
All indicators are that the rapid growth in data traffic will
continue. One particularly important trend is the in-
crease in transmission speed of local area networks

(LANs); the speed of the next generation Ethernet is 10 Gbit/s,1

the same as that of today’s backbone transmission systems. We are
now living in what is substantially a distance-free world, in which
connection with anyone on Earth can be achieved by means of
optical communication networks. International commerce will
generate greater interconnection between high-speed LANs, as
well as more extensive use of the Internet. Indeed, Internet access
is now so pervasive that the latest Internet-enabled devices include
not only cellular phones but appliances such as refrigerators and
microwave ovens. Society is becoming ever more dependent on
the free flow of data. Backbone networks with huge capacity are
essential to maintain our way of life.

We have been able to increase the transmission capacity of dig-
ital communication networks by adopting and enhancing the
technique of time-division multiplexing (TDM). With TDM, the
binary signals associated with different channels are interleaved
to form a higher-speed multiplexed signal. Figure 1 shows the re-
cent benchmarks reported for ultrahigh-speed optical transmis-
sion based on TDM. The record of 1.28 Tbit/s was recently re-
ported by Nakazawa et al.2

It has often been said that wavelength-division multiplexing
(WDM) is the only way to increase transmission capacity. This is
only partially true because current WDM systems do not transmit

voice data or Internet protocol (IP) packets for each user at dif-
ferent wavelengths. Instead, they transmit TDM signals at differ-
ent wavelengths. An increase in TDM capacity would significant-
ly increase the capacity of the WDM system. Note that the expres-
sion IP over WDM is really IP over Synchronous Digital Hierarchy
(SDH)/Synchronous Optical Network (SONET) over WDM in
existing systems. If we examine start-up costs, the active use of
LANs and PC-based Internet access points suggests that the initial
cost of a new system in which the multiplexed signal subchannels
are not fully occupied is lower for WDM than for TDM because
there is no preparation involved in using WDM equipment for all
channels. As the subchannels become full, the cost of TDM de-
creases because the initial TDM equipment can accommodate all
the TDM subchannels. Therefore, TDM and WDM should be
used together to make efficient use of the large capacity backbone
system that would be created by such a combination.

The principle of time-division multiplexing 
There are two main types of TDM system: electrical TDM (ETDM)
and optical TDM (OTDM). The 10-Gbit/s TDM systems in use to-
day employ ETDM. An OTDM system capable of extending be-
yond 100 Gbit/s was recently proposed; multiplexing can be
achieved with high-speed optical switches in the multiplexers (see
Fig. 2). At the transmitter, an optical pulse train is generated by an
optical pulse generator. The output is divided into N channels,
where N is the multiplexing level, and each channel is modulated
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Figure 1. Recent achievements in high-speed TDM transmission experiments.
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into subchannels (Ch 1-Ch N) through op-
tical modulators. The modulated signal
channels are then combined in a time-divi-
sion multiplexer to form the higher speed
multiplexed signal. At the receiver, the
timing clock is recovered in a high-speed
clock recovery circuit and the extracted
clock drives a time-domain demultiplexer
to recover the original subchannels. Clear-
ly, as the number of subchannels N in-
creases, the time interval of the multi-
plexed signal must be reduced. The dura-
tion of the optical pulse train that repre-
sents an individual signal must be short-
ened as the number of time-division chan-
nels N increases. To realize ultrahigh-
speed OTDM systems that offer greater
than 100 Gbit/s, the technologies required
are optical short-pulse generation, high-
speed TDM/demultiplexing, high-speed
timing extraction, and high temporal reso-
lution waveform measurement.

New technologies for high-speed
optical time-division multiplexing
The pulse duration of the OTDM signal
should be shorter than the time slot, a ma-
jor problem in that the time slot of a 100-
Gbit/s TDM signal is only 10 ps (10-12 s).
Moreover, the signal pulses must be syn-
chronized by use of a master oscillator.
The main optical short-pulse generation
methods that one can use to meet these re-
quirements are gain switching a laser
diode (LD), modulating a continuous-
wave (cw) light by a semiconductor elec-
troabsorption (EA) modulator, and
mode-locking lasers. In the gain-switching
method, a short electrical pulse with high
amplitude is applied to the bias current of
a LD, which produces a short optical pulse
train that is due to the relaxation oscilla-
tion of the LD. This method can generate
short optical pulses (~30 ps) at arbitrary
repetition frequencies of up to 10 GHz.
External modulation by an EA modulator
also generates short pulses. Inasmuch as
the EA modulator has a gate-shortening
effect that is due to the nonlinear depen-
dence of its attenuation on the driving
voltage applied to the modulator, ~10-ps
optical pulses can be generated by simple
sinusoidal modulation of an EA modula-
tor. When a laser is actively mode locked,
the optical field inside the laser cavity is
modulated at a frequency that equals that
of an optical pulse that travels in the laser
cavity. This method yields very short 
(~1-ps) pulse generation. To generate
pulses below 1 ps, additional pulse com-

Figure 2. Principle of TDM.

Figure 3. Principle of optical short-pulse generation by supercontinuum (SC) in fiber.

Figure 4. Schematic configuration of a 1.28-Tbit/s OTDM transmission experiment.
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pression techniques are necessary. We used
pulse compression to broaden the optical
spectrum by a nonlinear optical effect
such as the soliton effect or supercontinu-
um (see Fig. 3). High-power (~1-kW peak
power) picosecond optical pulses produce
superbroadening in a specially designed
optical fiber. One can obtain shortened
(compressed) pulses by filtering the spec-
tra with a broadband optical filter. The
combination of an optical pulse generator
and an external compression method can
be used to compress pulse widths by as
much as 100 times.

TDM multiplexers and demultiplexers
need high-speed time-domain optical
switches. There are two main types of

switch: electro-optic and all-optical. Elec-
tro-optic switches include lithium niobate
(LiNbO

3
) modulators and EA modulators.

The latter are particularly suitable for
high-speed demultiplexing because of
their nonlinear response. They have been
used for demultiplexing a 320-Gbit/s sig-
nal.3 All-optical switches are based on ul-
trafast optical nonlinear phenomena and
so offer high-speed demultiplexing at
greater than 100 Gbit/s. One can all opti-

Figure 7. Waveform of 100-
Gbit/s OTDM signal mea-
sured by (a) a conventional
sampling oscilloscope and (b)
an optical sampling oscillo-
scope.

Figure 5. Configuration of a 120-Gbit/s OTDM system prototype.

Figure 6. Optical sampling oscilloscope (left) and 120-Gbit/s OTDM system prototype (right).
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cally demultiplex an input high-speed
OTDM signal by using a stream of optical
control pulses. There are several all-opti-
cal switch configurations, each with a dif-
ferent operating principle: a nonlinear-op-
tical loop mirror (NOLM),2 four-wave
mixing,4 a Mach–Zehnder interferometer,5

and a quasi-phase-matched waveguide.6

OTDM experiments have confirmed high-
speed multiplexing/demultiplexing for
greater than 100 Gbit/s for all these
switches.

Recent developments
in OTDM transmission
By use of femtosecond pulse generation
and ultrahigh-speed switching, greater
than 1-Tbit/s OTDM transmission was re-
alized in an experiment by Nakazawa et
al.2 (see Fig. 4). Nakazawa et al. generated a
380-fs signal pulse train by combining a
10-GHz, 3-ps fiber ring laser, a dispersion-
flattened, dispersion-decreasing fiber, and
linear and nonlinear optical filters. The
signal was then modulated and multi-
plexed to form a 1.28-Tbit/s OTDM sig-
nal. To transmit this 380-fs signal pulse
through a 70-km transmission fiber, the
second-, third-, and fourth-order disper-
sion values of the transmission fiber were
compensated such that the pulse width at
the receiver (400 fs) equaled that of the
initial pulse. At the receiver, the 1.28-Tbit/s
signal was demultiplexed into a 10-Gbit/s
signal by use of a walk-off free, dispersion-
flattened NOLM. To the best of my knowl-
edge, this is the highest single-channel
OTDM transmission speed yet reported.

System OTDM prototypes are now be-
ing developed. To date, a 100-Gbit/s
OTDM testbed7 and a 120-Gbit/s OTDM
prototype8 have been reported. For the
120-Gbit/s OTDM system prototype, a
120-Gbit/s OTDM signal (4 x 20 and 40
Gbit/s), transmitter, and receiver have
been demonstrated (see Fig. 5). The trans-
mitter generates a 3.5-ps, 20-GHz optical
pulse train by use of an actively mode-
locked fiber ring laser and then splits the
train into five channels. The channels are
independently modulated by a LiNbO

3

modulator at 20 or 40 Gbit/s. One can
equalize the peak powers of the channels
by changing the semiconductor optical
amplifier (SOA) gain and by recombining
the five channels with an optical coupler
through an optical delay circuit so that the
pulse interval between each channel forms
a suitable time slot for a 120-Gbit/s (8.3-ps)
signal. At the receiver, the 120-Gbit/s sig-

nal is split into six channels, one of which
is fed to the phase-locked loop (PLL) clock
recovery circuit to drive the EA modula-
tors and thus demultiplex the 120-Gbit/s
signal into 20-Gbit/s signals. The output
of the electroabsorption modulator is re-
ceived by the 20-Gbit/s optical receiver,
which electrically demultiplexes the 20-
Gbit/s signal into two 10-Gbit/s signals.
Stable multiplexing and demultiplexing
have been confirmed for two 20-Gbit/s
channels and one 40-Gbit/s channel. The
120-Gbit/s signal has been successfully
transmitted through a 160-km dispersion-
shifted fiber.

As the pulse duration decreases when
the OTDM speed increases, observation of
a pulse shape with high accuracy is an im-
portant goal. There are several factors that
can degrade pulse shape in a transmission
fiber, for example, dispersion, dispersion
slope, nonlinearity, and polarization mode
dispersion. Conventional measurement
systems are based on electronics, and, in
10-Gbit/s transmission systems, sampling
oscilloscopes are normally used to moni-
tor the waveforms. However, when the
speed exceeds 40 Gbit/s, the temporal res-
olution of the electrical measurement sys-
tem is insufficient because of the speed
limit of electrical circuits. The optical sam-
pling oscilloscope (see Fig. 6) uses the ul-
trahigh-speed capability of optical nonlin-
ear phenomena and offers precise mea-
surement of greater than 100-Gbit/s sig-
nals (see Fig. 7). Inasmuch as the response
speed of the optical nonlinear phenomena
is very fast (greater than 1 THz), we can
expect to realize waveform monitors with
good accuracy.

Future trends
We should give some consideration to fu-
ture trends in high-speed TDM. Although
the capacity of optical fiber is very large
(greater than 20-THz bandwidth), some
problems remain with regard to utilization
of its full potential.

The first problem is the speed limit im-
posed by electronic devices. Recent devel-
opments in circuit design, based on new
compound semiconductor materials, have
yielded a multiplexer that operates at 70
Gbit/s. Further improvements in circuit
design, packaging, and module-to-module
interconnection will make it possible to
achieve 100-GHz operation.

Polarization-mode dispersion (PMD)
in optical fiber is an optical problem.
PMD is due to imperfection in the core

shape of the fiber and causes pulse width
broadening. Recent developments in fiber
fabrication technology can significantly
suppress PMD so that fiber suitable for ul-
trahigh-speed TDM seems possible.

If the transmission distance increases
to beyond 1000 km, pulse distortion
caused by fiber nonlinearity must be taken
into consideration. The spectral broaden-
ing of an optical signal pulse that trans-
mits a fiber accumulates with transmis-
sion length and results in pulse distortion
in combination with the higher-order dis-
persion of the fiber. Because high-order
dispersion is a serious problem when the
bit rate exceeds 100 Gbit/s, dispersion
compensation techniques are important.

Finally, TDM and WDM should be
carefully combined if over 1-Tbit/s sys-
tems are to be realized. In fact, most of the
recent experiments that exceeded 1Tbit/s
used a combination of TDM and WDM.
In this case, striking an optimum balance
between TDM speed and wavelength
number (WDM level) is the most impor-
tant issue. By combining high speed TDM
and large capacity WDM, we could estab-
lish optical networks that would be suffi-
ciently flexible to meet traffic demands
and provide better user support.
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