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Solitary waves propagating for long distances in glass fibres without changing their shape may provide 
a globe-spanning soliton-based optical communications system within a decade.

In dispersive, nonlinear, weakly atte­
nuating media there may exist a special 
class of so-called solitary waves which 
can propagate for long distances without 
changing their shape. Such a solitary 
wave was first reported in 1834 by the 
Scottish engineer Scott Russell. He obser­
ved that the wave in the shape of a large 
solitary hump generated by a barge mov­
ing along a narrow channel propagated 
without a noticeable change to the shape 
or a reduction in the velocity. Scott Russell 
subsequently reproduced the wave in the 
laboratory and named it a "solitary wave". 
Theoretical confirmation was made in 
1895 by Korteveg and de Vries when they 
obtained the equation of wave propaga­
tion along the surface of water in a shal­
low channel.

If the shape of solitary waves does not 
change at their collision they are called 
solitons, a name given by Zabusky and 
Kruskal in 1965, thus emphasising the 
particle-like behaviour during collisions.

Solitons are no doubt widely found in 
nature and are intensively studied in many 
branches of physics (hydrodynamics, 
plasma, laser physics, etc.). In the case of 
optical solitons in fibres, in addition to the 
fundamental interest there also exist im­
portant applications in optical fibre com­
munications and signal processing.

Optical Fibres as a Medium
Before attempting to better understand 

the great interest in optical solitons in 
fibres one should go back to 1960 when 
the laser first appeared. One of the initial 
experiments where lasers were used con­
cerned data transmission through the 
atmosphere. Using optical waves as car­
riers made it possible, in principle, to trans­
mit information at rates many orders of 
magnitude higher than for radiowaves.
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Fig. 1 — Silica glass optical fibres. a, upper) 
Wavelength dependence of single-mode 
fibre losses : there is a minimum loss of 0.16 
dB/km near 1.55 pm.
b, lower) Wavelength dependence of 
dVg/dλ, the group velocity dispersion : note 
the change of sign at approximately 1.3 pm.

However, the first experiments showed 
that the atmosphere, owing to meteorolo­
gical effects, is not a reliable medium. The 
search for a transmitting medium which 
isolates light from atmospheric instabili­
ties brought about in the 1970's the deve­
lopment of optical glass fibres with low 
optical losses.

It looked at first as if obtaining losses 
below 1 dB/km in the near-infrared region 
would make possible the transmission of 
information at rates of tens of Gbit/s over 
distances of hundreds of kilometres with­
out repeaters. A revolution in communica­
tions technology might have arisen as a 
consequence.

However, while shifting from the free 
atmosphere to glass fibres as the trans­
mitting medium eliminated certain diffi­
culties related to instabilities, two new 
problems, inherent to condensed media, 
limited data transmission.

The first problem, connected with the 
attenuation of light in optical fibres, was 
solved by using chemical vapour deposi­
tion processes for fibre fabrication. Silica- 
based optical fibres with close to theore­
tical losses were obtained. They exhibit a 
minimum loss of about 0.16 dB/km at 
wavelengths λ ≈  1.55 µm (Fig. 1a) equiva­
lent to an attenuation coefficient of X of 
≈ 4 x 10-7 cm-1 or a halving of the inten­
sity of optical radiation over ≈ 18 km.

The second problem is the dependence 
of the pulse propagation velocity on the 
light frequency (group velocity Vg disper­
sion - GVD) which is connected with the 
frequency dependence of the refractive 
index of glasses. As optical pulses have a 
finite spectral width, GVD leads to a tem­
poral pulse broadening that limits the 
transmission rate to hundreds of Mbit/s. 
From Fig. 1b showing the wavelength 
dependence of GVD for silica glass we 
conclude, first, that GVD equals zero at 
λ ≈  1.3 pm. Secondly, GVD changes sign: 
it is positive for λ < 1.3 µm but negative 
for λ > 1.3 pm. As will be demonstrated 
below, the negative GVD (i.e., ∂Vg/∂λ < 
0) is a necessary condition for soliton pro­
pagation in fibres. It is important to note 
that for silica fibers the region of minimum 
losses (λ ≈ 1.55 pm) lies in the negative 
GVD spectral region.

On the basis of the spectral depen­
dence of GVD one can conclude that it is 
possible to achieve high data transmission 
rates by tuning the laser source to the 
wavelength at which GVD passes through 
zero (1.3 pm). Such systems have been 
developed and find widespread applica­
tion. But there is another, more promising, 
way of overcoming the effect of GVD on 
the transmission rate : the combination of 
nonlinearity and negative GVD results in 
optical soliton pulse propagation (i.e., 
without shape change). Soliton propaga­
tion in fibres was recognised theoretically 
by A. Hasegawa and F. Tappert in 1973: 
it was observed experimentally seven 
years later when suitable lasers as well 
as optical fibres with low losses at λ ≥
1.3 pm became available.

Nonlinearity of Silica Glass Fibres
To gain insight into soliton effects in 

fibres, consider briefly the optical nonli-
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nearity of glasses. Optically nonlinear 
materials show changes in their refractive 
index if placed in electric, magnetic or 
optical fields. The application of a short, 
high-intensity optical pulse to a molecule 
results in an intensity-dependent refrac­
tive index. Two, distinct, physical contribu­
tions to the nonlinear refractive index 
arise. There is an electronic contribution 
from the nonlinear distortion of the elec­
tronic structure of the molecule. This com­
ponent responds rapidly (< 1 fs where 
1 fs = 10'-15 s) to field changes and can 
be considered instantaneous.

A nuclear contribution arises from an 
optical field-induced change in the mo­
tions of the nuclei that cannot respond 
rapidly to field changes (the delay time is 
of order 100 fs). It is important to note 
here that the delayed nonlinear response 
associated with the excitation of molecu­
lar vibrations gives rise to Raman effects.

Consider first relatively long optical 
pulses (pulse width T0 > 1 ps where 1 ps 
= 10-12 s). Both contributions to the 
change of the refractive index may be con­
sidered as instantaneous, so the refractive 
index n of a glass fibre depends on the 
laser radiation intensity l as n = n0 + n2l 
where no is the refractive index at an arbi­
trarily low intensity, n2 is a constant with 
numerical value 3.2 x 10-16 cm2/W for 
silica glass. Silica glass is not a good non­
linear material and the low value of n2 
confirms this. But whenever the glass is 
used in the form of a fibre, even a small 
nonlinearity produces a large effect. This 
is connected with the small cross-sectio­
nal area (10-6 cm2) of the core of single­
mode fibres. For if the power of the input 
pulse is 1 W, the intensity is 1 MW/cm2. 
Moreover, the high intensity level is main­
tained at an almost constant value along 
the whole interaction length, which is limi­
ted only by the fibre loss and can be as 
long as several kilometres. This feature 
allows the exchange of length for power, 
permitting the observation of nonlinear 
phenomena at powers many orders of 
magnitude lower than in bulk materials.

Self-phase modulation
The intensity dependence of the refrac­

tive index of fibres leads to the phenome­
non of self-phase modulation. This pheno­
menon is basically very simple. Consider 
an optical pulse with the intensity enve­
lope | E(t) | 2 propagating along a fibre of 
length L during a time t. Owing to the 
intensity dependence of the refractive in­
dex, each part of the pulse will experience 
its own additional phase shift ∆ϕ on exit­
ing the fibre, given by

Δϕ = (2n/λ)n2L  |E(t) | 2 
Spectral broadening of the pulse is a con­
sequence of the time dependence of ∆ϕ 
(Fig. 2), where frequencies in the leading 
half of the pulse are lowered, while those 
in the trailing are raised. If such a pul

Fig. 2 — Envelope of a laser pulse. a, upper) 
The square of the envelope of the intensity 
|E(z,t)|lof a laser pulse plotted as a function 
of the normalised time t/T0 showing spec­
tral broadening in a glass fibre. 
b, lower) Spectral broadening (frequency 
chirp) of the pulse: frequencies in the trai­
ling half are lowered, those in the leading 
half raised. If broadening due to dispersion 
is balanced by narrowing due to non-linea­
rity, the pulse propagates down the lossless 
fibre without a change in shape.

travels through a medium with negative 
GVD, as for silica fibres at X> 1.3 µm, the 
trailing half of the pulse with higher fre­
quencies will propagate at a higher velo­
city than the leading half with lower fre­
quencies : the result is pulse narrowing.

Such behaviour for the pulse envelope 
shape allows one to suppose that the opti­
cal pulse in a fibre is a soliton, especially 
if the shape broadening due to dispersion 
is exactly balanced by narrowing due to 
nonlinearity. For in this case the pulse will 
propagate down the lossless fibre without 
changing shape.

Picosecond Solitons
Evolution of the envelope E(z,t) shape of 

a long (T0 > 1 ps) optical pulse E(z,t) = 
E(z,t)exp[ i (ω0 t-k0 z)] in a nonlinear disper­
sive medium in the z direction is described 
by the nonlinear Schrödinger equation

(1)

where k = kon2/2no and ko = 2π/λ and ω 
is the optical frequency. The equation is 
reduced to the dimensionless form by the 
transformation

For negative GVD (∂2k/∂ω2 < 0), Eq. 1 
has the form :

The terms on the right side describe the 
effects of GVD and of the nonlinear refrac­
tive index, respectively : optical losses in 
the medium are not accounted for.

Zakharov and Shabat showed analyti­
cally that the equation has soliton solu­
tions given by
V(ξ,τ) =
æ Sech[æ (τ-vξ)]exp[-ivt + i(v2-æ 2)ξ/2]
where as is a soliton form factor determi­
ning the soliton amplitude and duration 
and v is the soliton velocity. The funda­
mental soliton (N = 1) propagates along 
the lossless fibre without change in shape 
for arbitrarily long distances — a property 
that makes it attractive for data trans­
mission in optical fibre communication 
systems.

The peak power p1 required to support 
the fundamental soliton is given by P1 =
| β2 | λAeff/n2T02 where T0 is the pulse 
width, β2 = (λ3/2πc2) d2n/dλ2 is the GVD 
parameter and Aeff is the effective fibre 
core cross-sectional area. The latest sin­
gle-mode silica fibres typically have P1 ≈ 
1 mW for T0 = 30 ps at λ = 1.55 µm, 
implying that the radiation power from se­
miconductor lasers is sufficient to launch 
fundamental solitons into the fibres.

The peak power necessary to excite the 
A/-th order soliton is N2 times that re­
quired for the fundamental soliton. The 
evolution of the pulse intensity envelope 
shape for higher-order solitons can be ob­
tained by solving numerically the non­
linear Schrôdinger equation. It is found 
that the behaviour of higher-order solitons 
propagating along a fibre is rather com­
plex: the pulses undergo narrowing and 
splitting, but revert to their original shape 
at a length equal to the soliton period Zo 
= (π/2) To2/|β2|. The second-order soliton 
(A/ = 2) has the simplest behaviour: the 
pulse narrows to a minimum width at the 
half period then broadens to recover its 
shape at the full soliton period. Fig. 3 
shows the evolution of the third-order soli­
ton over one soliton period. It is seen, that 
the pulse first contracts to a minimum 
width at about Z0/4 and then splits into 
two equal pulses at Z0/2 before merging 
again to adopt a minimum width at 
3Zo/4, and finally regaining the original 
shape at Z = Z0.

Experimental verification
Mollenauer, Stolen and Gordon in 1980 

were the first to verify experimentally the 
behaviour predicted previously for soli­
tons. They observed, as a function of the 
input pulse power, the shapes of pulses
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Fig. 3 — Calculated behaviour 
over one soliton period z0 for the 
third-order soliton: the dimen­
sionless intensity envelope is 
plotted as a function of time 
normalised to the pulse width T0.

using an autocorrelation technique at the 
fibre output. A mode-locked colour-centre 
laser was used to obtain 7 ps optical 
pulses near λ = 1.55 pm, a wavelength at 
which losses in the fibre are at a minimum 
and fibre dispersion is negative. In one 
experiment, the peak power was varied 
over the range 0.3-25 W and the pulse 
shape was measured at the output of a 
700 m long single-mode fibre (the length 
being about one-half the soliton period). 
The calculated value of the fundamental 
soliton peak power P1 for a 7 ps optical 
pulse and the fibre employed was 1.0 W.

The lower part of Fig. 4 shows the mea­
sured autocorrelation shapes of pulses at 
the output of the fibre for five input peak 
powers (the autocorrelation shape and the 
frequency spectrum of laser pulses laun­
ched into the fibre are shown for com­
parison in the upper part). It is seen that 
at a low power (0.3 W), the pulse expe­
riences dispersion broadening: the non­
linear effect is small at this power level. At 
the input power P0 = 1.2 W correspon­
ding approximately to the fundamental 
soliton power, dispersion broadening of 
the pulse is balanced by nonlinear nar­
rowing and the fibre output pulse shape 
coincides with the input one. At P0 = 5 
W, the pulse narrows to the minimum 
width corresponding to the half-period 
behaviour of the second-order solitons. 
The power P0 = 11.4 W corresponds ap­
proximately to the third-order solitons and 
here the autocorrelation curve shows 
well-resolved pulse splitting. As three-fold 
splitting in the autocorrelation curve cor­
responds to a two-fold splitting of the 
pulse itself, we have good agreement with 
the predicted behaviour for third-order 
solitons (Fig. 3). The observed five-peak 
structure of the autocorrelation trace for 
Po = 22.5 W corresponds to a three-fold 
splitting of the pulse -— also agreeing with 
predictions of the Schrödinger equation 
(Eq. 1) for the fourth-order soliton.

It has been already mentioned that 
higher-order solitons should regain their 
original shapes at a distance Z = Z0 (or 
multiples of Z0). Such a restoration was 
demonstrated for second-order and third- 
order solitons by Stolen and Mollenauer. In 
contrast to the previous experiment, they 
used a fibre length of 1.3 km correspon­
ding to about one soliton period.

Soliton compression 
The compression of higher-order soli­

ton pulses to a minimum width at fibre 
lengths of only a fraction of a soliton 
period (Fig. 3) has become a common 
method for producing ultrashort pulses 
(soliton compression). The compression 
factor Fc and the optimum fibre length 
Zopt of such compressors are given ap­
proximately by the empirical relations

The soliton compressor operates in the 
wavelength range 1.3-1.6 µm where the 
GVD is negative. In the visible and near- 
infrared regions, where the GVD is posi­
tive, a fibre is used only to impose spectral 
broadening on the pulse through a self­
phase modulation effect. The spectrally 
broadened ("chirped") pulse is then 
compressed externally using a grating pair 
which provides negative GVD (fibre gra­
ting compression).

Both types of compression have been 
used to generate femtosecond pulses. 
Grudinin, Dianov et al. (General Physics 
Institute, Moscow) and Mitschke and 
Mollenauer (Bell Labs, USA) produced 18 
fs pulses at = 1.6 pm using soliton com­
pression ; Fork et al. obtained 6 fs pulses 
at = 0.62 pm with the fibre grating com­
pression technique. The pulses consisted 
of about three optical cycles in both 
cases.

Fig. 4 — Measured autocorrelation shapes 
(intensity versus time) of laser pulses, for 
five different input peak powers P0, measu­
red over one-half the soliton period at the 
output of a silica glass fibre. Shown inset 
in the upper part are the spectrum (left) and 
autocorrelation shape (right) of the input 
laser pulse.

Sub-picosecond and Femtosecond 
Solitons

As the pulse length To is reduced, the 
spectral width ∆f broadens as T0-1. For 
T0 = 100 fs, ∆f is about 1013 Hz for a 
carrier frequency f ≈ 2 x 1014 Hz (λ = 
1.5 pm). The large value of the pulse 
spectrum suggests that one needs to 
account for higher-order GVD, the disper­
sion of the nonlinearity and a finite res­
ponse time of the nonlinearity in order to 
describe the propagation of sub-picose­
cond pulses through fibres. Numerical 
solutions of the nonlinear Schrôdinger 
equation (modified by including high-order 
dispersive and nonlinear terms) as well as 
investigations of the propagation of sub­
picosecond pulses in fibres have revealed 
a number of new effects. In particular, so­
liton decay occurs where sub-picosecond 
higher-order solitons decompose into their 
constituents : second-order solitons decay 
into two solitons, each propagating at 
different speeds; third and higher-order 
solitons decay in a similar fashion.

Another remarkable effect is connected 
with the finite (delayed) response time of 
the nonlinearity. This delayed response is 
observed as a continuous redshift in the 
mean frequency of sub-picosecond soli­
ton pulses propagating in optical fibres. 
As mentioned earlier, the delayed nonli­
near response gives rise to Raman effects. 
Physically, the frequency shift of pulses 
can be explained in terms of the Raman 
effect as follows: silica glass exhibits a 
broad Raman gain spectrum stretching 
from about zero detuning to more than 
1000 cm-1. The spectral width of sub­
picosecond pulses is large enough for the 
low frequency side of the pulse spectrum 
to provide a seed for Raman amplification, 
i.e., the higher frequency components of 
the pulse pump the lower frequency com­
ponents through self-induced stimulated
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Raman scattering. Energy from blue com­
ponents is thereby continuously transfer­
red to the red components leading to a 
decrease in the mean frequency of pulses.

The redshift phenomenon was discove­
red experimentally by Dianov, Mamyshev 
et al. and by Mitschke and Mollenauer. In 
a typical experiment, a frequency shift of 
8 THz was observed when 500 fs pulses 
were propagated through a 392 m long 
single-mode fibre. It was found that the 
frequency shift depended on the pulse 
width as T0-4. A theory has been deve­
loped by Gordon and the phenomenon 
should be allowed for when considering 
the propagation and amplification of sub­
picosecond and femtosecond soliton.

Soliton-Based Communication Systems
The prospects for using solitons in 

communication systems have stimulated 
many investigations of practical aspects.

A soliton laser developed by Mollenauer 
and Stolen plays an important rôle in the 
study of soliton propagation through 
fibres and has become a useful experi­
mental tool. It comprises a synchronously 
pumped, mode-locked, colour-centre la­
ser, whose cavity is coupled to second 
cavity containing a piece of single-mode, 
polarization-preserving fibre. The fibre is 
used in a laser feed-back loop to shape 
stable, bandwidth-limited pulses. The soli­
ton laser produces a sequence of short 
pulses at the wavelength of 1.5 µm at a 
repetition rate of 100 MHz. The pulse 
width depends on the fibre length and can 
be changed in the range ≈ 0.1-2 ps.

However, semiconductor lasers remain 
the most promising soliton sources for 
operating systems. Even if the initial pulse 
shape or the peak power differs conside­
rably from the equivalent parameter for a 
fundamental soliton propagating through 
a fibre, pulses will eventually evolve into 
exact solitons with widths depending on 
the input power.

Fibre losses
Losses in the fibre result in the soliton 

peak power decreasing with the propaga­
tion distance. This, in turn, leads to an 
increase in the width of the fundamental 
soliton which can limit the transmission 
rate. However, the peak power of a soliton 
can be increased over a very small time 
interval — a remarkable feature that al­
lows the detrimental influence of fibre 
losses on soliton transmission to be over­
come using periodic optical amplification.

A comprehensive investigation of opti­
cal soliton amplifiers has been conducted 
recently. Systems included semiconduc­
tor, Raman and Er-doped fibre amplifiers. 
The Er-doped fibre amplifier comprising an 
Er-doped silica fibre pumped by semicon­
ductor laser radiation is presently conside­
red the most promising for application in 
soliton communication systems. Its main 
advantage is a wide bandwidth, high gain,

low coupling losses, and the ability to 
amplify signals at λ = 1.5 µm.

Soliton interaction
The interaction between neighbouring 

solitons can limit the transmission rate as 
the bit rate of a communication system is 
determined by the time interval between 
pulses. Interactions involving the direct 
overlap of pulses have been studied and 
it was found that the interaction force 
between neighbouring solitons decreases 
exponentially with their separation, and 
changes sinusoidally as a function of the 
relative phases. Solitons are also influen­
ced by other factors such as the initial fre­
quency spectrum broadening (chirp) of 
pulses, higher-order nonlinear and disper­
sive terms, etc. A pulse separation of ≈ 10 
pulse widths was found to be sufficient to 
allow short-range interactions between 
solitons to be neglected.

However, Smith and Molenauer have 
recently discovered an interaction bet­
ween two periodic trains of 55 ps solitons 
shifted in time by several dozens of soliton 
widths — a so-called long-range interac­
tion — a theory for which has been de­
veloped in the General Physics Institute, 
Moscow, and is in good agreement with 
the experimental results. According to this 
theory, an optical soliton excites, through 
electrostriction, acoustic waves which 
propagate in a direction transverse to the 
fibre axis. This leads to a temporal pertur­
bation of the fibre's refractive index and 
trailing optical solitons become phase 
modulated and change carrier frequency. 
Overall, there is an additional shift in time 
of the solitons, i.e., the solitons interact.

Long-range soliton interaction decrea­
ses strongly on decreasing the fibre dis­
persion (as the square of the dispersion). 
Dispersion must nevertheless be taken 
into account when estimating the ulti­
mate bandwidth of a soliton communica­
tion system.

Soliton transmission experiments
Successful experiments on soliton data 

transmission over distances above 100 
km have been carried in a number of coun­

tries in recent years. Semiconductor lasers 
were used as the soliton source and the 
solitons were amplified periodically using 
Er-doped fibre amplifiers: the soliton 
width lay in the range 10-75 ps and the 
transmission rate at some 4-20 Gbit/s.

It is worthwhile to note the experiment 
by Mollenauer et al. in which 50 ps soli­
tons were transmitted in a 75 km recircu­
lating loop consisting of three 25 km 
lengths of fibre interspersed with three 
2.2 m long Er-doped fibre amplifiers. They 
achieved transmission over 9000 km for 
bit rates up to 4 Gbit/s, thus demonstra­
ting the practicality of essentially error- 
free transmission over trans-oceanic dis­
tances at multigigabit per second rates.

Conclusions
Ten years have passed since the first 

experimental demonstration of the pro­
pagation of optical solitons in low-loss 
fibres. Many substantial scientific investi­
gations mounted since then in different 
countries have resulted in viable soliton- 
based communication systems. It seems 
likely that another ten years will see opti­
cal solitons carrying information in a fibre- 
optic loop around the world.
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