
the principal experiment, the on:off contrast ratio was lim
ited to ~5:1 because of stabilization problems, polariza
tion dispersion in the fiber, and imperfect polarizers. 

The contrast ratio was improved to ~40:1 , while re
taining gains up to 40dB, at similar power levels in a sec
ond device, the Modulation Instability Polarization Rota
tion Switch (MIPRS) 2. This switch is similar to the MIFIS, 
except that the interferometer is replaced by polarization 
effects in fibers. Polarization rotation improves the con
trast ratio and reduces the complexity of the set-up. 

In the MIPRS, the C C L pump pulses and cw SCL signal 
are combined using a beam splitter and then coupled into 
a single-mode, non-polarization maintaining fiber. At the 
output of the fiber, a quarter wave plate and polarizer are 
adjusted to null the pump output when the SCL signal is 
absent. When the signal is introduced, large gains are ob
served due to the wavelength dependent beat length in the 
fiber. Note that the MIPRS can be easily made into an all-
fiber device by replacing the input beam splitter with a 3 
dB coupler and replacing the output analyzer with in line 
polarization adjuster and fiber polarizers. 

In summary, we have shown that three-terminal fiber 
switches can be made near 1.5µm with high gains and 
ultrafast speed-of-response. M I provides the gain, and the 
contrast ratio is achieved using either an interferometer 
(MIFIS) or polarization rotation effects (MIPRS). Also, 
since ordinary non-polarization maintaining, single mode 
fibers are used in the MIPRS, the fiber length can be made 
L=1/α, thereby reducing the power requirements to the 
point of pumping with semiconductor lasers. Such devices 
may be important for applications that require ultrafast, 
all-optical switching or modulation, but which can toler
ate latency. 
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ALL-OPTICAL REPEATER 
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L ightwave communications systems today rely on elec
tronic devices to perform the necessary signal process

ing. This is nowhere more evident than in the commercial 

optical repeater in which the only two optical components 
are a photodetector and an injection laser. With the ad
vent of photonic integrated circuits, future systems could 
use "all-optical" repeaters to process signals optically. The 
advantages of this all-optical repeater include simplicity 
(no need to convert from optical to electrical signals and 
back again) and potential high speed.1 

The three main functions of any optical repeater are to 
retime, reshape, and amplify incoming optical signals. The 
retiming and reshaping are necessary when restoring data 
streams that exhibit jitter and pulse distortion caused by 
transmission impairments. In contrast, an optical amplifi
er only boosts signal levels to compensate for transmission 
losses. 

Recently, scientists at Bell Laboratories successfully 
combined all the functions of signal regeneration in an all-
optical repeater composed of only three active devices—a 
cw pump semiconductor laser and two self-electro-optic 
effect devices (SEEDs) 2. Within the optical circuit, optical 
signals were not only amplified, but also were retimed by 
internally generated optical clock pulses that were syn
chronized to the data stream. Earlier attempts at all-opti
cal repeaters such as the bistable semiconductor laser3, 
lacked a means of producing the optical clock pulses need
ed to retime the data. This key function—optical clock 
recovery—has now been demonstrated through injection-
locking a SEED optical pulse generator to the data 
stream's signalling rate. 

The versatility of the SEED as an optical circuit compo
nent arises from the strong coupling of its electrical and 
optical properties through the quantum confined Stark ef
fect in quantum wells 4. By this effect, the absorption peaks 
of quantum-well excitons shift with externally applied 
electric fields. The SEED, a PIN photodiode with quantum 
wells in the intrinsic region, exhibits negative differential 
resistance when illuminated by light whose photon energy 
is slightly greater than the exciton absorption peak. That 
is, less light is absorbed as the photodiode's reverse bias 
voltage is increased. The output optical signal is then the 
unabsorbed light that passes through the photodiode. If 
the device is biased through an inductor-capacitor resona
tor, the circuit oscillates, thereby transmitting some of the 
incident cw light as a train of light pulses. If the resonant 
circuit is replaced with a current source, the SEED be
comes optically bistable with a threshold level set by the 
bias current. This bistable device is used as the decision 
circuit in the all-optical repeater. 

In the Bell Laboratories optical repeater experiment, the 
two SEEDs were made with A lGaAs/GaAs quantum 
wells, designed to operate in the 0.85 µm wavelength re
gion. The SEEDs were 70 µm long slab waveguide struc
tures with a 6-to-1 contrast ratio between the high and 
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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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EXPERIMENTAL OBSERVATION OF 
T H E FUNDAMENTAL DARK OPTICAL 

SOLITON 
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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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