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Block diagram of 16 Gb/s demultiplexer and associated 
electronics. The heavy lines represent optical (fiber) sig
nal paths. 

shown in the figure. The incoming pulses are fed into a 
L iNbO 3 waveguide switch, which demultiplexes the signal 
to two 8-Gb/s streams. The two streams are further de
multiplexed in two additional switches to give four signals 
at 4 Gb/s. These signals are then detected by conventional 
APD-FET optical receivers. The insets show the waveform 
of the incoming 16 Gb/s stream and the waveform of one 
of the demultiplexed signals after passing through the re
ceiver. The measured error rate of the complete system 
was less than 10 - 9 . 

The 16 Gb/s time-division multiplexed experiment 
highlights the potential of high-speed optical switching. 
The techniques used in the present experiment should play 
an important role in the next generation of lightwave 
switching and transmisssion systems. 
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A ll-optical photonic switching and signal processing 
devices are being developed to exploit the speed and 

bandwidth advantages of fiber optics. Photonic devices 
can be divided into two catergories: highly parallel devices 
for complex tasks that may be slow, and ultrafast simple 
devices for serial processing. For example, manipulation 
of large data arrays can be implemented by parallel de

vices while the front and back end of communication sys
tems require devices in the second category to handle high-
bit-rate data streams. 

For the ultrafast applications, fibers themselves are an 
attractive medium in which to do the switching. For a 
fused silica fiber, the response time of the nonlinearity is 
about 6 femtoseconds (10 - 1 5sec). A figure of merit for 
nonlinear optical devices is n2/α, where n2 is the nonlinear 
index coefficient and a is the absorption coefficient. In fi
bers, this ratio is favorable because of the small value of α. 
Also, because of the excellent guiding properties of fibers 
and the low loss near 1.5 μm, long length of fibers can be 
used, thereby reducing the power requirements. Although 
long length of fibers introduces a latency (delay between 
the inputs and outputs), the fast response times permit use 
of a pipelined architecture. Furthermore, there exists a ma
ture fiber technology that can be exploited if devices are 
made out of fibers. 

In addition to the speed requirements, signal processing 
also requires devices with small signal gain where a small 
signal controls a much larger input. For example, an elec
tronic transistor has gain because a small base current 
controls the flow of a much larger emitter to collector cur
rent. Cascaded system require this gain so that the output 
from one device can fan-out to several other devices. 

At A T & T Bell Laboratories, we have demonstrated var
ious types of active, high gain, fiber switches that are 
based on modulation instability (MI). M I is the tendency 
of a broad pulse to break up into a train of narrower 
pulses (called solitons). In M I , a signal or perturbation 
grows through the interplay between anomalous (> 1.3 

μm) group velocity dispersion and the fiber nonlinearity. 
M I is an attractive amplifier because its speed of response 
is virtually instantaneous, and it provides unidirectional 
gain, so that feedback from the output is not harmful. 

As a first example, we demonstrated the Modulation 
Instability based Fiber Interferometer Switch (MIFIS)1, an 
ultrafast, all-optical fiber switch with more than 40 dB of 
small signal gain. The device operates near 1.5 μm, coin
ciding with the minimum loss region in silica fibers. The 
MIFIS is a "three-terminal" device (pump, signal, and out
put ports), in which fluctuations in the pump do not give 
rise to an output. In the MIFIS, weak cw light from a 
semiconductor laser (SCL) gates pulses from a color center 
laser (CCL) through a fiber Mach-Zehnder interferome
ter. The C C L pump beams (P ~ 3W) enter both arms of 
the balanced interferometer, and the phases are adjusted 
to obtain a nulled output. 

When ≥ 4μW of SCL power is injected into one arm, 
induced modulation instability (MI) severely distorts the 
optical wave in that arm, thereby destroying the interfer
ometer null. Unfortunately, in this first demonstration of 
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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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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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