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INTRODUCTION

Optical networks have become widespread and
have assumed a role as mission-critical infras-
tructures for our information society. This is due
to worldwide intensive R&D activities and con-
tinuous initiative by standardization bodies in
optical transport network (OTN) and automati-
cally switched optical network (ASON)/general-
ized multiprotocol label switching (GMPLS)
standards. A 10-Tb/s-class transport system that
accommodates 100 Gigabit Ethernet (GE) inter-
faces is under development [1]. Such advanced
transport systems will probably employ dual-
polarization, quadrature phase shift keying
(QPSK) modulation, and powerful digital signal
processing, which is associated with sophisticated

coherent detection, with a spectral efficiency
reaching 2 b/s/Hz. Unfortunately, it is well known
that bit loading higher than that for QPSK caus-
es a rapid increase in the optical signal-to-noise
ratio (OSNR) penalty, while further increase in
the launched signal power results in serious
impairment due to nonlinear effects in optical
fibers. Therefore, it is becoming widely recog-
nized that we are rapidly approaching the physi-
cal capacity limit of conventional optical fiber.
Considering the forecasted doubling in the
amount of IP traffic every two years, the loom-
ing physical limit of optical fibers [2] will lead to
a capacity crunch in optical transport systems in
the not-so-distant future.

Under these circumstances, there are two
foreseeable issues related to the 100GE era and
beyond:
• Will the incremental improvement in trans-

mission technology alone still meet the pace
of traffic growth?

• Will the electrical aggregation and groom-
ing approach still be feasible in terms of
cost, footprint, power consumption, and
accommodation inefficiency due to stacked
layers?

Considering that the capacity of conventional
optical fibers is not limitless as previously
thought but rather a precious network resource,
a practical strategy for accommodating ever-
increasing traffic demands to support the future
Internet and services in 2020 is to take advan-
tage of synergetic effects, that is, continuous
incremental innovation for higher capacity and
spectral-efficiency-conscious networking evolu-
tion.

As a promising approach to address these
challenges, we recently proposed to introduce
elasticity and adaptation into the optical domain
through more flexible spectrum allocation, where
the required minimum spectral resources are
allocated adaptively based on traffic demand and
network conditions [3, 4]. The effectiveness of
the adaptation approach has been proven in
other areas of technology. Link adaptation tech-
nology has been employed to increase the spec-
tral efficiency of broadband wireless data
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networks and digital subscriber lines, and virtual-
ization and elastic provisioning of computing
resources has been applied to enhance flexibility,
scalability, and robustness in emerging super
data centers. Facing an impending capacity
crunch, the spectral-efficiency-conscious net-
working approach has attracted growing interest
and a number of bandwidth-variable optical net-
work models were investigated [5–9]. The intro-
duction of elasticity and adaptation will be a big
leap forward from conventional rigid and fixed
optical networks. We therefore believe that early
initiatives by the standardization bodies on
studying possible extension of the OTN and
ASON/GMPLS standards in terms of optical
network resource utilization efficiency will great-
ly support the rapid advance and adoption of
more efficient and scalable optical networks.
This article is written from the perspective of
future standardization. The aim of this article is
to clarify which standards should be inherited,
which standards should be extended, and which
standards should be created as the starting point
regarding study of the possible extension of
OTN and ASON/GMPLS standards toward spec-
trally efficient elastic and adaptive optical net-
works.

The remaining part of this article is organized
as follows. We first overview a spectrum-efficient
and scalable optical network architecture based
on the elastic optical path and optical corridor
concepts as keys for addressing the above-men-
tioned challenges. Next, we present possible
adoption scenarios from the current rigid optical
networks to elastic and adaptive optical net-
works. Finally, we discuss potential study items
and candidates from a standards viewpoint
including network architecture, the structure and
mapping of the optical transport unit, control
plane issues, and some physical aspects.

ELASTIC AND ADAPTIVE OPTICAL
NETWORK ARCHITECTURE OVERVIEW

NETWORK ARCHITECTURE BASED ON
ELASTIC OPTICAL PATH CONCEPT

Figure 1 shows the elastic and adaptive optical
network with flexible bandwidth and variable
channel spacing, in contrast to the conventional
rigid optical network with fixed bandwidth and
fixed channel spacing. The elastic and adaptive
optical network consists of bandwidth-agnostic
wavelength crossconnects (WXCs) and band-
width-agnostic reconfigurable optical add/drop
multiplexers (ROADMs) in the network core
and rate/modulation-format flexible transpon-
ders based on, for example, optical orthogonal
frequency-division multiplexing (OFDM) at the
network edge. The aim of the elastic and adap-
tive optical network is to provide spectrally effi-
cient transport of various client data streams
through the introduction of flexible granular
grooming in the optical domain [3]. In an elastic
and adaptive optical network, the required spec-
tral resources on a given route are “sliced off”
from the available pool and adaptively allocated
to the end-to-end optical path.

It should be emphasized that in elastic and

adaptive optical networks, spectral resources
allocated on a given route, through which an
optical channel is transported, should be speci-
fied in an explicit manner. This can be under-
stood as follows. Since channel spacing in
conventional optical networks is fixed (Fig. 1a),
network operators do not need to distinguish the
optical channel itself and the spectral resources
allocated on a given route. They only need to
specify a center frequency for the optical chan-
nel when establishing the end-to-end optical
connection. In contrast, the center frequency
and the width of the spectral resource allocated
to an optical path are variable parameters in
elastic and adaptive optical networks, as shown
in Fig. 1b. As well as the optical channel itself,
network operators need to be aware of the end-
to-end spectral resources in elastic optical net-
works. We hereafter refer to the end-to-end
allocated spectral resources as an optical corri-
dor, which is specified as a set comprising the
center frequency and width, or low-end and
high-end frequencies of the optical corridor.

ENABLING TECHNOLOGIES FOR
ELASTICITY AND ADAPTATION

Bandwidth-Agnostic Wavelength Crosscon-
nects — The bandwidth-agnostic WXCs can be
established using a continuously bandwidth-vari-

Figure 1. Elastic and adaptive optical network concept and explicit designation
of an optical corridor: a) conventional optical network; b) elastic and adap-
tive optical network.
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able wavelength selective switch (WSS) as a
building block. In a bandwidth-variable WSS, the
incoming optical signals with differing optical
bandwidths and center frequencies can be rout-
ed to any of the output fibers. By using spatial
phase modulation technology such as liquid crys-
tal on silicon (LCoS), we can achieve variable
optical bandwidth functionality. These technolo-
gies allow us to allocate the required bandwidth
in nodes along the optical path.

Rate and Format Flexible Transponders —
Rate and modulation-format flexible transpon-
ders can be achieved, for example, by introduc-
ing optical OFDM technology. Optical OFDM is
optical multiplexing of orthogonal optical sub-

carriers that have a frequency spacing equal to
the inverse of the symbol duration. The OFDM
format allows us to achieve a high level of spec-
tral efficiency and a flexible rate. We can tailor
the bandwidth of an optical signal by adjusting
the number of subcarriers of the OFDM signal.

BENEFITS OF INTRODUCING ADAPTATION TO
THE OPTICAL DOMAIN

Rate Adaptive: Adaptation to Actual User
Traffic Volume — The network utilization effi-
ciency in conventional optical networks is limited
due to the rigid nature of the networks. One
limitation originates from the mismatch of gran-
ularities between the client layer, which has a
broad range of capacity demands with granulari-
ties from several to 100 Gb/s or more, and the
physical wavelength layer, which has a rigid and
large wavelength granularity. For example, band-
width stranding occurs when the client traffic
volume is not sufficient to fill the entire capacity
of a wavelength. Current optical networks miti-
gate the stranded bandwidth issue by aggregating
and grooming low-bit-rate data flow with electri-
cal time-division multiplexing (TDM) crosscon-
nects (XCs) or packet transport switches as
shown in Fig. 2a. However, such a multilayer
approach has drawbacks in terms of extra cost,
footprint, and power consumption, especially in
the several tens of gigabits per second regions
and beyond, as well as accommodation ineffi-
ciency and complicated operation due to stacked
layers. In contrast, if the requested end-to-end
capacity is higher than that of the wavelength,
several wavelengths are grouped and allocated
according to the request, as shown in Fig. 2a.
The adjacent wavelengths in such groups must
be separated by a buffer in the spectral domain
for wavelength demultiplexing, and this leads to
low spectral efficiency. 

Elastic and adaptive optical networks mitigate
the granularity mismatch problem by dynamical-
ly allocating the required minimum spectrum
resources in the optical domain, as shown in Fig.
2b. As a result, they provide efficient, scalable,
and future-proof accommodation of sub-wave-
length and super-wavelength data traffic accord-
ing to the actual user traffic volume.

We investigated the level to which the rate-
adaptive elastic and adaptive optical network
provides an increase in network utilization effi-
ciency of an optical link between two nodes [3].
The case of allocation in the rate-adaptive elas-
tic optical network based on OFDM is compared
to the cases of the fixed bandwidth optical path
of 100 Gb/s and inverse-multiplexing where the
path is broken into multiple lower-bit-rate WDM
channels. We found that as the average traffic
rate is increased, the elastic and adaptive optical
network exhibits a large advantage over the case
of the inverse multiplexed network. The efficien-
cy of a network employing the fixed optical path
approaches that of the rate-adaptive elastic opti-
cal network only when the paths are fully uti-
lized.

Distance Adaptive: Adaptation to Physical
Conditions on the Route — Another limita-
tion of network efficiency in the current optical

Figure 2. Rate-adaptive spectrum allocation concept: a) conventional optical
network; b) elastic and adaptive optical network.
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network originates from its worst-case design in
terms of transmission performance. Such design
ensures that the worst-case optical path in the
network, which usually is the longest path with
multiple hops of linear optical repeaters,
ROADMs, and WXCs, can be transmitted with
sufficient quality. As a result, most optical paths
with path lengths far shorter than that of the
worst case have large unused margins in terms of
OSNR, nonlinear impairment, and filter clipping
at the receiving end.

By introducing distance-adaptive spectrum
allocation, such unused margins for shorter con-
nections can be used to conserve spectrum
resources, while ensuring a constant data rate. A
spectrally efficient but shorter-reach modulation
format such as  16-quadrature amplitude modu-
lation (QAM) is utilized for shorter optical
paths, while an OSNR-degradation-tolerant but
wider-spectrum modulation format such as
QPSK is employed for longer optical paths. The
distance-adaptive spectrum allocation can con-
serve spectral resources for shorter paths, thus
requiring far fewer spectral resources than the
current worst-case spectrum allocation.

We evaluated the network utilization efficien-
cy of a distance-adaptive elastic optical network
for ring as well as mesh network topologies [10].
A heuristic routing and spectrum assignment
(RSA) algorithm with the spectrum continuity
constraint was developed and used in place of
the conventional routing and wavelength assign-
ment (RWA) algorithm. We found that the dis-
tance-adaptive elastic optical network can
conserve the required spectrum resources in
excess of 33 percent for a 16-ring network and
50 percent for a 6 × 6 mesh network when com-
pared with the fixed 100 GHz grid scenario.

Availability Adaptive: Adaptation to Avail-
able Bandwidth on the Route — Adaptive
spectral allocation according to the available
bandwidth on the route provides highly surviv-
able restoration through the unique bandwidth
variable feature of the elastic optical path [3].
When a link failure occurs and the detour route
cannot provide sufficient capacity, we can
squeeze the bandwidth of the failed working
optical path in order to ensure the minimum
connectivity at the expense of the channel band-
width.

POSSIBLE ADOPTION SCENARIOS
TOWARD ELASTIC AND ADAPTIVE

OPTICAL NETWORK

Introducing elasticity and adaptation into the
optical domain is expected to yield significant
cost savings and enhanced availability associat-
ed with the efficient and scalable use of spec-
tral resources in the optical network. One
possible adoption scenario for such technology
is to be introduced on a step-by-step basis from
the link level to the network level and from the
static level to dynamic level, most likely led by
the development of future higher-bit-rate OTN
interfaces as described below. Dynamic spec-
trum allocation will most likely be introduced

at the very last step through maturation of
related technologies in both the control and
data planes.

Step 1: Spectrally Efficient Accommodation
of Future Higher-Rate Data Stream —
Future OTN line interfaces should transport
client signals having a bit rate higher than 100
Gb/s, for example, 400 Gb/s or even 1 Tb/s. The
channel spacing that provides the maximum
number of channels at the required channel rate
while guaranteeing the required optical reach for
future OTN line interfaces may not be aligned
on any of the current International Telecommu-
nication Union — Telecommunication Standard-
ization Sector (ITU-T) grids. Introduction of
intermediate channel spacing, in which each
channel is aligned equally spaced but the chan-
nel spacing is set to the minimum by taking into
account fiber characteristics and the modulation
format, can accommodate future ultra-high-
capacity client data streams in a spectrally effi-
cient manner. Figure 3a shows intermediate
channel spacing example with a channel spacing
of 75 GHz.

Step 2: Mixed-Rate Direct Accommodation
in the Optical Domain (Link Level) — The
next step is link-level direct accommodation of
various data rate client signals in the optical
domain through introduction of flexible channel
spacing as shown in Fig. 3b. Spectrally flexible
dense wavelength-division multiplexing
(DWDM) systems achieved by employing band-
width variable wavelength mux/demux eliminate
electrical aggregation of TDM-XCs or packet
transport switches at both ends of a DWDM sys-
tem. We may reach this step by skipping step 1.
Flexible-rate transponders based on, for exam-
ple, OFDM are not indispensable, but they pro-
vide intermediate line rates with finer granularity
and potentially decrease the total cost of spare
transponders.

Step 3: Mixed-Rate Direct Accommodation
in the Optical Domain (Network Level) —
Once bandwidth-agnostic ROADMs/WXCs are
introduced, network-level direct accommodation
of various-data-rate client signals in the optical
domain can be achieved. Electrical grooming at
transit nodes employing TDM-XCs or packet
transport switches is no longer required. This
step leads to cost-effective and simple network
operation achieved through collapsing of layers
into a single optical layer.

Step 4: Distance-Adaptive Modulation and
Spectrum Allocation — Evolutional change in
designing and planning optical networks will be
achieved by adopting distance-adaptive modula-
tion and spectrum allocation. This improves the
spectral efficiency through significant savings of
spectral resources at the network level. Thus,
cost-effective accommodation of future Internet
traffic and services can be achieved. Once high-
speed and high-resolution digital-to-analog con-
verters (DAC) and IQ modulators are
introduced, modulation-format-flexible and thus
multireach and multirate transponders will be
achieved in an economical manner.
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Step 5: Dynamic Spectrum Allocation —
The final step is dynamic spectrum resource
allocation. Optical bandwidth-on-demand ser-
vices and cost-effective high-availability transport
services will be achieved through sophisticated
operation based on the optical version of the
link capacity adjustment scheme (LCAS) and
bandwidth-squeezed highly survivable restora-
tion technologies. This can be achieved through
maturation of related technologies in the man-
agement, control, and data planes.

The other scenario is an earlier adoption sce-
nario to facilitate 100 Gb/s ROADM design.
Even employing a spectrally efficient dual-polar-
ization QPSK modulation format, transmitting
100 Gb/s signals over multiple hops of ROADMs
on a 50 GHz grid is still a tough task, especially
for large-scale networks. One way to relax the
system design while keeping reasonable spectral
efficiency would be to introduce a non-ITU-T
grid or distance adaptive spectral allocation. The
distance adaptive spectrum allocation with elas-
tic channel spacing will alleviate 100 Gb/s
ROADM design for longer paths, and result in
significant spectral savings when compared with
the worst-case design on a 100 GHz grid.

POTENTIAL STANDARDIZATION ITEMS
Since the transition from current rigid networks
to elastic and adaptive optical networks will be a
significant leap forward, the elastic and adaptive

optical network concept will bring challenges at
both the network and equipment levels, and con-
siderable research effort should be devoted, as
discussed in [3]. In addition and equally impor-
tant, we believe that early initiatives by the stan-
dardization bodies will be absolutely
indispensable. Clarifying what should be inherit-
ed, what should be extended, and what should
be created is imperative as the starting point
regarding studying the possible extension of
OTN and ASON/GMPLS standards in terms of
optical network efficiency. In the following, we
present potential study items and some candi-
dates from a standards viewpoint.

OTN NETWORK ARCHITECTURE
ITU-T Recommendation G.872, “Architecture
of Optical Transport Networks,” specifies the
functional architecture of OTN from a network
level viewpoint. G.872 defines an optical net-
work layered structure that comprises an optical
channel (OCh), optical multiplex section (OMS),
and optical transmission section (OTS).
Although the data rate, modulation format, and
spectral width of an optical path in an elastic
and adaptive optical network may change accord-
ing to user demand and network conditions, an
elastic optical path is naturally mapped into the
OCh of the current OTN layered structure. We
therefore see no significant impact on the cur-
rent G.872 when introducing the elastic optical
path concept.

Figure 3. Channel alignment scheme evolution example: a) intermediate channel spacing (fixed optical corridor width); b) flexible chan-
nel spacing (variable optical corridor width); c) frequency slot and slot assignment (slot with 12.5 GHz).
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OTN MAPPING AND MULTIPLEXING

The interfaces and mappings of OTN are speci-
fied in ITU-T Recommendation G.709, “Inter-
faces for the Optical Transport Network
(OTN).” The OTN can accommodate various
client signals and transport them over long dis-
tances. Originally the OTN specified client signal
mapping into optical channel data units (ODUk,
k = 1, 2, 3), which have bit rates of approxi-
mately 2.5 Gb/s, 10 Gb/s, and 40 Gb/s, and their
multiplexing to ODUk with a higher bit rate if
necessary. The multiplexed ODUk signal is then
transported as an optical channel transport unit
(OTUk, k = 1, 2, 3) signal with a forward error
correction (FEC) code.

A new ODU was recently specified in G.709
called ODUflex, which can have any bit rate to
accommodate any client signal efficiently. ODU-
flex must be multiplexed into ODUk (k = 1, 2,
3, 4) with higher bit rates. In addition to the
specification of ODUflex, the concept of a lower
order (LO)/higher order (HO) ODU was intro-
duced. The LO ODU accommodates client sig-
nals, and LO ODUs are multiplexed into the
HO ODU. Although network operators should
transport a wide variety of client signals, they
must keep the number of kinds of line interfaces
to as few as possible in order to reduce the capi-
tal expenditures, which are dominated by line
interface costs. The concept of the LO/HO
ODUs can address these conflicting require-
ments. The LO ODU can have many kinds of bit
rates in order to accommodate various client sig-

nals efficiently. Actually, the LO ODU can have
any bit rate because the ODUflex is one of the
LO ODUs. On the other hand, the HO ODU
has fewer kinds of bit rates. Now four kinds of
ODUk (k = 1, 2, 3, 4) are HO ODUs. As a
result, the OTU also has four kinds of OTUk (k
= 1, 2, 3, 4). The LO ODU offers versatility to
accommodate various client signals, and the HO
ODU offers simplicity in terms of the physical
interfaces.

Once a rate-flexible OCh based on optical
OFDM transponders and bandwidth-agnostic
ROADMs/WXCs is introduced, cost-effective
transport of various client signals will be enabled
in the fully optical domain without intermediate
electrical multiplexing and grooming processes
as described in previous sections. As a natural
step toward a rate-flexible OCh, we may need to
consider some extension of G.709. One possibili-
ty would be to introduce rate-flexible OTUs
(OTUflex) as well as rate-flexible HO ODUs
(HO ODUflex), as shown in Fig. 4a. The OTU-
flex and HO ODUflex will be specified in the
region of over 10–100 Gb/s depending on the
maturity of device technology at the time. Figure
4b shows the client signal transport over OTN
with a rate-flexible transponder. On the trans-
mitter side, the client signal is mapped into the
LO ODUflex, and then mapped/multiplexed to
the HO ODUflex. An FEC code is added to the
HO ODUflex to create OTUflex, which is envi-
sioned to be mapped into the optical data stream
by using a flexible rate transponder employing,
for example, multilane transport based on opti-

Figure 4. Structure and mapping of an elastic and adaptive optical network: a) structure of possible exten-
sion of OTN; b) mapping and multiplexing into possible OTUflex.
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cal OFDM. On the receiver side, reverse pro-
cessing is performed to extract the client signal
from the OTUflex frame. Another relevant stan-
dard that should be investigated for possible
extensions is Recommendation G.798, “Func-
tional Characteristics of Optical Networking
Equipment,” which specifies the details regard-
ing OTN equipment.

PHYSICAL ASPECTS
The current ITU-T frequency grid specified in
G.694.1, “Spectral Grids for WDM Applications:
DWDM Frequency Grid,” is anchored to 193.1
THz, and supports various channel spacings of
12.5 GHz, 25 GHz, 50 GHz, and 100 GHz. In
order to fully utilize the spectrally efficient and
scalable nature of elastic and adaptive optical
networks, we may need to consider some exten-
sion of G.694.1 [4, 6]. From a practical view-
point, one promising way would be to quantize
the continuous spectrum into contiguous fre-
quency slots with an appropriate slot width [4].
Figure 3c shows a contiguous frequency slots
example with a slot width of 12.5 GHz. In this
case, a frequency slot is defined related to the
12.5 GHz frequency grid as a frequency segment
between 193.1 + n × 0.0125 and 193.1 + (n + 1)
× 0.0125 (in terahertz), where an integer n is the
slot number. Spectral resources of an optical
path can be allocated by assigning the necessary
number of contiguous frequency slots as shown
in Fig. 3c. In contrast to On-the-grid approach in
[4], where a frequency grid is defined as a fre-
quency segment on the grid between 193.1 +
(n+– 1/2) × 0.0125 (in THz), the illustrated Off-
the-grid approach shown in Fig. 3c is able to
denote the frequency segment which is implicitly
allocated to a channel when a frequency on the
grid is designated. This feature may be prefer-
able from a view point of compatibility with the
channel plan based on the current ITU-T fre-
quency grid. If we allow any frequency segment
with even numbers of 12.5 GHz frequency slot,
the central frequency of any channel is aligned
on the 12.5-GHz grid.

In order to proceed in specifying other

required physical layer specifications, we should
pursue the following strategy. In general, physi-
cal layer standardization takes one of two
approaches: transverse compatibility or longitu-
dinal compatibility. The recommendation sup-
porting multivendor transversal compatibility
covers almost all the physical parameters and
can usually be achieved when the relevant tech-
nologies are sufficiently mature. On the other
hand, the recommendation supporting single-
vendor longitudinal compatibility requires the
minimum number of parameters (e.g. target dis-
tance and repeater spacing) as application codes.
G.696.1 defines “Longitudinally Compatible
Intra-Domain DWDM Applications.” For exam-
ple, application code 40.10G-20L652A(C) indi-
cates a target capacity of a 40-channel system
with signals of the 10G payload class, and a tar-
get distance of 20 long-haul spans of G.652A
fiber.

Considering the advanced functionalities we
are trying to achieve, it is natural to start with
the longitudinal compatibility approach for phys-
ical layer specifications of elastic and adaptive
optical networks. Whereas in conventional sys-
tems, the target distance and capacity are a fixed
set of values as shown in Fig. 5a, in the elastic
and adaptive optical network, there can be vari-
able sets of parameters, as shown in Fig. 5b. The
sets can be optimized, for example, according to
the carrier requirements. This unique feature
may bring additional degrees of freedom in
defining the physical layer specifications and
result in capital expenditure reduction.

ASON/GMPLS CONTROL PLANE
The ITU-T Recommendations on ASON pro-
vide requirements, architecture, and protocol
neutral specifications for ASONs with a dis-
tributed control plane [11]. The goal is not to
define new protocols but to provide mappings
between abstract protocol specifications and the
existing candidate protocols. Development of
new protocols such as GMPLS has been tasked
by the Internet Engineering Task Force (IETF)
and Optical Internetworking Forum (OIF). ITU-

Figure 5. Possible specification based on longitudinal compatibility: a) conventional optical network; b)
elastic and adaptive optical network.
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T Recommendation G.8080, “Architecture for
the Automatically Switched Optical Network
(ASON),” defines fundamental functional com-
ponents of the control plane. Three major pro-
cesses in the ASON control plane are call and
connection control, path control based on the
dissemination of the network state information,
and the discovery process for network self-con-
figuration. Their protocol neutral specifications
are provided in ITU-T Recommendations
G.7713, G.7714, and G.7715, respectively.

The ASON network resource model is based
on a generic functional model for transport net-
works defined in G.805, and functional models
for synchronous digital hierarchy (SDH) defined
in G.803 and OTN defined in G.872. We have
already examined G.872 in the previous subsec-
tion; then again, as a result of preliminary inves-
tigation, we consider that there will be no
significant impact on the current ASON stan-
dards when introducing a distributed control
plane into elastic and adaptive optical networks,
although further studies are still necessary. 

As for the technology-specific aspects of rout-
ing and signaling in elastic and adaptive optical
networks, we should discuss possible extension
of GMPLS protocols in the IETF and OIF in
close cooperation with the ITU-T. We may
define a new switching type, “spectrum switching
capable,” in GMPLS architecture. In order to
establish a necessary optical corridor, a new
label, “start slot number and end slot number,”
in the upstream label, explicit route, label, and
record route objects may be specified in the
Resource Reservation Protocol — Traffic Engi-
neering (RSVP-TE), as shown in Fig. 6. In addi-
tion, we will introduce new parameters, the
“symbol rate, number of subcarriers, and modu-
lation level,” in the sender TSpec and flow spec
objects.

CONCLUSIONS
In this article we discuss elastic and adaptive
optical networks from the viewpoint of future
standardization. We first overview the architec-

ture, enabling technologies, and benefits of the
elastic and adaptive optical network where the
required minimum spectral resources are adap-
tively allocated to an optical path based on vari-
ous network conditions including actual client
traffic demand, physical network conditions, and
the available bandwidth on the route. As a novel
concept for network operators needing to be
aware in order to allocate appropriate spectral
resources to an end-to-end optical path, we
introduced an optical corridor concept, which is
an end-to-end spectrum window that is to be
open at every WXC on the route. 

We present possible adoption scenarios from
current rigid optical networks to elastic and
adaptive optical networks. One possible scenario
is to introduce elasticity and adaptation on a
step-by-step basis from the link level to the net-
work level and from the static level to the
dynamic level, most likely led by the develop-
ment of future higher-bit-rate OTN interfaces.
An earlier adoption possibility may be the intro-
duction of distance-adaptive spectrum allocation
to achieve cost-effective 100-Gb/s-class ROADM
systems. We present some possible study items
relevant to future standardization activities. As
the starting point for studying the possible exten-
sion of OTN and ASON/GMPLS standards in
terms of optical network efficiency, we present
some clarification on what should be inherited,
what should be extended, and what should be
created. We also discuss some candidates in
terms of structure and mapping of the OTU and
some physical aspects with possible extension of
the current frequency grid. 

We hope that this article contributes to future
standardizations and revisions, particularly in the
context of a more efficient and scalable optical
layer as a mission-critical infrastructure to sup-
port the future Internet and services.
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Figure 6. Possible extension of GMPLS signaling messages.

Explicit route
object

Label object

Parameters in objects

Switching type:
spectrum switching

capable

Label:
(start slot, end slot)

Modulation format:
(symbol rate, number

of sub-carriers,
modulation level)

RESV message

Record route object

Flow spec object

PATH message

Sender Tspec
object

Label request
object

Upstream
label object

As a result of 

preliminary investiga-

tion we consider that

there will be no 

significant impact on

the current ASON

standards when

introducing a 

distributed control

plane into elastic and

adaptive optical 

networks, although

further studies are

still necessary.

JINNO LAYOUT  9/22/11  6:24 PM  Page 171



IEEE Communications Magazine • October 2011172

Watanabe, Kazushige Yonenaga, and Eiji Yoshi-
da of NTT Network Innovation Laboratories for
their fruitful discussions and comments.

REFERENCES
[1] Y. Miyamoto and S. Suzuki, “Advanced Optical Modula-

tion and Multiplexing Technologies for High-Capacity
OTN Based on 100 Gb/s Channel and Beyond,” IEEE
Commun. Mag., vol. 48, issue 3, 2010, pp. S65–S71.

[2] R.-J. Essiambre et al., “Capacity Limits of Optical Fiber
Networks,” J. Lightwave Tech., vol. 28, no. 4, 2010, pp.
662–701.

[3] M. Jinno et al., “Spectrum-Efficient and Scalable Elastic
Optical Path Network: Architecture, Benefits, and
Enabling Technologies,” IEEE Commun. Mag., vol. 47,
issue 11, 2009, pp. 66–73.

[4] M. Jinno et al., “Distance-Adaptive Spectrum Resource
Allocation in Spectrum-Sliced Elastic Optical Path Net-
work (SLICE),” IEEE Commun. Mag., vol. 48, issue 8,
2010, pp. 138–45.

[5] Q. Yang, W. Shieh, and Y. Ma, “Bit and Power Loading
for Coherent Optical OFDM,” IEEE Photon. Tech. Lett.,
vol. 20, no. 15, 2008, pp. 1305–07.

[6] A. Gumaste and N. Ghani, “Reach Optimized Architec-
ture for Multi-Rate Transport System (ROAMTS): One
Size Does Not Fit All,” OFC/NFOEC ’09, OMQ3, 2009.

[7] A. Klekamp et al., “Transparent WDM Network with
Bitrate Tunable Optical OFDM Transponder,”
OFC/NFOEC ’10, NTuB5, 2010.

[8] R. Dischler, F. Buchali, and A. Klekamp, “Demonstration
of Bit Rate Variable ROADM Functionality on an Optical
OFDM Superchannel,” OFC/NFOEC ’10, OTuM7, 2010.

[9] O. Gerstel, “Flexible Use of Spectrum and Photonic
Grooming,” IPR/PS ’10, PMD3, 2010. 

[10] T. Takagi et al., “Algorithms for Maximizing Spectrum
Efficiency in Elastic Optical Path Networks,” Proc. ECOC
20’, We.8.D.5, 2010.

[11] S. Tomic et al., “ASON and GMPLS—Overview and
Comparison,” Photonic Network Commun., vol. 7, no.
2, 2004, pp. 111–30.

BIOGRAPHIES
MASAHIKO JINNO [M’91] (jinno.masahiko@lab.ntt.co.jp) is a
senior research engineer, supervisor, in Nippon Telegraph
and Telephone Corporation (NTT) Network Innovation Lab-
oratories. He received B.E. and M.E. degrees in electronics
engineering from Kanazawa University, and a Ph.D. degree
in engineering from Osaka University, in 1984, 1986, and
1995, respectively. He joined NTT in 1986. He was a guest
scientist at the National Institute of Standards and Technol-
ogy (NIST), Boulder, Colorado, during 1993–1994. He
received the Young Engineer Award in 1993 and the Best
Paper Award in 2011 from the Institute of Electronics,
Information and Communication Engineers (IEICE) of
Japan, and the Best Paper Awards for the 1997, 1998, and

2007 Optoelectronics and Communications Conferences.

TAKUYA OHARA [M’01] is a research engineer at Photonic
Transport Network Laboratory, NTT Network Innovation
Laboratories, NTT. He received B.E. and M.E. degrees in
electronic engineering from the University of Tokyo in 1998
and 2000, respectively. He joined NTT Network Innovation
Laboratories in 2000. His research interests are optical fiber
communication, in particular high-speed and large-capacity
optical transmission systems, and OTN evolution. He is
involved in OTN standardization activities and has been
active in ITU-T SG15 since 2006. He was a visiting
researcher at AT&T Labs Research, Middletown, New Jer-
sey, from 2007 to 2008, where he was involved with
research on an optical path tracing technique. He is a
member of IEICE.

YOSHIAKI SONE received his B.E. and M.E. degrees in elec-
tronics engineering from Tohoku University, Sendai, Japan,
in 2001 and 2003, respectively. In 2003 he joined NTT Net-
work Innovation Laboratories and has been engaged in
research on control technology of photonic transport net-
works. His research interest lies in network architecture,
resilience schemes, designs of protocols for distributed
control such as ASON/GMPLS, and interoperability testing
of such protocols. He experimentally provided multiple fail-
ure recovery using GMPLS in the photonic transport net-
works. He is a member of IEICE.

AKIRA HIRANO is a senior research engineer, supervisor, at
NTT Network Innovation Laboratories in Japan. He received
his B.S. degree in physical chemistry and M.S. degree in
astrophysics from Osaka University, Japan. In 1993 he
joined NTT working in the high-speed optical communica-
tions area. He was a visiting researcher at the University of
Illinois at Chicago (2005–2006), where he engaged in
research on photonic networking. His main interests are in
high-speed optical transport.

OSAMU ISHIDA is a senior research engineer, supervisor, at
NTT. He currently leads the photonic networking systems
research group in Network Innovation Labs, Yokosuka,
Japan, and is responsible for the research on architecture
and interfaces of converged packet/optical transport net-
works. He has over 20 years of experience in research on
high-speed Ethernet transport, WDM crossconnect systems,
and coherent optical fiber communications. Also, he was
involved in developing the IEEE 10/40/100GE standards.

MASAHITO TOMIZAWA [M’92] is a senior research engineer,
group leader, at NTT. He received his M.S. and Ph.D. in
applied physics from Waseda University, Tokyo, in 1992
and 2000, respectively. From 2003 to 2004 he was a visit-
ing scientist at the  Massachusetts Institute of Technology.
He has been engaged in high-speed optical transmission
systems and their deployments, as well as international
standardization in ITU-T, and also international carrier-to-
carrier collaboration for several years.

JINNO LAYOUT  9/22/11  6:24 PM  Page 172



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus MediaWorks settings for Acrobat Distiller 8)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


