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Dto the steady growth in demand for bandwidth, the days when
optical fiber was viewed as having unlimited capacity have come
to an end. Dispersion, noise, and nonlinearities pose substantial
channel impairments that need to be overcome. As a result, over
the last decade, signal processing has emerged as a key technolo-

gy to the advancement of low-cost, high-data rate optical communication systems. The unre-
lenting progress of semiconductor technology exemplified by Moore’s Law provides an efficient

platform for implementing signal processing techniques in the electrical domain leading to what is
known as electronic dispersion compensation (EDC). In this article, we provide an overview of some of

the driving factors that limit the performance of optical links and highlight some of the potential opportu-
nities for the signal processing community to make substantial contributions.

INTRODUCTION
The optical fiber has traditionally been thought to have unlimited bandwidth. As a result, it has been the transmission

media of choice in backbone networks and is rapidly encroaching customer premises, enterprise networks, as well as back-
plane and storage area networks. As shown in Figure 1, the key components of an optical fiber communication link are common

to those of many digital communication links. These may be broken into their roles within the transmitter, channel, and receiver.
Within the transmitter, an information sequence is used to modulate the intensity of a laser source. For long-haul (LH) links
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(typically greater than 200 km), the optical signal will propagate
along multiple spans of fiber with repeated optical amplification to
overcome attenuation. In many regional or metro links (40
km–200 km), the optical signal may propagate along a single span
of fiber without additional amplification. In very short-reach appli-
cations, such as a local area network (LAN), the optical signal may
only propagate a few tens to a few hunded meters through inexpen-
sive, yet pervasive multimode fiber.

While the data rates for optical links exceed those of all other dig-
ital communications media, in some respects, they are among the
least sophisticated, using simple on-off keying (OOK) and baseband
comparators for symbol-by-symbol data recovery. In this respect, the
optical link is quite primitive in that it has not needed to leverage
the tremendous advances in statistical signal processing and com-
munication techniques that have enabled a number of important
advances in both wired and wireless communications. These include
digital voice-band modems, cellular technologies, [such as global
system for mobile communications (GSM) and code division multi-
ple access (CDMA)], broadband enabling technologies, (such as cable
modems and digital subscriber line (DSL) modems), and orthogonal
frequency division multiplexing (OFDM) technology in use in a host
of wireless digital transmission standards.

This trend is likely to reverse itself, as a dramatic change in the
nature of optical communications occurred earlier this decade
when carriers began to migrate from 2.5 Gb/s to 10 Gb/s transmis-
sion rates. As a result of this transition, the performance of fiber

optic links in LH, metro, and enterprise networks became limited
by dispersion, or intersymbol interference (ISI), rather than only
by noise. Figure 1 shows eye diagrams illustrating the transmitted
and received symbol patterns as they would appear on an oscillo-
scope at various stages through the optical fiber. Note how an open
transmit eye from which correct decisions can easily be made,
begins to close due to dispersion and noise, as the distance
through the fiber increases.

This is largely because group-velocity dispersion (GVD), or so-
called chromatic dispersion (CD), in optical fibers (i.e., that light
propagates with a wavelength-dependent velocity in fiber) increases
with the square of the data rate. Though GVD is manageable for dis-
tances of interest at data rates at or below 2.5 Gb/s, it becomes a
serious impairment at 10 Gb/s. LH links at 2.5 Gb/s also need to
have built-in dispersion compensation for GVD. Polarization-mode
dispersion (PMD), which arises from manufacturing defects, vibra-
tion, or mechanical stresses in the fiber, leading to additional pulse
spreading at the receiver, also becomes serious in LH transmission
at 10 Gb/s and at even shorter reaches for higher data rates. The
time-varying nature of PMD gives rise to the additional need for
adaptive compensation at the receiver. Modal dispersion, arising
from geometrical properties of multimode fiber, are also consider-
ably more severe at 10 Gb/s than at lower rates.

A variety of optical dispersion compensation (ODC) techniques
have been implemented and many are practical at lower data rates.
However, for 10 Gb/s systems, ODC is expensive and lacks the

[FIG1] Block diagram of an optical fiber link. The link can be broken into three key components: the transmitter, the optical channel,
and the receiver. The transmitter contains a laser source that is modulated by an information bearing sequence, the channel consists of
potentially repeated spans of optically amplified single-mode fiber, and the detector contains optical filtering, a photo-detector,
electrical filtering, and subsequent electrical processing for clock and data recovery. For shorter reach links, the fiber may be
unamplified and for very short reach applications, multimode fiber may be used. Also shown are data eye diagrams, which illustrate
the transmitted and received symbol patterns as they would appear on an oscilloscope at various stages through the optical fiber.
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needed performance and flexibility. As a result, EDC techniques
have emerged as a technology of great promise for OC-192 (10
Gb/s) data rates and beyond. In addition, the unrelenting progress
of semiconductor technology exemplied by Moore’s Law has pro-
vided an implementation platform that is cost-effective, low power,
and high performance. The next several decades of optical commu-
nications will likely be dominated by the signal processing tech-
niques that are used both for signal transmission, modulation and
coding, as well as for equalization and decoding at the receiver.

The design of signal processing-enhanced optical communica-
tion links presents unique challenges spanning algorithmic issues
in transmitter and receiver design, mixed-signal analog front-end
design, and very large scale integration (VLSI) architectures for
implementing the digital signal processing back-end. Though these
are tethered applications, reducing power is important due to strin-
gent power budgets imposed by the systems, e.g., transponders and
line cards, in which these devices reside. A cost-effective solution,
i.e., a solution that meets the system performance specifications
within the power budget, requires joint optimization of the signal
procession algorithms, VLSI architectures, and analog and digital
integrated circuit design.

This article provides an overview of some of the driving fac-
tors governing the development of current and next generation
optical communications systems, with a particular emphasis on
the tools, models, and methods by which the signal processing
community can play an integral role. Though texts and articles
on optical communications are abundant [1]–[6], our focus is
highlighting some of the key challenges in this area in an effort
to raise awareness of the potential opportunities for the signal
processing community in this field.

SYSTEM MODELS
In this section, we briefly discuss some of the salient characteristics
in optical links of practical signal processing interest. We pay partic-

ular attention to models that can be used for system design, per-
formance simulation and experimentation. These are the essential
building blocks from which a signal processing development can
make a substantive and practical impact on current and future opti-
cal communications systems.

THE TRANSMITTER
The transmitter uses a binary data sequence to modulate the inten-
sity of a laser source. The simple transmitter model in Figure 2
describes the modulation process for a variety of applications. For
example, in short-reach applications such as 10G-Ethernet, storage
area networks, or in other enterprise applications, the data source
may be used to directly modulate the intensity of the laser driver,
providing a low-cost, simple OOK or nonreturn to zero (NRZ) mod-
ulation. While OOK is a form of linear pulse-amplitide modulation,
NRZ is actually a nonlinear modulation in which the laser ampli-
tude does not return to zero, but rather remains on when succes-
sive ones are transmitted. Figure 2 shows that the transmit signal
spectrum for an NRZ transmitter has finite bandwidth and is cen-
tered at the carrier frequency of the optical source, typically around
193 THz for 1,550 nm wavelength. The center frequency is 228
THz for 1,310 nm wavelength, which can be obtained using the
relationship f � = c. Return-to-zero (RZ) modulation is a linear
form of pulse amplitude modulation, in which the pulse shape has
duration less than a symbol period and the laser output therefore
returns to the zero state when transmitting a one. As it is difficult
to completely attenuate the optical signal at such high data rates,
one measure of the quality of the laser is the extinction ratio (see
Figure 2), which is a measure in decibels of the ratio of the optical
power in a transmitted one to that in a transmitted zero, i.e.,

Er = 10 log10
P1
P0

. (1)

Direct modulation, for example, may achieve an extinction ratio
as low as 8 dB. In less cost-sensitive
applications, such as LH telecommuni-
cations, metro area networks, or in the
back-bone of a data-communications
network, laser sources with better spec-
tral characteristics are often externally
modulated. This is accomplished, for
example, with a Mach-Zehnder modula-
tor [1], employing an electro-optic crys-
tal whose refractive index is modulated
by an applied voltage. This in turn cre-
ates an intensity modulation of the
applied laser source. Such externally
modulated systems achieve closer to 15
dB of extinction ratio. Unlike traditional
signal processing applications where
higher signal to noise ratio (SNR) usual-
ly implies a higher quality signal [and a
lower bit-error rate (BER)], for optical
communications, a higher optical signal-
to-noise ratio (OSNR) may not provide a

[FIG2] A simple transmitter block diagram is shown in which an information
sequence d [k ] is converted through a waveform generator to a modulation signal
m(t ) =

�
k d [k ] p (t � kT ) which is then used to modulate the intensity of a laser

source. Also shown is the finite bandwidth of the laser about the carrier fc and the
finite extinction ratio of the modulated laser source.

�f

fc

0

Waveform
Generator

cos(2�fct)
(Laser/Modulator)

d [k] m(t)

(Driver)

x(t )

2P0

2P1

1

IEEE SIGNAL PROCESSING MAGAZINE [112] NOVEMBER 2008

Authorized licensed use limited to: University of Illinois. Downloaded on March 25, 2009 at 11:51 from IEEE Xplore.  Restrictions apply.



lower BER, if the extinction ratio is poor. The power in the sig-
nal component of the OSNR includes that in both the ones and
the zeros, while the BER of an optical link will be a function of
the difference in these optical powers.

THE FIBER
After the data has been transmitted from the source and coupled
into the optical fiber, it will propagate as an electromagnetic wave
according to the nonlinear Schrödinger equation (NLSE)—the
nonlinear wave equation governing the propagation of light in
fiber [2]—and undergo a number of channel impairments. As
shown in Figure 3(a), the propagating wave is supported by two
orthogonal axes of polarization, or polarization states within the
fiber. The differential group delay experienced by these two modes
gives rise to PMD causing pulse spreading at the output of the
photodetector in the receiver. In multimode fiber (MMF) [see
Figure 3(b)], the transmitted signal will excite a number of propa-
gating modes, which will propagate at mode-dependent velocities.
This results in modal dispersion at the receiver, where a single
transmitted pulse may spread into a number of adjacent symbol
periods, depending on the data rate, distance traveled, and fiber
properties.

Single-mode fiber (SMF) permits only a single optical mode
to propagate thereby enabling greater propagation distances

before pulse spreading occurs. Short-reach SMF applications
typically employ 1,310 nm wavelengths, as this represents the
wavelength of minimum dispersion for silica fiber [2]. Longer
reach applications use 1,550 nm wavelengths as this represents
the wavelength of minimum loss due to absorption. Though
the 1,550 nm wavelength enables greater transmission distance
without amplification, it does so at the cost of necessitating dis-
persion management at sufficiently high data rates. Long-reach
applications may include multiple spans of optical fiber that are
periodically amplified using optical amplifiers. The noise
induced by the optical amplifiers eventually becomes sufficient-
ly large that the data integrity is in jeopardy, after the signal
passes through a sufficient number of amplified fiber sections.
At that point, optical-electrical-optical (OEO) regeneration is
required whereby the signals are detected, converted to electri-
cal format, error-corrected, and retransmitted through subse-
quent sections of optical fiber.

LH links have also been designed employing a variety of
dispersion management methods to mitigate the accumulated
effects of chromatic dispersion. These include spools of
negative dispersion, or dispersion compensated fiber (DCF),
inserted into the link to effectively cancel (to first order) the
accumulation of chromatic dispersion. Unfortunately, such
dispersion compensation comes with additional attenuation,

[FIG3] Optical fiber. (a) Single-mode fiber in which a single optical mode is coupled into two axes of polarization. After LH propagation,
PMD gives rise to a differential delay � between these two axes of polarization. (b) Multimode fiber in which multiple optical modes
are coupled into the fiber (two shown using a geometric ray model). After propagation of only a few hundred meters, the pulse is
dispersed due to modal dispersion. The outputs shown are three sample impulse responses developed by the IEEE 802.3aq working
group to model modal dispersion.
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