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Broadband is rapidly penetrating
world markets, albeit at different
rates. In Japan, there were more

than 14 million broadband access sub-
scribers as of January 2004, 10.6 million
of them with digital subscriber line (DSL),
2.5 million with cable and 1 million with
fiber-to-the-home (FTTH). While the
number of FTTH users is still relatively
small, the rate of increase (4.1 times a
year) is much higher than that of DSL
(1.7 times a year). The number of FTTH
clients in Japan is expected to surpass the
number of DSL subscribers in four to five
years. The increase in FTTH users stems
from low access charges and the availabil-
ity of high-speed service. The penetration
ratio of broadband access in Japan,
32 percent of total households as of
January 2004, is increasing rapidly. In
Korea, where the broadband access pene-
tration rate is 70 percent, the market is
almost saturated.

When DSL services were first offered
in Japan in 1998, the maximum available
bandwidth was 500 Kbit/s. Technological
advances have now made it possible to
boost bandwidth to 40 Mbit/s, although
the highest rate of speed is available only
to a limited number of users located less
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than about one kilometer from the ser-
vice provider’s office. The maximum
speed of FTTH, first launched in 2000, is
now 100 Mbit/s. There is no doubt that
the advance of broadband access in
Japan is being spurred by the lowest
access charges in the world: subscribers
can access DSL for less than $25 a month;
FTTH costs about $50 a month.

Internet traffic is increasing rapidly
in Japan as a result of broadband pene-
tration. Internet backbone traffic is
increasing at an annual rate of over 
150 percent. This rate of expansion 
will translate into a 100-fold increase
over five years and a 10,000-fold
increase over 10 years, a tremendous
rate of growth.

The trend is not limited to Japan,
of course. The growth rate of Internet
backbone traffic in North America, less
than 100 percent, is not as dramatic,
although still substantial.

Parameters of network design 
Traffic volume, transmission capacity 
and node throughput are the three 
fundamental parameters of network
design. The schematic relationship
among them is illustrated in Fig. 1.
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Figure 1. Stage 1: Introduction of dense wavelength division multiplexing (DWDM) 
and wavelength routing. Stage 2: Introduction of super-dense WDM (>1,000 �’s); 

photonic multiprotocol label switching (MPLS); and burst switching. 
OADM = optical add/drop multiplexers; OXC = optical cross-connect systems.
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Today, the industrial world stands at the
dawn of the broadband ubiquitous net-
work era. Advances in electrical pro-
cessing—including time-division
multiplexing (TDM) and electrical
router/cross-connect/server through-
put—which more or less follow Moore’s
law, are moving at a rate that is slower
than the rate of traffic growth of two
times a year. To close the gap between
traffic loads and electrical processing
capabilities, optical network researchers
have been developing photonic network
technologies. Wavelength-division mul-
tiplexing (WDM) transmission has
been widely deployed and wavelength
routing using optical add/drop multi-
plexers (OADMs) and optical cross-
connect systems (OXCs) are beginning
to be introduced.

The introduction of photonic tech-
nologies has been the primary boost
to network performance. In this stage
growth in traffic is supported mainly by
traditional applications such as down-
loading images, music and videos,
including peer-to-peer file sharing appli-
cations. The next-stage traffic boost will
be triggered by the penetration of new
bandwidth-hungry services, such as the
broadcast and streaming of high quality

video using high definition (1k � 2k 
pixels) and super-high-definition
(2k � 4k pixels) image technologies. To
subscribe to such new services (which
require 20-300 Mbit/s access), sub-
scribers will increasingly need FTTH.
To cope with the explosion in traffic vol-
ume, advances in network performance
and further cost reductions must be
achieved so that high quality broadband
services can be provided at a cost of less
than two times current subscriber access
charges. To meet the demand, photonic
multiprotocol label-switching (MPLS)
router technologies and super-dense
WDM technologies will be deployed,
as discussed below.

Evolution of optical 
network technology 
To enable the rapid penetration of
broadband, researchers have been 
introducing innovative, cost-effective
networking technologies. Figure 2 illus-
trates the evolution of photonic trans-
port network development in Japan.
Point-to-point optical fiber transmission
systems were introduced in NTT’s net-
work in 1981, when transmission capac-
ity was 32 Mbit/s. Recently, WDM
transmission systems have been widely

deployed in Japan; in 2003, the maxi-
mum capacity per fiber of WDM trans-
mission reached 800 Gbit/s. Today’s
WDM channel speeds are 2.5 Gbit/s
and 10 Gbit/s, but researchers who con-
ducted a field trial of an optical trans-
port network (OTN)1 interface have
reported 43 Gbit/s x 25� transmission.2

In some research networks, 43 Gbit/s
channel systems are now being imple-
mented.3 Optical path technologies4 for
photonic networking are being deployed.
Static (OADM) systems were introduced
in 2000 in some metropolitan areas 
of Japan; nationwide deployment of
reconfigurable OADM systems will
begin soon.

Researchers have developed an 
OXC system that offers throughput of
320 Gbit/s (2.5 Gbit/s x 128) per cabinet,
a rate that can be effortlessly expanded
to 1.28 Tbit/s by use of a four-cabinet
configuration. Starting in 1999, the sys-
tem has been used in test-bed experi-
ments with field fibers in Kanagawa,
near Tokyo.5 The three-year field test has
allowed researchers to confirm the relia-
bility of OXCs that use planar lightwave
circuit (PLC) technologies. OXCs were
introduced in Japan in 2003 as part of
the government-initiated nationwide
development of high-performance
research networks.

The photonic router, a system that is
more Internet protocol (IP)-oriented, is
also attractive. Two types of photonic
router are possible. Photonic MPLS
routers, which use wavelength as a label
for layer-1 bit streams,6 are considered
the target for next-generation routers.
The alternative, photonic burst switches
that use wavelengths to label individual
information bursts or optical processing
to route each optical burst, appears 
to offer significant—although as yet
unconfirmed—potential.

While the effectiveness of statistical
multiplexing has been verified in the
electrical domain, where powerful 
electrical processing capabilities are
exploited, its effectiveness in the optical
domain is yet to be confirmed.

The photonic MPLS router
Photonic MPLS routers use wavelengths
as labels to create optical label-switched
paths (OLSPs).
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Figure 2. Evolution of photonic networks.(a) OTN based 43 Gbit/s transmission system
(introduced in research networks in 2003). (b) 64 Gbit/s OXC system (introduced in 

research networks in 2003). (c) Photonic MPLS router. Terabit class large 
capacity “HIKARI router” presented at Supercomm 2001.
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Each OLSP accommodates IP pack-
ets that follow the same route. Figure 3
shows a comparison of a label-switched
path (LSP) for MPLS and an optical
label-switched path (OLSP) for 
photonic MPLS.

Two approaches can be used to create
the wavelength label: a single wavelength
can be allocated to a path from ingress
to egress router, or the wavelength can
be swapped link by link. In MPLS, a
layer-2 label (called a shim header) is
attached to each packet at an ingress
router; the label is then swapped link by
link. In photonic MPLS, a wavelength
label is attached to a bit stream and each
IP packet is accommodated in the OLSP
at the ingress router. One of the major
differences between MPLS and photonic
MPLS is that MPLS allows label merge,
where two or more LSPs are combined
into one at an intermediate label switch
router when they follow the same route;
photonic MPLS does not allow for label
merge. Another difference is that with
photonic MPLS, because of WDM
restrictions, the number of available
OLSPs per link is limited, at present 
to a small value, fewer than 200. For 
this reason, photonic MPLS will ini-
tially be applied in the creation of back-
bone networks.

Figure 4 shows the architecture of
a recently developed photonic MPLS
router.6 The router consists of an electri-
cal MPLS and a lambda routing unit
(LRU) that routes OLSPs using general-
ized MPLS protocol. The LRU integrates
WDM transmission functions and layer-
1 network protection (1+1 and 1:1) and
restoration functions triggered by fault-
detection and optical-signal-quality
monitoring functions. To simplify path
establishment processing, the LRU also
has a wavelength conversion function
that allows each OLSP wavelength to 
be swapped link by link. This prevents
wavelength collision, eliminating the
need for wavelength assignment and
allowing for maximum utilization of the
link. Control of the electrical MPLS and
the LRU is integrated: the coordination
between electrical and optical layers
means that plug-and-play operation 
is attained. The signaling protocol, an
extension of resource reservation proto-
col (RSVP) with traffic-engineering
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Figure 5. Photonic MPLS routing system.

Figure 3. Comparison of (a) MPLS and (b) photonic MPLS. In MPLS, a label is added to
each packet. In photonic MPLS, a wavelength label is added to each layer-1 stream. 
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makes the system expensive. The genera-
tion of multiple wavelengths at the same
time, extremely useful in the context of
both networking and transmission, is
achieved by use of a supercontinuum
(SC).7, 8 As shown in Fig. 7, supercontin-
uum technology uses the nonlinear
effect of optical fibers to generate multi-
ple wavelengths. The narrow wavelength
spectrum of the input seed pulses is
broadened as they traverse the specially
designed nonlinear fiber. When they pass
through a wavelength filter, such as an
arrayed waveguide grating, multicolor
pulses or a continuous-wave frequency
chain (grid) are generated simultane-
ously. When multiple longitudinal
modes are filtered, pulses are generated
at the repetition rate of the original
pulses and the generated pulse width 
is determined by the filter bandwidth;
see Fig. 7. When only one longitudinal
mode of the SC broadened spectra is
sliced, continuous-wave multiple carri-
ers are generated. It is relatively easy to
stabilize the wavelength of the optical
seed source; the wavelength stability 
of the multicolor pulses that are gener-
ated is determined by the wavelength
stability of the wavelength filter. The
stability of passive wavelength filters is
one order of magnitude higher than
that of laser diodes.

To date, more than 1,000 optical car-
riers with 12.5-GHz channel spacing9

and signal-to-noise ratios that enable 
2.5 Gbit/s per channel transmission have
been generated. In another successful
test with 10 Gbit/s channels, researchers
achieved ultrawideband seamless WDM
transmission of more than 300 channels
on a 50-GHz-spaced International
Telecommunication Union Telecom-
munication (ITU-T) standardization
sector grid, using novel 120-nm gain
bandwidth tellurite/silica fiber Raman
amplifiers10; the SC optical carriers gen-
erated are shown in Fig. 8(a).

By increasing the nonlinearity of the
optical fiber used for SC generation, the
efficiency with which SC light is gener-
ated can be raised so that the peak power
of the input seed pulses can be lowered.
High nonlinearity can be achieved by use
of photonic crystal fibers (PCFs), which
offer strong light confinement thanks to
the large refractive index difference
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Figure 6. Address space.
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Figure 7. Multiwavelength pulse and continuous wave (CW) 
light generation with supercontinuum optical source.

capability, allows the establishment/
release of two-way (up and down)
OLSPs. A photograph of a recently
developed photonic MPLS router is
shown in Fig. 5.
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between core and cladding. Their strong
optical guiding capabilities also allow
for a very small (< 3 mm) fiber bending
radius without excess loss. Low-loss
PCFs have recently been developed.11

A slight modification of the structure
can yield polarization-maintaining (PM)
fibers characterized by high birefrin-
gence. The level of birefringence
obtained can be much higher than that
which characterizes non-PCF PM fibers.
Fabrication costs are very low since the
PM-PCF does not require complex pro-
cesses such as drilling or filling with
another material.

Figure 8(b) shows a micrograph of
the center of a PM-PCF developed
recently12 for SC generation in the
1.55-�m band. Researchers used it to
achieve low dispersion (-0.23 ps/km/nm
at 1.550 µm), low dispersion slope 
(0.01 ps/km/nm 2 at 1.550 �m) and
polarization maintenance. A 200-m-long
PM-PCF can produce SC light over 
40 nm in the 1.55-�m band; see
Fig. 8(c). In the case of the experiment
reported in Ref. 12 the average coupled
optical power into the PM-PCF was 
28 dBm, which corresponds to a peak
power of 6.3 W. The optical loss of the
PM-PCF was 22 dB/km. Further reduc-
tions in optical loss can reduce the
pumping power necessary to about
20 dBm for SC generation.12

The future
Photons and electrons are very different,
although they share the characteristics 
of particles and waves. Photons have 
neither mass nor charge and usually
behave like waves. Electrons have both
mass and charge and usually behave like
particles. The crucial difference is the
degree to which they interact with other 
substances.

In optics today there is no basic func-
tional device equivalent to the transistor.
Effective optical memories do not exist,
and it appears that they will continue to
be very difficult to develop. For this rea-
son simply replacing electrical IP routers
with optical packet routers is not the
road to take; we must make full use 
of the properties inherent to light.
Wavelength (self-)routing capability is
one advantage that must be exploited.

The applications to network transport
systems of optical processing in space
[two- or three-dimensional (3D) pro-
cessing], which can be accomplished at
the speed of light, should be further
explored. “Light-speed protocols” may
be developed. Another promising tool is
2D or 3D optical processing combined
with 3D optical connection using 
well-collimated optical beams and/or 
vertical cavity surface-emitting laser 
(VCSEL) devices.

Ken-ichi Sato (kensato@poppy.ocn.ne.jp) is a pro-
fessor at Nagoya University, Japan and a R&D fel-
low at NTT Network Innovation Laboratories,
Kanagawa, Japan.
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Figure 8. Supercontinuum optical carrier generation. (a) 50-GHz-spaced SC carriers. 
(b) Micrograph of PM-PCF. (c) SC spectra generated with PM-PCF.
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