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low transmission states when operated either as an oscilla
tor or a bistable switch. Light from a 10 mW cw AlGaAs 
semiconductor laser pumped the SEED oscillator. The in
put optical signal to the regenerator came from a transmit
ter laser that was modulated at 5 kilobits/sec in a return-
to-zero (RZ) format. 

At the input to the optical repeater, the optical signal 
was divided into two beams. One of the beams was fo
cussed into the SEED oscillator chip to injection-lock its 
oscillations. The output light pulses from this clock recov
ery stage were therefore frequency and phase locked to the 
timing component of the signal. These clock pulses and 
the remaining signal beam were focussed into the bistable 
SEED. This bistable SEED transmitted the clock pulses ex
cept when they coincided with a high signal level, then the 
device momentarily switched into a low transmission 
state. The output of this optical decision circuit was an 
amplified, but inverted and retimed version of the original 
optical signal. A net signal gain of 2 dB was achieved in 
this fully regenerative optical repeater. 

SEED optical oscillators and bistable switches can be 
used in applications other than transmission systems. In
deed, various forms of the bistable SEED have been inten
sively studied as possible logic elements in optical comput
ers. Even the optical repeater might appear as a phase 
aligner in a large-scale computer, resynchronizing optical 
signals originating from different parts of the computer. 
Demonstrations like the all-optical repeater highlight the 
utility of all-optical circuits and their ability to perform 
complex tasks normally relegated to electronic devices. 
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In recent years, optical fibers have been shown to be 
almost ideal media for the study of nonlinear optical 

phenomena and for the exploitation of those phenomena. 
An important focus for this work has been to explore the 
ultimate limits on the information capacity of optical fi
bers. Nonlinear effects in fibers have been used to produce 
the world's shortest optical pulses (6 fsec), using pulse 
compression techniques;1 and to propagate 55 psec opti
cal pulses through 4000 km of fiber, using a combination 
of nonlinear soliton propagation, to limit pulse spreading, 
and Raman amplification, to overcome losses.2 These ap
plications require simple bright pulses. However, while 
analogous dark-pulse phenomena were predicted 15 years 
ago,3 it is just within the past year that refined techniques 
for shaping fsec optical pulses have made it possible to 
observe the propagation of dark optical solitons. 

Optical solitons in fibers are pulses that propagate with
out change in pulse shape or intensity, because, for appro
priate combinations of pulse shape and intensity, the ef
fects of the nonlinear refractive index of the fiber exactly 
compensate for the pulse spreading effects of its group ve
locity dispersion (GVD). 3 For negative G V D (which oc
curs in common single-mode fibers for wavelengths >1.3 
µm), the solitons are bright pulses and have been studied 

extensively over the past 10-15 years. 
For positive G V D , the solitons are dark pulses—a short 

decrease or dip in the intensity of a constant (cw) back
ground—with an antisymmetric phase function.3 In the 
limiting case in which the intensity dips to zero at the cen
ter of the dark pulse (referred to as the fundamental dark 
soliton or a black soliton), the pulse has an abrupt Π phase 
jump at its center. With the new pulse shaping techniques, 
it is now possible to generate the required input pulses to 
observe the propagation of these dark solitons. 

With a pulse shaping technique developed at Bellcore, 
researchers have been able to generate high-contrast dark 
pulses with a π phase jump at the center, and they recently 
made the first observation of the propagation of the fun
damental black-soliton (see figure).4 The pulse-shaping 
technique makes use of amplitude and phase transmission 
masks to tailor the amplitudes and phases of the various 
spectral components of short (75-fsec) pulses from a dye 
laser. Dark pulses 185 fsec wide, with or without a Π 
phase jump, on 1.8-psec background pulses, were generat
ed and propagated through single-mode fibers. In both 
cases, the experimental results were in excellent quantita
tive agreement with the results of numerical solutions of 
the nonlinear Schroedinger equation (NLSE). 

The propagation of dark pulses without phase jumps 
was also studied by a group at IBM that generated 300 
fsec dark pulses in 100 psec background pulses by using 
their light controlled optical fiber modulator. 5 In this 
modulator, the optical Kerr effect in a fiber causes a short 
bright pulse to convert a short section of the background 
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Experimental (dots) and calculated (solid) cross-correla
tion data on the propagation of antisymmetric dark 
pulses, superimposed on finite-width background pulses, 
in a single-mode optical fiber.4 Part (A) shows the input 
pulse, and parts (B)-(E) show the output pulses for peak 
input powers of 1.5 W, 52.5 W, 150 W, and 300 W, re
spectively. Note that for low intensities the dark pulse 
spreads to several times its original width, but for the 
highest power level the dark pulse has maintained its 
width and contrast during its propagation through the 
fiber. 

pulse to the orthogonal polarization, which is then elimi
nated by a polarizer. The dark pulse without a phase jump 
is not a soliton, and the IBM researchers found that it 
splits into a complementary pair of dark pulses. Using nu
merical solutions of the NLSE, they showed that this is the 
expected behavior for such even input pulses, and that the 
resulting two dark pulses are low-contrast (gray) solitons. 

For background pulses only a few times wider than the 
dark pulse, the background will spread significantly as it 
propagates down the fiber (thus reducing its peak intensi
ty), and will develop a substantial frequency chirp. Using 
numerical simulations, the Bellcore group has investigated 
this phenomenon and shown that the dark solitons are 
extremely stable and maintain their soliton characteristics 
even with a rapidly evolving background.6 This stability is 
reassuring for possible applications of dark soliton phe
nomena, although specific applications have yet to be pro
posed. 
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R esearchers at A T & T Bell Laboratories have demon
strated the transmission of soliton pulses over many 

thousands of kilometers of fiber path without the use of 
electronic regeneration.1 Instead, Raman gain from pump 
light periodically injected along the fiber cancelled the nor
mal fiber loss, so that the non-dispersive solitons (based on 
index nonlinearity) could maintain both their strength and 
width throughout the entire trip. This achievement is 
thought to foreshadow the development of all-optical long 
distance transmission systems featuring ultra high bit rates 
and high reliability. 2 , 3 

In the first experiments, a train of 55 ps soliton pulses 
was recirculated many times around a closed 41.7 km 
length of low loss (0.22 dB/km at 1600 nm), single mode 
fiber closed on itself with an all-fiber version of a Mach-
Zehnder interferometer. The interferometer allowed for 
efficient input of Raman pump light (several hundreds of 
mW cw at 1497 nm), while allowing all but a small sam
ple of the signal light (at 1600 nm) to continue to circulate 
around the loop. The pump power, and hence the Raman 
gain, was precisely controlled, such that the signal strength 
was accurately maintained, even after 100 or more trips 
around the loop. 

The sample of signal light exiting the loop after the Nth 
round trip was detected by an ultrafast diode, whose out
put was in turn fed to a microwave spectrum analyzer. 
The pulse shape in time was then inferred from the spec
trum of the pulse train. 
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