
The future of fiber 
communications: solitons 
in an all-optical system 

In an "all optical" fiber sys
tem—one without electron
ic repeaters—a single fiber 
could transmit as much as 
100 Gbit/sec over thousands 
of kilometers. Such perfor
mance would be obtained 
by using optical gain to 
overcome fiber loss and by 
transmitting the signals as 
nonspreading, soliton 
pulses. 

Because of their abil ity to han
dle large amounts of informa
tion at low cost, optical fibers 

are rapidly taking over in telecom
munications. Signals race up and 
down the Boston-New York-Wash
ington corridor on bundles of fi
bers, with each fiber carrying hun
dreds of megabits per second, and 
the network is now being extend
ed across the midwest and on to 
California. A 3400-km long, 400-
Mbit/sec system links major Japa
nese cities. The first transatlantic 
fiber cable, from Tuckerton, N.J., 
to W i d e m o u t h , E n g l a n d , and 
Pennmarch, France, is scheduled 
to begin service in 1988. A transpa
cific cable is soon to follow. These 
developments are especial ly re
markable, given that the first low 
loss (<1 dB/km) fibers were pro
duced little over a decade ago. 

As marvelous as the present sys
tems are, however, they still use 
but a tiny fraction of the potential 
information carrying capacity of 
optical fibers. That is, in a conven
tional system, the optical signals 
are detected and electronically re
generated every 20 to 100 km be
fore c o n t i n u i n g a long the next 
span of f iber. But electronic re
peaters l imit rates to ~1 Gbit/sec 
or less per channel. Furthermore, 
the use of mul t ip le channels, or 
wavelength mult iplexing, is diffi
cult and cumbersome, as the de
mu l t i p lex ing /mu l t i p lex ing must 
be per formed at each repeater. 
Thus , the on ly sens ib le way to 
achieve higher bit rates is by al
lowing the signals to remain strict
ly optical in nature. 

Clearly, one necessary ingredi
ent of such an al l optical system is 
gain to overcome the fiber losses. 
L u m p e d amp l i f i e rs have been 
suggested, but there is a better 
way—that is, to make the fiber it
se l f a d i s t r i bu ted amp l i f i e r , 
through use of the stimulated Ra
man effect. In par t icu lar , s i l i ca 
glass fibers exhibit a broad Raman 
gain band, peaking at a frequency 
about 450 c m - 1 lower than that of 
the pump. Figure 1 shows a sys
tem based on such Raman gain, 
where cw pump power is injected 
at every distance L (the "amplif ica
tion period") along the fiber, by 
means of directional couplers. The 
wavelength-dependent couplers 
provide for efficient inject ion of 
the pump power, but al low the sig-

FIGURE 1. Segment of all-optical soliton-based system. Single laser di
odes are shown here at each coupler, hut the required pump power, 
~50 to 100 mW, would best be supplied by a battery of, say, a dozen 
lasers, each tuned to a slightly different wavelength, their outputs com
bined through a diffraction grating. In this way, stimulated Brillouin 
back scattering can be avoided. The multiplicity of pump lasers would 
also provide a built-in, fail-safe redundancy. 
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nal pulses to continue down the 
main fiber wi th little loss. A sys
tem may contain as many as 100 or 
more amplification periods. 

In the system of F ig . 1, loss at 
the pump wavelength makes the 
Raman gain nonun i fo rm w i t h i n 
each amplification period. Never
theless, the signal pulse energy 
fluctuations can be surpr is ingly 
small. Figure 2 shows gain and sig
nal energy for L = 40 km and low-
loss single-mode fiber. (The loss 
f igures assumed there are now 
routinely attained in production fi
bers.) The result of bidirectional 
pumping, the Raman gain is the 
sum of two decaying exponentials 
and is adjusted (through control of 
the p u m p in tens i ty) such that 
there is no net signal gain or loss 
over the period. (That is, the inte
gral over the per iod of the net 
gain/loss coefficient αeff is zero.) 
Note that with the Raman gain, the 
signal pulse energy varies by no 
more than about ±8%, whereas 
without it, more than 80% of the 
signal energy would be lost in just 
one period. 

O f equal importance to the need 
to overcome fiber loss is the need 
to counteract the tendency of the 
f iber 's d i spe rs i on to b roaden 
pulses. Solitons are the solution to 
that problem. 1 Briefly stated, the 
sol i ton is a pu lse of the proper 
shape (sech2 intensity envelope) 
and critical peak power, such that 
effects of index nonlinearity exact
ly cancel dispersive broadening 
(see box). 

Nevertheless, despite the exis
tence of a "cr i t ica l" power for the 
soliton, there is nothing cr i t ical 
about its creat ion: i f the pu lse 
shape or power are at f irst not 
quite right, the pulse w i l l simply 
reshape itself unti l it becomes a 
so l i ton. T h u s , w i t h i n a cer ta in 
wide range of peak intensities, so
liton formation is not to be avoid
ed. The existence of fiber solitons 
and their stable transmission over 
many k i lometers has been w e l l 
verified experimental ly. 2 , 3 

A question of prime importance 
here is just how wel l the solitons 
(normally considered to be of con-

FIGURE 2. (a) Coefficients of loss (-αs) and Raman gain (αg) and their 
algebraic sum (αeff) for an amplification period L = 40 km. (b) The cor
responding normalized pulse energy. 

Fiber nonlinearity and solitons 
The fiber is nonlinear, that is, its index can be written as 

where 7 is the intensity in W / c m 2 and n2 = 3.2 x 1 0 - 1 6 cm 2 /W for 
quartz glass. When effects of the nonlinearity are included, pulse 
propagation in the fiber is governed by the nonlinear Schrödinger 
equation: 

where all quantities are in dimensionless form. In particular, u is the 
pulse envelope function, ξ is z measured in units of 2 z 0 / π (see E q . 4), 
s is time as perceived by an observer moving with the pulse, mea
sured in units related to the pulse width, and Γ corresponds to α e f f 

times z0/π. In E q . 2, the first term on the right describes the effects of 
dispersion, whi le the second is derived from the index nonlinearity. 

For a fiber with negligible gain or loss (Γ ≡ 0), the soliton is the 
special solution 

a pulse of constant amplitude, shape, and width. 
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FIGURE 3. Curves of the group velocity dispersion parameter, D, versus 
wavelength, for both a "normal" and a typical "dispersion-shifted" fi
ber. The wavelength of zero dispersion can be made to have any de
sired value greater than ~1.3 µm, through control of the fiber core size 
and other parameters. Solitons are possible only in the region D > 0 
( vg/ λ < 0). 

FIGURE 4. Computed change in pulse area (a measure of pulse distor
tion) obtaining at the end of one amplification period L = 40 km for a 
perfect soliton launched at input, versus the quantity L/Z0. (For other 
values of L, only the resonance peak height changes; its location re
mains the same. 5 Note that the region of "large" z 0 is to the far right, 
while the region of "small" z 0 is to the far left. 

stant energy) w i l l stand up to the 
periodically varying pulse energy 
in the system of F ig . 1. Direct nu
merical solution of the nonlinear 
Schrödinger equation has provid
ed the answer. 4 , 5 To discuss the re
sults, however, it is necessary to 
introduce the quantity z0, which 
represents the distance a m i n i 
mum bandwidth pulse must travel 
along the fiber (in the absence of 
nonlinear effects) to be broadened 
by a factor of about 2. For pulse 
width Τ (full w id th at hal f maxi
mum) in picoseconds, group veloc
i ty d i spe rs i on parameter D 
(change in pu l se de lay w i t h 
change in wavelength, per unit fi
ber length) in psec/nm/km, and for 
λ = 1.55 μm (z 0 scales with λ - 2 ) , z 0 

in kilometers is given by the ex
pression 

For similar wavelengths, and for 
s i l i ca core f ibers , the prac t ica l 
range of D is about 2 to 16 
psec/nm/km (see F ig . 3). (In prin
c ip le, D can be made arbitrari ly 
close to zero, but in practice, small 
but uniform D is hard to produce.) 
For that range of D, and for pulse 
widths ~ 5 - 2 5 psec, z0 can range 
from less than 1 to over 100 km. 

Figure 4 shows a principal re
sult of the calculations of Ref. 5, 
the pulse distortion obtained at the 
end of one ampl i f icat ion per iod, 
graphed as a function of the param
eter L /z 0 . Here the change, 8S, of 
pulse area from its normalized val
ue of unity, is used as a measure of 
the pulse distortion from a true so
liton. (S is the integral of the abso
lute value of the pulse amplitude 
envelope function with respect to 
time.) The peak in 8S, occurring at 
z0 L/8, corresponds to resonance 
between the soliton's phase term 
(see E q . 3 in box) and the periodic 
pulse energy variation. Note the 
excel lent recovery of the soliton 
for z0 both long and short with re
spect to the resonance value. 

Neve r the less , the reg ion of 
" l ong" z 0 is the one of practical in
terest here. First, it allows the soli
ton peak power, P1, to be just a few 
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FIGURE 5. Soliton peak power versus z0 for various effective values of 
the fiber core area. 

FIGURE 6. (a) Train of pukes in their normal (initial) relative positions. 
(b) Detection window and corresponding Gaussian probability density 
of pulse arrival times for an error rate of 10-9. 

milliwatts, as opposed to the great
er power required for short z0. (P1 

is inversely proportional to z 0 ; see 
F i g . 5.) Dep le t ion of the Raman 
pump power by the signals them
selves then becomes negligible, as 
required for stable gain, indepen
dent of the signals. Second, the so
liton pulses are exceptionally sta
ble for long z0. For example, the 
calculations of Refs. 4 and 5 show 
negligible increase in pulse distor
tion after 50 or more amplification 
periods, and such stable behavior 
is expected to continue indefinite
ly. Furthermore, modest lumped 
losses, such as f rom coup le rs , 
should have negl ig ib le effect as 
long as they, too, are canceled out 
by Raman gain. 

The quest ion is often ra ised, 
why not simply propagate the sig
nals at λ0, the wavelength where 
the d i spe rs ion passes th rough 
zero? (See F ig . 3.) For one reason, 
that scheme would not al low for 
wavelength mult iplexing, because 
λ0 corresponds to just one wave

leng th More fundamental ly, for 
pulses of reasonable power, the 
combination of dispersion terms of 
higher order and index nonlinear¬
ity leads to severe pulse distortion 
and broaden ing i n long f ibers . 6 

T h u s , the so l i ton is the stable 
pulse. 

The maximum propagation dis
tance w i l l therefore be l imited not 
by instability of the solitons, but 
by the accumu la ted effects of 
noise. The most serious of those 
effects arises from random modula
tion of the pulse frequencies (and 
hence of their velocities) by Ra
man spontaneous emiss ion. 5 , 7 The 
corresponding random (Gaussian) 
distribution in pulse arrival times 
can lead to significant error i f the 
path is long enough. (Provided the 
gain is always held close to unity, 
the Raman spontaneous emission 
itself increases only in direct pro
portion to the total path length, 
and remains negligibly small for 
many thousands of kilometers.) 

In a typ ica l arrangement, the 
pulses are init ially spaced apart by 
about 10 pulse widths (see F ig . 6). 
In the first place, this is done to 

avo id poss ib le in te rac t ion be
tween adjacent pulses. But it also 
helps to provide for a spread in ar
rival times; as shown in the figure, 
the detection window can be near
ly as large as the pulse separation. 
It can be shown that for fixed fiber 
characteristics, and a given error 
rate, the bit-rate system-length 

product is a constant. 7 For exam
ple, for an assumed error rate of 
1 0 - 9 , for D = 2 psec/nm/km, and 
for reasonable values of the other 
per t inent f iber parameters, the 
rate- length p roduc t is ~29 ,000 
G H z - k m . Thus, for example, for a 
4 - G H z bit rate (250-psec spacing 
between 25-psec wide pulses), the 
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TABLE 1. Design examples of high-bit-rate, soliton-based, all-optical 
systems. 

L = 40 km and D = 2 psec/nm/km 

Design No. Z0 (km) Τ (psec) P1 (mW) Z (km) N N R (GHz) 

1a 30 12.3 10 3600 1 8.1 
1b 2860 5 40.5 
2a 100 22.6 3 6600 1 4.4 
2b 5200 10 44 
2c 3000 24 106 

The numbers in this table were derived as follows: Choice of D and 
z0 serve to fix τ, through (4), and also P1. The single channel bit rate R 
= 1/(10τ), consistent with a spacing of 10τ between pulses. The system 
overall length Z = 29000/R (see text). The total wavelength span for 
multiplexing is somewhat arbitrarily set at ~20 nm, and the algorithm 
for determining N, the number of channels, is detailed in Ref. 5. In 
examples 1b, 2b, and 2c, Z is reduced, to reduce the variance in pulse 
arrival times caused by the Raman noise effect; this allows room for the 
variance caused by soliton-soliton collisions. 

maximum al lowable distance of 
transmission would be Z = 7250 
km. 

In contrast to systems involving 
electronic repeaters, the all-optical 
system is highly compatible with 
wavelength multiplexing. By vir
tue of the fiber's dispersion, how
ever , pu lses at d i f ferent wave 
lengths w i l l have different veloci
ties and w i l l pass through each 
other. Hence , it is necessary to 
consider the possible effects of so
liton-soliton collisions. Computer 
simulation has shown 5 that the col
l id ing pulses modulate each oth
er's velocit ies, thereby adding a 
second source of random pulse ar
rival times. But the effect scales in
versely with the square of the fre
quency di f ference be tween the 
pulse streams. Thus, the variance 
in arrival times can be made com
parable to or smaller than that pro
duced by the Raman noise, just by 
making the wavelength separation 
between adjacent channels great 
enough. 

A few examples 5 of system de
sign, with and without multiplex
ing, are summed up in Tab le 1. 
Note that the values of Z0 fall we l l 
to the right of the resonance peak 
in F ig . 4. Note also that the best 
approach is to use the combination 
of many channels at a modest rate 
per channel. (Compare 2b or 2c 
with lb.) In addition to producing 
the h ighest ove ra l l ra te- length 
product, that approach puts the 
major burden for separating sig
nals on simple optics, rather than 
on ultrafast electronics. But above 
al l , note the tremendous overal l 
rates made possible by the all-opti
cal nature of the systems: in one 
instance, the rate is ~106 G H z , or 
about 2 orders of magnitude great
er than possible with conventional 
systems! 

A d d i t i o n a l advantages stem 
from the high and nearly constant 
signal pulse energies. Thus, for ex
ample, the question of error from 
poor photon statistics never arises 
in the soliton-based system. Add i 
tionally, the system is amenable to 
the d i s t r i bu t i on of in fo rmat ion 
over a network, since laps bleed

ing off just a few percent or less of 
pulse energy could provide easily 
detected, low-error signals. 

Another important advantage of 
the all-optical system is that only 
two signal lasers are required per 
wavelength channel (one for each 
direction), instead of the hundreds 
required in a conventional system. 
In this way the signal lasers could 
be of higher quality, and stil l the 
overall cost would be much less. 
One excel lent candidate here is 
the f iber Raman soliton laser—a 
pulse-pumped, closed loop of fiber 
producing m in imum bandwidth 
pulses of just the shape required 
for the soliton-based communica
tions system. 8 

T h e ideas ou t l i ned here w i l l 
soon be given experimental test in 
a closed loop of fiber whose length 
w i l l correspond to one amplifica
tion period in a real system. Pulses 
w i l l be in jec ted in to the loop , 
where, as solitons, they w i l l circu
late many times. If those experi
ments are successful, the day of 
the elegantly s imple, a l l optical 
communications system cannot be 
far off. 
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