By Linn F. Mollenauer

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.

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 Widemouth, England, and
Pennmarch, France, is scheduled
to begin service in 1988. A transpa-
cific cable is soon to follow. These
developments are especially re-
markable, given that the first low
loss (<1 dB/km) fibers were pro-
duced little over a decade ago.
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B ecause of their ability to han-

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 continuing along the next
span of fiber. But electronic re-
peaters limit rates to ~1 Gbit/sec
or less per channel. Furthermore,
the use of multiple channels, or
wavelength multiplexing, is diffi-
cult and cumbersome, as the de-
multiplexing/multiplexing must
be performed at each repeater.,
Thus, the only sensible 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 all optical system is
gain to overcome the fiber losses.
Lumped amplifiers have been
suggested, but there is a better
way—that is, to make the fiber it-
self a distributed amplifier,
through use of the stimulated Ra-
man effect. In particular, silica
glass fibers exhibit a broad Raman
gain band, peaking at a frequency
about 450 cm ™! 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 “amplifica-
tion period”) along the fiber, by
means of directional couplers. The
wavelength-dependent couplers
provide for efficient injection of
the pump power, but allow the sig-
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FIGURE 1. Segment of all-optical soliton-based system. Single laser di-
odes are shown here at each coupler, but 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.



nal pulses to continue down the
main fiber with little loss. A sys-
tem may contain as many as 100 or
more amplification periods.

In the system of Fig. 1, loss at
the pump wavelength makes the
Raman gain nonuniform within
each amplification period. Never-
theless, the signal pulse energy
fluctuations can be surprisingly
small. Figure 2 shows gain and sig-
nal energy for L = 40 km and low-
loss single-mode fiber. (The loss
figures 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 pump intensity) such that
there is no net signal gain or loss
over the period. (That is, the inte-
gral over the period of the net
gain/loss coefficient a.¢ 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 énergy would be lost in just
one period.

Of equal importance to the need
to overcome fiber loss is the need
to counteract the tendency of the
fiber’s dispersion to broaden
pulses. Solitons are the solution to
that problem.! Briefly stated, the
soliton is a pulse of the proper
shape (sech? 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 “critical” power for the
soliton, there is nothing critical
about its creation: if the pulse
shape or power are at first not
quite right, the pulse will simply
reshape itself until it becomes a
soliton. Thus, within a certain
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 kilometers has been well
verified experimentally.2-3

A question of prime importance
here is just how well the solitons
(normally considered to be of con-
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FIGURE 2. (a) Coefficients of loss (—a,) and Raman gain (a,) and their
algebraic sum (a.g) 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
n = ng+ nol, (1)

where I is the intensity in W/em? and n, = 3.2 X 107'® em%W for
quartz glass. When effects of the nonlinearity are included, pulse
propagation in the fiber is governed by the nonlinear Schrodinger
equation:

ou 1d%u

+ lulPu — ilu, (2)
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where all quantities are in dimensionless form. In particular, u is the
pulse envelope function, £ is z measured in units of 2zy/w (see Eq. 4),
s is time as perceived by an observer moving with the pulse, mea-
sured in units related to the pulse width, and I' corresponds to aeg
times zo¢/m. In Eq. 2, the first term on the right describes the effects of
dispersion, while the second is derived from the index nonlinearity.

For a fiber with negligible gain or loss (I' = 0), the soliton is the
special solution

u(t, s) = sech(s)e'??, 3)
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 um, through control of the fiber core size
and other parameters. Solitons are possible only in the region D > 0
(dvon < 0).
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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/z,. (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, is to the far right,
while the region of “small” z, is to the far left.
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stant energy) will stand up to the
periodically varying pulse energy
in the system of Fig. 1. Direct nu-
merical solution of the nonlinear
Schrédinger equation has provid-
ed the answer.45 To discuss the re-
sults, however, it is necessary to
introduce the quantity z,, which
represents the distance a mini-
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 7 (full width at half maxi-
mum) in picoseconds, group veloc-
ity dispersion parameter D
(change in pulse delay with
change in wavelength, per unit fi-
ber length) in psec/nm/km, and for
A = 1.55 pm (2 scales with A72), zo
in kilometers is given by the ex-
pression

2
20 = 0.39 D 4)

For similar wavelengths, and for
silica core fibers, the practical
range of D is about 2 to 16
psec/nm/km (see Fig. 3). (In prin-
ciple, D can be made arbitrarily
close to zero, but in practice, small
but uniform D is hard to produce.)
For that range of D, and for pulse
widths ~5-25 psec, zy 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 amplification period,
graphed as a function of the param-
eter L/zo. 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
zo0 = L/8, corresponds to resonance
between the soliton’s phase term
(see Eq. 3 in box) and the periodic
pulse energy variation. Note the
excellent recovery of the soliton
for zo both long and short with re-
spect to the resonance value.
Nevertheless, the region of
“long” z is the one of practical in-
terest here. First, it allows the soli-
ton peak power, P, to be just a few



milliwatts, as opposed to the great-
er power required for short zy. (P,
is inversely proportional to zg; see
Fig. 5.) Depletion 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 zy 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 =xpected to continue indefinite-
ly. Furthermore, modest lumped
losses, such as from couplers,
should have negligible effect as
long as they, too, are canceled out
by Raman gain.

The question is often raised,
why not simply propagate the sig-
nals at Ay, the wavelength where
the dispersion passes through
zero? (See Fig. 3.) For one reason,
that scheme would not allow for
wavelength multiplexing, because
Ao corresponds to just one wave-
length, More fundamentally, for
pulses of reasonable power, the
combination of dispersion terms of
higher order and index nonlinear-
ity leads to severe pulse distortion
and broadening in long fibers.®
Thus, the soliton is the stable
pulse.

The maximum propagation dis-
tance will therefore be limited not
by instability of the solitons, but
by the accumulated 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 emission.>” The
corresponding random (Gaussian)
distribution in pulse arrival times
can lead to significant error if 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 typical arrangement, the
pulses are initially spaced apart by
about 10 pulse widths (see Fig. 6).
In the first place, this.is done to

1000

500

200

P, (mW)

100

20 |

10 L—

FIGURE 5. Soliton peak power versus z, for various effective values of

the fiber core area.
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FIGURE 6. (a) Train of pulses in their normal (initial) relative positions.
(b) Detection window and corresponding Gaussian probability density
of pulse arrival times for an error rate of 1072,

avoid possible interaction 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.” For exam-
ple, for an assumed error rate of
107%, for D = 2 psec/nm/km, and
for reasonable values of the other
pertinent fiber parameters, the
rate-length product is ~29,000
GHz—km. Thus, for example, for a
4-GHz bit rate (250-psec spacing
between 25-psec wide pulses), the
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maximum allowable 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, pulses at different wave-
lengths will have different veloci-
ties and will pass through each
other. Hence, it is necessary to
consider the possible effects of so-
liton-soliton collisions. Computer
simulation has shown5 that the col-
liding pulses modulate each oth-
er’s velocities, thereby adding a
second source of random pulse ar-
rival times. But the effect scales in-
versely with the square of the fre-
quency difference between 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® of system de-
sign, with and without multiplex-
ing, are summed up in Table 1.
Note that the values of z, fall well
to the right of the resonance peak
in Fig. 4. Note also that the best
approach is to use the combination
of many channels at a modest rate
per channel. (Compare 2b or 2¢
with 1b.) In addition to producing
the highest overall rate-length
product, that approach puts the
major burden for separating sig-
nals on simple optics, rather than
on ultrafast electronics. But above
all, note the tremendous overall
rates made possible by the all-opti-
cal nature of the systems: in one
instance, the rate is ~106 GHz, or
about 2 orders of magnitude great-
er than possible with conventional
systems!

Additional 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. Addi-
tionally, the system is amenable to
the distribution of information
over a network, since taps bleed-

46 OPTICS NEWS = MAY 1986

TABLE 1. Design examples of high-bit-rate, soliton-based, all-optical
systems.

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

Design No. zg(km) 7 (psec) P;(mW) Z((km) N NR(GHz)
la 30 12.3 10 3600 1 8.1
1b 2860 5 40.5
2a 100 22.6 3 6600 1 44
2b 5200 10 44
2c 3000 24 106

The numbers in this table were derived as follows: Choice of D and
%0 serve to fix 7, through (4), and also P;. The single channel bit rate R
= 1/(107), consistent with a spacing of 107 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 2¢, 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.

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 still the
overall cost would be much less.
One excellent candidate here is
the fiber Raman soliton laser—a
pulse-pumped, closed loop of fiber
producing minimum bandwidth
pulses of just the shape required
for the soliton-based communica-
tions system.®

The ideas outlined here will
soon be given experimental test in
a closed loop of fiber whose length
will correspond to one amplifica-
tion period in a real system. Pulses
will be injected into the loop,
where, as solitons, they will circu-
late many times. If those experi-
ments are successful, the day of
the elegantly simple, all optical
communications system cannot be

far off.

LINN F. MOLLENAUER is a mem-
ber of the technical staff at AT&T
Bell Laboratories, Holmdel, N.].

This article is based on his invited
talk at the 1985 OSA Annual Meet-

ing.

References

1. A. Hasegawa, “Amplification and re-
shaping of optical solitons in glass fi-
bers-1V,” Opt. Lett. 8, 650 (1983).

2. L.F. Mollenauer, R.H. Stolen, and J.P.
Gordon, “Experimental observation of
picosecond pulse narrowing and soli-
tons in optical fibers,” Phys. Rev. Lett.
45, 1095 (1980). Also see L.F. Mollen-
auer, “Solitons in optical fibers and the
soliton laser,” Phil. Trans. R. Soc. Lond.
A315, 437 (1985).

3. L.F. Mollenauer, R.H. Stolen, and M.N.
Islam, “Experimental demonstration of
soliton propagation in long fibers: loss
compensated by Raman gain,” Opt.
Lett. 10, 229 (1985).

4. A. Hasegawa, “Numerical study of opti-
cal soliton transmission amplified peri-
odically by the stimulated raman pro-
cess,” App. Opt. 23, 3302 (1984).

5. L.F. Mollenauer, J.P. Gordon, and M.N.
Islam, “Soliton propagation in long fi-
bers with periodically compensated
loss,” IEEE J. Quantum Electron. QE-
22, 157 (1986).

6. G.P. Agrawal and M.]. Potasek, “Nonlin-
ear pulse distortion in single-mode opti-
cal fibers at the zero-dispersion wave-
length,” Phys. Rev. A33, 1765 (1986).

7. J.P. Gordon and H.A. Haus, Opt. Lett.
(to be published).

8. M.N. Islam and L.F. Mollenauer, un-
published. Also see L.F. Mollenauer
and R.H. Stolen, “The soliton laser,”
Opt. Lett. 9, 13 (1985).



