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T hrough widespread usage, the
word “information” has come to
have a tangible, concrete feel to it.

Today we speak glibly of information flow
and of information superhighways. Infor-
mation is an abstraction, nevertheless,
and it speaks to the insights of Claude
Shannon1 that we have a formal theory
that allows us to describe in fairly precise
terms the flow of information through a
communication channel. Although the
basic formalism is quite general, informa-
tion theory was initially developed in the
context of telephonic communication
through copper cable, and dealt mostly
with a linear propagation channel, as ex-
emplified by Shannon’s famous formula
for the capacity of a channel (Table 1)
with additive white Gaussian noise
(AWGN). Such a channel is defined by a
linear relationship between the output
time series Y(t) and input X(t) through
the relation Y(t) = X(t) + N(t), where N(t)
is a Gaussian noise process with a flat
power spectrum. All three processes are
assumed to be bandlimited with a band-
width W. The capacity of this channel is
given by C=W log2(1+S/N), where S and
N are the signal and noise powers, respec-
tively.

Things have changed, of course, since
the early days of telephony: today the
communication network’s backbone is
made of optical fiber, with optical ampli-
fiers. The light signal is subject to propaga-
tion nonlinearities2 which are weak but
can build up over long distances and de-
grade the communication capacity .3,4 In-
formation-theoretical considerations for
such nonlinear propagation channels are
largely nonexistent, because of the mathe-
matical difficulties inherent in formulat-
ing them. In this article we discuss some
recent efforts to rectify this lack.5 Interest
in this line of work is twofold. First, in
keeping with the original motivations of
information theory, these investigations
should help us understand the ultimate
limits to information transmission
through optical fiber. Second, the exten-
sion of information-theoretical considera-
tions to linear channels is of intrinsic in-
terest: engineering theories, including
those focusing on information, may help
us understand the design principles un-
derlying biological systems. Since such sys-
tems are almost always nonlinear, where
better to develop insight into the issues in-
volved than in precisely characterized
channels such as optical fiber? 

Two basic concepts emerge from the
work carried out to date on the topic of
nonlinear propagation channels. First,
nonlinearities cause the communication
channel to be self-limiting; in contrast
with a linear channel in which the capaci-
ty grows indefinitely with the input signal
power, nonlinear propagation can cause
the channel capacity to be a non-monoto-
nic function of the input power, so that the
capacity declines after reaching a peak val-
ue (Fig.1). Second, nonlinear propagation
gives rise to multiplicative, or signal-de-
pendent, noise. It is important to distin-
guish additive and multiplicative sources
of noise, particularly because the latter
causes the channel to be effectively non-
Gaussian. Importantly, this invalidates a
direct application of the conventional
Shannon formula C=W log2(1+S/N).

One might ask at this point whether
such theorizing is too abstract to be of use
in the construction of optical-communi-
cation networks. As we shall see below,
however, conceptual issues emerge that
can help organize the confusing plethora
of nonlinear effects in optical fiber: from
the theoretical considerations, we identify
three general categories of nonlinear ca-
pacity impairments. In the absence of ex-
act solutions, these theoretical results can
help us decide what to look for in numeri-
cal simulations; they can also assist our
thinking about system design. Channel ca-

pacity (or the equivalent dimensionless
quantity, the maximum achievable spec-
tral efficiency) is not typically employed as
a system metric: instead we use the bit-er-
ror rate (the fractional number of bits that
is in error after reception), or the more ad-
hoc notions of “power penalties” (the
equivalent increase in signal power re-
quired to overcome the deleterious effects
of a particular noise source). The reason
we use these variables is that they corre-
spond to directly measurable quantities.
Theoretically, however, capacity is a more
principled measure, and an analytical for-
mula for capacity can yield insight about
the other metrics. Finally, the problem has
intrinsic interest from an information-
theoretical standpoint. For these reasons,
we believe it is important to understand
the effect of nonlinear propagation in
terms of capacity or spectral efficiency.

Capacity of a linear channel 
with additive Gaussian noise
The capacity C of a channel is the maximal
rate of error-free transmission. It can be
written as the product of a dimensional
and a dimensionless quantity: the band-
width W, and the maximal spectral effi-
ciency C�. For the AWGN channel,
C�=log 2(1+S/N), where S and N are the
signal and noise powers, respectively. Al-
though C� is dimensionless, it is some-
times written with the “units” of bit/s/Hz.
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Channel Capacity: Basic Formalism 

Mutual Information
I(X, Y) = �d�(X)d�(Y)p(Y |X)p(X) log[ –

p(Y |X)
——
p(Y)  

]

Channel Capacity 
C=maxp(X) I (X, Y)

Capacity for the linear channel with additive white Gaussian noise
C=W log(1+ S–

N
)

Optical-Fiber Channel
Here X corresponds to the time-dependent input electric field Ein(t). When Ein(t) 
is band-limited, it can be replaced by its samples at the Nyquist interval ∆t = (1/W)

X ��Ein(t)���...,Ein(-2�t), Ein(-�t),Ein(0),Ein(�t),Ein(2�t),...�
p(Y|X)�p(...,Eout(-�t),Eout(0),Eout(�t),..|...Ein(-�t),Ein(0),Ein(�t),...�

p(Y|X) will not in general factorize (even after a variable transformation): therefore
computing I(X,Y) involves a high-dimensional integral that is intractable.

Table 1. A channel with input X and output Y is characterized by a conditional probability p(Y|X).
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The capacity is principally determined by
the available bandwidth W; for transmis-
sion through a silica fiber, the bandwidth
W is limited by intrinsic loss mechanisms
to about 50 THz, corresponding to a
wavelength range of about 400 nm (1.2-
1.6 �m). This is to be compared to current
systems in which the total bandwidth is
limited to about 15 THz. If the channel
were linear, with additive white Gaussian
noise (AWGN), and we assumed an out-
put SNR of 100 (20 dB), then the spectral
efficiency would be log 2(1+100) or ap-
proximately 6.6, corresponding to a capac-
ity of 300 Tbit/sec.

But fiber channels are not linear, and
nonlinearities interfere with transmission.
To obtain the spectral efficiency in the
nonlinear case, it is tempting to compute
an effective noise power N� due to the
nonlinearities and insert it in the formula
C�=log2 (1+S/N�). This procedure, how-
ever, would yield incorrect results, since
not only is the channel nonlinear, the ef-
fective noise is not Gaussian either, (for
reasons detailed below). A more sophisti-
cated approach would be to consider the
appropriate (non-Gaussian) distribution
of noise on a transmitted symbol; this
would still be a manageable computation,
corresponding to a memoryless nonlin-
earity (i.e., successive symbols have inde-
pendent propagation). Unfortunately, this
approach would also yield invalid results:
the simultaneous presence of dispersion
(different propagation speeds for different
wavelengths) and nonlinearity makes the
symbols interact. Therefore, the proba-
bilistic input-output relationship that de-
fines the channel must take into account
many symbols simultaneously. It’s worth
repeating at this point that the simultane-
ous presence of nonlinearity and memory
in the propagation is the source of the the-
oretical difficulties involved.

These nonlinear memory effects are
sometimes referred to as “pattern-depend-
ent noise”: in a binary modulation
scheme, the expression “pattern-depend-
ent noise” refers to the fact that the noise
on a given bit depends on the values of the
surrounding bits; in this case, the “entan-
glement” of the bits cannot be eliminated
by switching to a different set of variables.
This fact makes the problem too difficult
to solve directly: in mathematical terms, to
compute the information which is a pre-
requisite to measuring channel capacity,
one would be required to analytically
compute nontrivial integrals over a large

number of variables (see Table 1). In gen-
eral, this cannot be done. The difficulties
are similar to those encountered in the
theory of many-particle systems; in the
context of such systems, it is well known
that since exact results are hard to come
by, approximations and bounds are usual-
ly the best way to generate insight into the
problem. It is not just that the analytical
computations are difficult: a numerical
frontal assault on computing the channel
capacity is also impractical for the same
reasons of high dimensionality. Yet in the
theory of many-body systems, good ap-
proximations often do exist, and provide
insight. The same philosophy is adopted in
the work described in this article.

Before considering nonlinear effects, as
a point of reference it is useful to consider
the case of an imaginary linear fiber in
which all nonlinearities are set to zero.
These results do apply when the product
of the input power and the length of trans-
mission is small. The effects to be consid-
ered are dispersion, absorption, amplifica-
tion, and additive noise. Dispersion (dif-
ferent propagation speeds for different
frequencies) is sometimes considered a

limiting factor in information transmis-
sion: since a pulse can be spread by disper-
sion, the argument goes that pulses cannot
be packed closer than the dispersion-in-
duced broadening, a factor which limits
the transmission rate. While this argument
may have practical value for particular
modulator/detector pairs, strictly speaking
it is incorrect in an information-theoreti-
cal sense: dispersion is a reversible process
that in principle can be undone either by
detection of the electric field and post-
processing, or more practically by inser-
tion of dispersion-compensating ele-
ments. However, the combination of ab-
sorption, amplification, and added noise
does lead to irreversible loss of informa-
tion during propagation. Interestingly, in
this otherwise classical problem, quantum
mechanical effects are relevant as an un-
avoidable source of noise associated with
the amplifiers.6 This noise accumulates
over distance (or, equivalently, with the
number of amplifiers), and to overcome it
the input signal power must be increased,
so that one is inevitably driven into the
nonlinear regime.

In quantitative terms, spontaneous
emission noise injected by the amplifiers
in the system can be estimated as In= a ns

G h � B where G is the amplifier gain, h
the Planck’s constant, � and B the center
frequency and bandwidth of the channel,
and ns the number of stages of amplifica-
tion (assumed proportional to system
length). The numerical constant ‘a’ de-
pends on the degree of inversion in the
optical amplifier and on whether the am-
plification is phase sensitive; we take this
constant to be 2. The spectral efficiency is
given by log2(1+I/ In), which declines with
system length if the input power is kept
fixed. To preserve system performance as
the length is increased, the input power I
must be increased proportionately to the
length: eventually the input power be-
comes so large that nonlinear effects start
to dominate.

Effects of nonlinear 
propagation on capacity
Although nonlinear effects in fiber are
weak, they grow to substantial values be-
cause of the long propagation distances
involved. For example, the coefficient �
that characterizes the Kerr effect (nonlin-
ear phase accumulation), is typically of the
order of 1/W/km, which means that for an
average signal strength of 1 mW, the non-
linear phase accumulation after propagat-
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ing 1 km would be 0.001 radians. The
nonlinear terms in the propagation equa-
tion can be grouped under two broad cat-
egories, as can be seen by examining the
evolution of a sinusoidal modulation:
nonlinear phase evolution, which arises
because of the intensity dependence of the
refractive index, causing the group veloci-
ty to depend on the intensity (Kerr effect),
and nonlinear amplitude evolution,
caused by stimulated Raman or Brillouin
scattering, which causes the amplitude of
the sinusoid to change with a rate depend-
ent on the intensity. Below, we concentrate
on the Kerr nonlinearity, which leads to
the nonlinear Schrödinger equation
(NLSE), often used as the basic model for
optical fiber: i∂z E = (�/2) ∂t

2 E - � |E|2 E.
Before discussing nonlinear propaga-

tion using the NLSE, we must consider the
important practical question of multiplex-
ing information streams. Ideally, one
would modulate the full available optical
bandwidth as a single information chan-
nel (the single user case). Unfortunately,
due to the limitations of electronic band-
width, this cannot be done: instead, the full
frequency range is broken up into separate
frequency bands, each of which is modu-
lated separately (wavelength division mul-
tiplexing, or WDM). The same electronic
limitations prevent real-time coordination
between data streams, so that the system
corresponds to a multi-user system. If the
channel were linear, the different channels,
or users, would not interfere, since the fre-
quency bands are separate.

Assuming the data streams on individ-
ual frequency channels to be independent,
we can confine our attention to a single
frequency band or wavelength. The non-
linear capacity impairments can be
grouped into three categories: (a) nonlin-
ear interference due to other channels,
which could in principle be undone by
time-reversing the propagation (for exam-
ple, by using phase conjugation, if absorp-
tion were absent); (b) amplification by the
signal of the spontaneous emission noise
from the amplifiers, which cannot be sim-
ilarly reversed; and (c) impairments due to
power loss by out-of-band scattering. The
last two are the sources of nonlinear ca-
pacity impairment in a hypothetical (but
impractical) system in which the entire
optical bandwidth is modulated at once:
this can be demonstrated by a perturbative
computation of the channel capacity of
the NLSE.7 The first category of impair-
ment above is specific to WDM systems.

To keep the problem manageable, we
set aside for the moment the nonlinear
propagation of signals in a given channel
(self-phase modulation), while maintain-
ing the nonlinear cross talk between signal
and noise. In principle, self-phase modu-
lation effects could be reduced by nonlin-
ear precompensation and—in the absence
of noise injected along the system—would
not contribute to capacity loss. While self-
phase modulation effects are important in
practice, removing these effects allows us
to isolate the physical effects leading to ca-
pacity degradation. We have neglected po-
larization effects to avoid complexity; they
can however be incorporated into the
framework described below without alter-
ing the fundamental conclusions.

Multiplicative noise
One of the key insights in the work de-
scribed in this article is that both the non-
linear interference effects (across bands)
and the noise amplification effects (in
band) are examples of multiplicative

noise. We therefore preface our specific
considerations with a general discussion of
channels with multiplicative noise. A sim-
ple example of such a channel is given by
Y=HX+N, where Y, H, X, N are scalar
variables; the only distinction from the
linear additive noise channel being the
presence of H, which is assumed to have
stochastic fluctuations with channel usage.
It is easy to see that nonlinearities can
generically give rise to such multiplicative
noise effects. Consider a memoryless non-
linear channel of the form Y=f(X+N1)+N2,
where X is the input to the channel, N1

and N2 are noise terms, and f(.) a nonlin-
ear function. Assuming N1 is small, by
Taylor expansion we obtain Y ≈ f(X) + N1

f �(X) + N2 , corresponding to a channel
with both additive and multiplicative
noise. Unlike the AWGN channel with a
power constraint, analytical formulae are
not available for the capacity of the multi-
plicative noise channel described above.
Recently, there has been progress in un-
derstanding such multiplicative noise
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Figure 1. The curves are obtained from a Gaussian lower bound estimate of the channel capacity follow-
ing Ref. 5, and correspond to the analytical expression 

Here I is the launch power in a channel of bandwidth B,nc the total number of channels, �� the wavelength
spacing, D the dispersion coefficient, � the nonlinear coefficient, and Leff = ns/� the effective system length
for ns spans of fiber with absorption coefficient �. The numerical coefficient b characterizes the strength of
the FWM.Amplifier noise is estimated as In= a G h � B ns , where G is the amplifier gain, � the center fre-
quency and the constant a depends on amplifier details.The spectral efficiency C� is obtained by dividing C
by the total bandwidth (including interchannel spacing).We used the parameter values B = 40GHz, D = 
20 ps/nm/km, � = 1/W/km,ns = 5, �=0.2dB/km, � = 200THz, nc = 100, �� = 0.6 nm,b=1, a=2,G=1000. The
dashed curve shows the spectral efficiency in absence of nonlinear effects.The solid curve includes both
cross-phase modulation and FWM, while the dotted curve shows the effects of FWM only. 
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channels in the context of multi-antenna
wireless communications: in particular,
matrix generalizations of the channel
Y=HX+N become manageable in the lim-
it of large matrix sizes. Consider the chan-
nel Y=X+εHX+N, where H is an un-
known matrix, randomly chosen with
each channel use, such that the entries are
independently Gaussian distributed with
variance 1/n (n being the dimensionality
of X and Y). The constant ε sets the
strength of the multiplicative noise term.
A power constraint is imposed on X, such
that E[|X|2] =nP. The variance of each
component of the noise vector is given by
E[|Ni|

2] = PN. The capacity of this channel
can be computed exactly in the large n
limit, and the results are intuitive:

limn→∞
C–n =log 2 


1+ P——–

PN+ ε2P
– –

The formula is the same as would be ob-
tained by treating the term εHX as addi-
tive noise of the appropriate strength, with
the added feature that the noise strength
depends on the signal power. Importantly,
the channel capacity no longer grows loga-
rithmically with increasing signal power,
as in the AWGN channel, but saturates at
large signal power. This signal dependence
of the effective noise power is a key feature
of a multiplicative noise channel and in-
validates the direct usage of the capacity
formula in Table 1. It is curious that the re-
sulting formula is otherwise identical to
the classical Shannon formula for the
AWGN channel, with the exception that
the noise term is signal dependent. This is
a deceptively simple result and will not be
expected to be true in general.

Three categories of  nonlinear
capacity impairment

A. Impairments from nonlinear 
interference (across bands) 
First, we examine the nonlinear interfer-
ence effects. These have been traditionally
grouped into the categories of cross-phase
modulation (XPM) and four-wave mixing
(FWM), according to the origin of the
photons involved in the nonlinear scatter-
ing process (or in classical terms, the elec-
tric-field amplitudes making up the cubic
nonlinearity in the NLSE). Let us select a
single channel of interest in a WDM sys-
tem, labeled 1, and denote the other chan-
nels 2 through N. XPM involves the scat-
tering of a photon in channel 1 because of
the interaction with a photon in one of the

channels from 2 through N. After scatter-
ing, both photons stay in their original
channels. FWM results when two photons
from two different channels numbered 2
through N scatter, and one of them ap-
pears in channel 1 after scattering.

From an information-theoretical
standpoint, the interesting distinction be-
tween these two processes is that XPM
causes multiplicative noise: the noise term
added to the propagation equation is pro-
portional to the signal. This can be seen by
considering the cubic term in the NLSE:
the piece giving rise to XPM can be writ-
ten as 	|E i|

2 E0, where Ei is an electric field
belonging to a channel other than the
channel under consideration, which is de-
noted E0. Since each channel carries infor-
mation, |Ei|

2 is a stochastic function, and
the sum 	|E i|

2 can therefore be regarded
as a stochastic potential modulating the
electric-field propagation. This gives rise
to qualitatively new effects.5 Note that lim-
ited bandwidths, dispersion, and nonlin-
ear effects will in general give rise to am-
plitude modulation in the electric fields
E i, even if these fields start out as being
substantially unmodulated (for example

in phase-shift keying), as long as they are
information-bearing streams. Indeed, the
use of prechirping in return-to-zero mod-
ulation schemes implies that the individ-
ual bits are spread over multiple time slots,
so that the input electric fields resemble
Gaussian noise. FWM, on the other hand,
causes additive noise; conceptually, this is
simpler since—with an appropriate choice
of the noise power—it can be treated
within the framework of the AWGN 
channel.

Based on considerations such as those
above, the effects of XPM and FWM on
the capacity of one channel in a WDM
system can be understood by considering
a linear Schrödinger equation with a sto-
chastic potential corresponding to XPM
effects, and an additive stochastic source
corresponding to FWM effects. The actual
strengths and statistical properties of these
sources will depend on the particular
modulation scheme used. In principle,
these modulation schemes should them-
selves be optimized with respect to the
channel properties, but for our considera-
tions, we will assume these sources to be
fixed, and obtain rough estimates for their
strengths. The idea is to extract the quali-
tative behavior; we do however believe
that our estimates are not grossly inaccu-
rate in quantitative terms. The results of
these considerations, treated in more de-
tail in Ref. 5, lead to the striking prediction
presented in Fig. 1: a non-monotonic be-
havior of the channel capacity with input
signal intensity. Nonlinear cross talk gives
rise to an intensity scale, beyond which the
spectral efficiency is exponentially sup-
pressed; if the input intensity is kept fixed,
the spectral efficiency decays exponential-
ly with increasing system length (in con-
trast with the slower 1/L decays for the lin-
ear system due to linear noise power accu-
mulation).

B. Impairments from noise 
amplification (in band)
Nonlinear phase evolution
The arguments presented earlier regarding
the fact that nonlinearities lead to multi-
plicative noise also show the origin of in-
band noise amplification effects: since Y ≈
f(X) + N1 f�(X) + N2 , as long as f �(X)
grows with X, the effects of the noise term
N1 also grow with signal strength. In fact, a
variety of previously described processes,
such as Gordon-Haus jitter6 in soliton
propagation, Gordon-Mollenauer phase
noise4 and parametric amplification of
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with  sin→sinh when �<0 and |�|
2<2�I

Gordon and Mollenauer’s result

Figure 2. Standard deviation of phase versus strength of dispersion and intensity for a lossless fiber.The
peak at negative, non-zero � is due to the modulation instability.The minimum in-phase fluctuation at a
particular intensity occurs at a balance between direct phase noise, 1/2� (which decreases with increas-
ing signal to noise ratio, �=I/N), and nonlinear phase noise (which increases with increasing signal power).
The graphs are for 10 spans of fiber of length 80 km and fiber parameters �0=13.8ps2/km �=0.625/W/km,
signal power I0=2.5mW and bandwidth �=50GHz. Noise is injected at the end of each fiber span.The
equations give the functional form of the phase fluctuations in the limit of continuously injected noise.The
red curves correspond to the linear channel with �= 0.The blue horizontal line on the left graph corre-
sponds to Gordon and Mollenauer's estimate of the phase noise.
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Nonlinear mixing of amplifier noise with signal
spontaneous emission noise, all arise from
the same underlying mechanism. This is
caused by enhancement of the added
noise through nonlinear interactions with
the signal due to the Kerr effect. The com-
mon feature of these sources is the exis-
tence of an optimal signal strength, similar
to that presented in Fig. 1, such that fur-
ther increase of the signal strength causes
degradation of the channel capacity.

Rather than compute spectral efficien-
cy, we demonstrate the noise amplification
effects by computing the excess phase
noise induced by nonlinear interactions
on a single sinusoid injected at the input
(Fig.2). There are two interesting features
to Fig. 2: first, as discussed before, a non-
monotonic dependence on the input sig-
nal strength is evident. Note that—as
compared with the case of a linear sys-
tem—the same effects would predict a
swifter decay of the channel capacity with
system length. Second, the phase noise
shows an asymmetric behavior with re-
spect to the dispersion strength, peaking at
a non-zero value of dispersion, and declin-
ing to the linear channel value of the phase
variance at large dispersion of either sign.
This result can be understood as follows:
when the dispersion becomes large, the
linear part of the propagation equation
dominates over the nonlinear part, thus
suppressing the nonlinear noise enhance-
ment. The peak at non-zero dispersion
arises from modulation instability: for an
appropriate sign of the dispersion
strength, adding dispersion to the system
actually makes things worse, causing the
fluctuations to grow; however, at large dis-
persion the linear propagation still domi-
nates. The fact that a peak appears at a
non-zero dispersion is an indicator of
the existence of nontrivial tradeoffs in 
system design.

Considering the output distribution of
the electric-field amplitude of a sinusoid
after passing through the channel makes it
easy to see why the effective noise distri-
bution is not Gaussian: excess phase noise
produces a crescent-shaped spread in the
complex amplitude plane that cannot be
described by a Gaussian distribution
(which would produce an ellipse-shaped
spread).

Nonlinear amplitude evolution
It should be clear from the above descrip-
tion that nonlinear amplitude evolution,
such as that caused by stimulated Raman

or Brillouin scattering, gives rise to the
same sort of multiplicative noise effects as
does the Kerr term in the propagation
equation, leading us to expect much the
same qualitative impact on channel capac-
ity. In this case, we would expect the am-
plitude jitter—as opposed to the phase jit-
ter—to be selectively enhanced, keeping in
mind however that dispersion will eventu-
ally convert one source of jitter to another.
(At this point it should be noted that in
practical systems, these effects are typically
unimportant since they are either smaller
than the Kerr nonlinearity, or can be ap-
propriately suppressed.) 

C. Impairments from 
out-of-band power loss
Linear propagation preserves the band-
width of a bandlimited signal; any nonlin-
earities will cause a bandlimited signal to
spread out of band. Since the signal is sub-
jected to filtering before detection, and
since the amplifiers used in the system
have limited bandwidth, this out-of-band
power loss due to nonlinear propagation
leads to impairments in channel capacity.

Since this effect depends on the filtering
process, we do not discuss it in detail here.

Conclusions 
In this article, we have reviewed some re-
cent work involving information theory à
la Shannon applied to nonlinear propaga-
tion in optical fiber. Some of the key in-
sights are: nonlinear propagation can give
rise to multiplicative—or signal-depend-
ent—noise, which causes a rapid degrada-
tion of channel capacity beyond a certain
input signal intensity. Viewed differently,
as compared to the linear case, it causes an
enhanced decay of the capacity with re-
spect to system length. The sources of
capacity degradation involve (a) across-
band nonlinear interference, (b) in-band
noise amplification and (c) out-of-band 
power loss.

Interestingly, the maximal spectral effi-
ciencies predicted are typically several
bit/s/Hz: this is to be compared to current
systems, which operate at below 1 bit/s/Hz,
owing to the usage of binary modulation
schemes. Clearly, multilevel modulation
and detection, as well as coherent commu-



nication, should allow the design of sys-
tems with higher spectral efficiencies than
can now be achieved. It seems, therefore,
that the current limits to spectral efficien-
cy of optical fiber are set by the contingen-
cies of modulator and detector electronics
rather than by any fundamental properties
of the optical fiber channel.

Since solitons make use of the nonlin-
earities of the channel, it is tempting to

suppose that solitonic transmission sys-
tems would help avoid the problem of
nonlinear capacity impairments. Unfortu-
nately, this is not true: the noise amplifica-
tion effects described above show up in
solitonic propagation as Gordon-Haus jit-
ter. This jitter can be suppressed but not
eliminated by interposing so-called sliding
frequency filters into the system, an effect
that merits further study from a principled

information-theoretical standpoint. Note,
however, that in their current manifesta-
tions, solitonic transmission systems have
spectral efficiency less than 1 bit/s/Hz and
therefore are not suited to reach the maxi-
mal spectral efficiencies predicted here.

Finally, we have to offer an important
caveat. Nonlinearity should not be univer-
sally expected to degrade channel capaci-
ty: after all, a signal regenerator is an ex-
ample of a nonlinear device that actually
improves the performance of the system.
This is not surprising: unlike linear sys-
tems, nonlinear systems form so broad a
class that it is unlikely that interesting gen-
eral statements can be made about an ar-
bitrary nonlinear propagation channel.
What is of interest, however, is that for
specific nonlinearities, such as those pres-
ent in optical fiber, we have been able to
derive qualitative insights about the infor-
mation-theoretical status of such systems.
It should be clear from the above discus-
sions that this is a fairly new area of re-
search characterized by a number of inter-
esting, unsolved problems. We hope fur-
ther research will deepen our insights into
this important, interdisciplinary subject.
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