y. Arakawa and T. Nakamura, “Silicon photonics for next generation
system integration platform,” IEEE Commun. Mag., vol. 51, no. 3,
pp. 72–77, Mar. 2013.
Y. Urino et al., “Demonstration of 30-Tbps/cm2 bandwidth density by
silicon optical interposers fully integrated with optical components,” presented at the Eur. Conf. Exhib. Opt. Commun., London, U.K., 2013, Paper
Mo.4.B.2.

Ken-ichi Kitayama (F’03) received the M.E. and Dr. Eng. degrees in communication engineering from Osaka University, Osaka, Japan, in 1976 and 1981,
respectively. In 1976, he joined the NTT Electrical Communication Laboratory.
From 1982 to 1983, he was a Research Fellow at the University of California, Berkeley, CA, USA. In 1995, he joined the Communications Research
Laboratory (presently, National Institute of Information and Communications
Technology, NICT), Tokyo, Japan. Since 1999, he has been a Professor at the
Department of Electrical, Electronic and Information Engineering, Graduate
School of Engineering, Osaka University. His research interests include photonic label switching, optical signal processing, next-generation access systems
such as optical code-division-multiple access and orthogonal code-divisionmultiple access, and radio-over-fiber communications. He has published more
than 290 papers in refereed journals, written a book entitled Optical Code Division Multiple Access—Fundamentals and Practical Perspective. Cambridge,
U.K.: Cambridge Univ. Press, two book chapters, and translated one book. He
holds more than 30 patents. He currently serves on the Editorial Boards of
the IEEE/OSA JOURNAL LIGHTWAVE TECHNOLOGY and the IEEE/OSA JOURNAL OPTICAL COMMUNICATION AND NETWORK as the Associate Editor. He
is the Fellow of the Institute of Electronics, Information and Communication
Engineers.

Atsushi Hiramatsu (M’90) received the B.E. and M.E. degrees in applied
physics from the University of Tokyo, Tokyo, Japan, in 1984 and 1986, respectively. Since joining Nippon Telegraph and Telephone Corporation (NTT),
Tokyo, Japan, in 1986, he has been working on innovative technologies such
as adaptive ATM traffic control using neural networks and WDM/SCM photonic switching systems. From 1991 to 1992, he was a Visiting Associate at
the California Institute of Technology. From 2004 to 2008, he was in the Next
Generation Network (NGN) Promotion Office in NTT, promoting R&D activities and a field trial for NGN, in Japan. He joined NTT Advanced Technology
Corporation in 2014 and currently is the Director of Planning Section in Advanced Production Business Headquarters. He is a Member of the Institute of
Electronics, Information and Communication Engineers.

2769

Masaki Fukui received the B.E., M.E., and Ph.D. degrees from Osaka University, Osaka, Japan, in 1987, 1989, and 1995, respectively. In 1989, he joined
NTT Transmission Systems Laboratories, Yokosuka, Japan. He has been involved in the research on optical information processing (optical computing)
and WDM transmission systems. From 2001 to 2011, he worked with NTT East
Corporation R&D Center, where he was involved in development of network
systems for IP services and optical transport network systems. In 2011, he again
moved to NTT’s laboratories, where he is currently involved in research on photonic transport network systems and network virtualization (software defined
networking). He is a member of the Institute of Electronics, Information and
Communication Engineers.

Takehiro Tsuritani received the M.E. and Ph.D. degrees in electronics engineering from Tohoku University, Miyagi, Japan, in 1997 and 2006, respectively.
He joined Kokusai Denshin Denwa (KDD) Company, Limited (currently KDDI
Corporation), Tokyo, Japan, in 1997. Since 1998, he has been working with
their Research and Development Laboratories (currently KDDI R&D Laboratories Inc.) and has been involved in research on long-haul wavelength-division
multiplexing transmission systems and designing and modeling of photonic
networks.

Naoaki Yamanaka (F’00) received the B.E., M.E., and Ph.D. degrees in engineering from Keio University, Minato, Japan, in 1981, 1983, and 1991, respectively. In 1983, he joined Nippon Telegraph and Telephone Corporation’s
(NTT’s) Communication Switching Laboratories, Tokyo, Japan, where he was
involved in the research and development of a high-speed switching system and
high-speed switching technologies for Broadband ISDN services. Since 1994,
he has been active in the development of ATM-based backbone network and
system including Tb/s electrical/optical backbone switching as NTT’s Distinguished Technical Member. He is now researching future optical IP networks
and optical MPLS router systems. He is currently a Professor at Keio University
and a Chair of the Photonic Internet Laboratory. He has published more than
126 peer-reviewed journal and transaction articles, written 107 international
conference papers, and been awarded 182 patents including 21 international
patents. He received the Best of Conference Awards from the 40th, 44th, and
48th IEEE Electronic Components and Technology Conference in 1990, 1994,
and 1998, the TELECOM System Technology Prize from the Telecommunications Advancement Foundation in 1994, the IEEE CPMT Transactions Part B:
Best Transactions Paper Award in 1996 and IEICE Transaction Paper Award in
1999. He was the Technical Editor of IEEE COMMUNICATION MAGAZINE, the
Broadband Network Area Editor of IEEE COMMUNICATION SURVEYS, and was
the Editor of IEICE Transaction as well as the Director of Asia Pacific Board at
IEEE Communications Society. He is a Fellow of the Institute of Electronics,
Information and Communication Engineers.

Satoru Okamoto (SM’03) received the B.E., M.E., and Ph.D. degrees in electronics engineering from Hokkaido University, Hokkaido, Japan, in 1986, 1988,
and 1994, respectively. From 2006 to 2012, he was an Associate Project Professor at Keio University, Minato, Japan, where he is currently a Project Professor.
In 1988, he joined Nippon Telegraph and Telephone Corporation, Japan, where,
he conducted research on ATM cross-connect system architectures, photonic
switching systems, optical path network architectures, and participated in development of GMPLS-controlled HIKARI router (“photonic MPLS router”)
systems. He is currently researching future IP + optical network technologies,
and application over photonic network technologies. He has published more
than 60 peer-reviewed journal and transaction articles, written more than 110
international conference papers, and has been awarded 50 patents including
five international patents. He received the Young Researchers’ Award and the
Achievement Award in 1995 and 2000, respectively, from the Institute of Electronics, Information and Communication Engineers (IEICE) of Japan. He also
received the IEICE/IEEE HPSR2002 Outstanding Paper Award, Certification of
Appreciation ISOCORE and PIL, in 2008, and IEICE Communications Society
Best Paper Award and IEEE ISAS2011 Best Paper Award, in 2011. He was an
Associate Editor of the IEICE Transactions on Communications (2006–2011)
as well as the Chair of the IEICE Technical Committee on Photonic Network
(2010–2011), and was an Associate Editor of the Optical Express of the Optical
Society of America (2006–2012). He is a Fellow of the IEICE.

2770

Masahiko Jinno (SM’12) received the B.E. and M.E. degrees in electronics
engineering from Kanazawa University, Ishikawa, Japan, in 1984 and 1986, respectively, and the Ph.D. degree in engineering from Osaka University, Osaka,
Japan, in 1995. He currently serves as a Professor of electronics and information engineering at Kagawa University, Takamatsu, Japan. His current research
interests include architecture/design of optical networks and relevant subsystem/device technologies. Prior to joining Kagawa University in October 2012,
he was a Senior Research Engineer, Supervisor at Network Innovation Laboratories, Nippon Telegraph and Telephone Corporation. From 1993 to 1994, he
was a Guest Scientist at the National Institute of Standards and Technology,
Boulder, CO, USA. He authored or coauthored more than 170 peer-reviewed
journal and conference papers in the fields of ultrafast optical signal processing
for high-capacity optical time division multiplexed transmission systems, optical sampling and optical time-domain reflectometry, ultra-wideband DWDM
transmission systems in L-band and S-band, ROADM systems, GMPLS and
application-aware optical networking, and elastic optical networks. He is a Fellow of the Institute of Electronics, Information and Communication Engineers.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 16, AUGUST 15, 2014

Masafumi Koga (M’89) was born in Fukuoka, Japan, on February 14, 1959. He
received the Dr. Eng. degree from Osaka University, Osaka, Japan, in 1993. In
1983, he joined the NTT Electrical Communications Laboratories, Yokosukashi, Japan, where, from 1986 to 1992, he was involved in the development of
the high-performance optical circulator and its functional circuits. He has some
major patents of the optical circulator. Since 1994, he has been researching and
developing a photonic transport network system. Since October 2006, he has
been with Oita University, Oita, Japan. He received IEICE Achievement Award
in 2000 for contributing to the research of photonic transport network and IEICE
Communication Society Excellent Paper Award in 2013. He is a member of the
Institute of Electronics, Information and Communication Engineers of Japan.

