
Dominant among optical ampli-
fiers has been the erbium-doped
fiber amplifier (EDFA), and it’s

easy to understand why: EDFAs function
almost like an ideal linear amplifier. The
reason is not, as one might suppose, that
they operate far from saturation: Indeed,
since the saturation power of EDFAs is ex-
tremely low (in the order of a few hun-
dred microwatts, much lower than the
output power of the amplifier under nor-
mal pumping conditions),1 EDFAs typi-
cally operate in saturation. The reason is
rather that the stimulated lifetime of the
metastable level in a saturated EDFA is on
the order of hundreds of microseconds (a
consequence of the long spontaneous life-
time of erbium ions, 11 milliseconds),
much longer than the bit-period used for
fiber-optic transmission systems. For this
reason amplifier gain is determined by the
signal’s average power, not by its dynam-
ics over the timescale of the bit-period or
over the timescale of the beat between dif-
ferent channels of a WDM comb. Al-
though saturated, EDFAs are thus practi-
cally immune to distortion caused by in-
trachannel patterning effects (because
amplifier gain does not depend on the
particular sequence of pulses transmitted)
or by interchannel cross talk.

There are both benefits and drawbacks
associated with the fact that EDFAs oper-
ate in saturation. The main benefit is that
saturation stabilizes the average power
along the link; the main drawback is that 
a telecommunications line containing
EDFAs is unable to handle even slight
changes in signal input power that may oc-
cur in packet-switched networks.

The growth of fiber-optic communica-
tions, triggered by the success of EDFA
technology as well as by growing demand
for bandwidth, has sparked a need for op-
tical gain in applications in which EDFAs
either cannot be used or do not represent
the best choice. The bandwidth of the
EDFA’s gain is significantly smaller than
the bandwidth of the fiber, and the EDFA’s
gain is far from flat over this bandwidth.
Filters can be used to equalize gain over a
wide range of frequencies, and the erbium
fiber can be co-doped to widen EDFA
bandwidth. In spectral regions in which
erbium co-doping is not effective, the best
candidate to replace EDFAs is the Raman
amplifier, since it can be designed to pro-
duce wide-band gain everywhere in the
spectrum by properly choosing the wave-
lengths of the multiple optical pumps em-

ployed. In terms of response speed, Raman
amplifiers are at the opposite extreme
compared to EDFAs: EDFA gain dynamics
are ultraslow, while Raman gain dynamics
are ultrafast, with femtosecond response
time. Cross talk between pump and signal
induced by such virtually instantaneous
saturation can be suppressed by counter-
propagation of the pump and signal

beams. Because of the high level of optical
power—equal to hundreds of milliwatts—
required for the pump, Raman amplifiers
represent a costly solution, but one which
is appropriate in cases in which perform-
ance is the primary concern.

In some applications, a valid alternative
to EDFAs is the semiconductor optical
amplifier (SOA), the structure of which is
basically that of a semiconductor laser
with antireflection-coated (AR) facets
and,where needed, a waveguide design to
yield a polarization-independent gain.
SOA response time is in the hundreds-of-
picosecond range, on the order, unfortu-
nately, of the bit-period in a multi-Giga-
bit/s transmission system. This response
time is too short to make the amplifier ex-
clusively sensitive to the average signal
power and too long to make it sensitive to
the power of a single bit. Consequently,
unless appropriate measures are taken, the
use of an SOA can produce strong intra-
channel and interchannel cross talk.

SOAs primary potential benefit may
well be low cost: because an SOA is essen-
tially a semiconductor laser with an AR
coating, technological progress will ulti-
mately reduce its cost to a level close to
that of a semiconductor laser. Since semi-
conductor lasers are always used as pumps

in EDFAs, an SOA’s price, in principle, can
be significantly lower than that of an
EDFA. Aside from cost, another important
characteristic of InGaAsP-based SOAs is
that the gain bandwidth can be moved al-
most without limit over a wide range of
wavelengths (from 1.2 to 1.6 um) chang-
ing only the stoichiometry of the materi-
al—not the basic processing technology.
Furthermore, since an SOA’s gain spec-
trum is almost parabolic in shape, gain
equalization is easier than is the case with
an EDFA. Other important characteristics
of SOAs are compactness, the possibility of
photonic integration with other optoelec-
tronic devices, and the fast response to a
change of bias current. These characteris-
tics are used in SOA-based optical cross-
connects (OXCs), which are particularly
well suited to packet-switching applica-
tions.

Because nonlinearity caused by the
SOA’s gain dynamics have made multi-
channel amplification with large output
power difficult, applications of SOAs that
use nonlinearity have received significant
attention. The basic type of device that can
then be made is an optically controlled-
optical gate, or an optical-optical gate,
which as we will see below has many appli-
cations and forms. Instead of trying to get
around nonlinearity, the first significant
applications of SOAs made use of optical-
optical gate functionality. Below we review
the main areas of application of SOAs, be-
ginning with linear amplification in
WDM systems.

Linear amplification
and WDM transmission
The main issues for linear amplification
are signal-to-noise ratio (SNR) effects and
the negative effects of gain dynamics. For a
transmission link consisting of fiber spans,
in which loss is compensated by the SOA
gain, the SNR is related to the available
output power of the amplifier, which in
turn is related to the saturation power
PSAT, and the noise figure of the amplifier.
As far as these properties are concerned,
the SOA offers modest performance capa-
bilities compared to an EDFA, because sat-
uration is faster and the noise figure larger.
What’s more, since the saturation behavior
of SOAs is best described as a two-level
system, the maximum output power is not
much larger than PSAT. In contrast EDFAs
—although saturated—can be pumped
hard to give output powers much larger
than their saturation power because of the
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40-km amplified spans are shown for the
two examples in Fig. 2. Note the back-
ground ASE from the cascade of four
SOAs which ultimately limits the SNR for
the system. Each channel in the system was
evaluated by Q-factor measurement; the
results are shown in Fig. 3. The two operat-
ing regimes are shown clearly in this figure,
as is the degradation caused by nonlinear
effects at higher power and SNR reduction
at lower power. Use of the reservoir chan-
nel permits the SOAs to be operated deep-
er into saturation, although ultimately the
performance achieved is the same as for
operation in the low-saturation regime,
and the power tolerance is reduced. For a
lower bit-rate system, 32 x 2.5 Gbit/s, ap-
plication of the reservoir channel was nec-
essary for successful performance.10

Single-channel systems over several
hundreds of kilometers have been report-
ed, consistent with WDM results and SNR
considerations.19

Successful operation of WDM systems
in the low-saturation regime suggests that
the amplified link is linear. Thus, each oper-
ating channel is insensitive to the presence
of the others. This contrasts to EDFA-am-
plified systems, in which adding or drop-
ping one channel may trigger significant
power transients on other channels.20 For
this reason, it is possible to use a link am-
plified by SOAs to construct a system in
which channels are often added or
dropped or which could contain bursty
optical packets.21

The linear WDM systems constructed
using SOAs have moderate capacities and
reach compared to systems based on 
EDFAs because of the lower output pow-
ers that can be used and the higher noise
figures of the SOAs. Nevertheless, the
properties may be suitable for metro-net-
work applications or for other applica-
tions requiring inexpensive and compact
gain blocks. Systems with WDM capacities
above 300 Gbit/s have already been de-
monstrated. Improvements in SOAs, par-
ticularly in the saturation power and noise
figure, translate into improvements in
SNR. The SOA properties reported in re-
cent experiments22 show WDM capacities
of 1 Tbit/s may be possible.

Linear switches
As the line-rate and overall capacity of
WDM networks expand at breathtaking
speed, throughput requirements for cross-
connect fabrics have experienced a corre-
sponding level of growth. To permit con-

nections directly at the line-rate and to re-
duce somewhat the complexity of the
cross-connect fabrics, all-optical switch
fabrics have been proposed. A promising
technology for all-optical switching fabrics
is that of micro-electro-mechanical sys-
tems (MEMS), which can be used when
submillisecond switching speeds are satis-
factory, as for network reconfiguration or
restoration. However, faster switching
functions, as would be required for opti-
cal-packet switching, cannot be addressed
by MEMS cross-connects, although they
could be by cross-connects composed of
matrix arrays of SOA gates.23-27 For this
function, each path in the cross-connect
fabric (input to output gates) contains at
least one SOA, which can be gated with
high contrast (>40 dB) by switching the

bias from a low value, where the SOA is
absorbing, to a higher value where the
SOA has gain. The use of arrayed-wave-
guide gratings (AWG) as channel selectors
in SOA switch matrices permits the real-
ization of fast, high throughput, OXCs
with a limited number of input ports26

and, possibly, add-and-drop functionality.
An 8 x 8 switch matrix based on SOAs,
with a throughput of 1.28 Tbit/s, has been
demonstrated.25 For fabrication and ther-
mal reasons, switch matrices based on
SOAs may be limited to a few tens of ports.

Nonlinear applications
The strong sensitivity of an SOA’s response
to a change in the injected optical power
must be minimized in all applications of
linear amplification. For this reason the
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three-level nature of the erbium ion. Nev-
ertheless, SOA-based systems with signifi-
cant capacities have been demonstrated.
As discussed above, the timescale for the
gain dynamics of the SOA can lead to in-
tersymbol interference (ISI), if remediat-
ing actions are not taken. Several ap-
proaches to combating nonlinear gain dy-
namics are discussed below.

The success of recent high-capacity
WDM applications for SOAs is due to
steady progress in device fabrication.2 For
linear amplification, SOAs are packaged as
stand-alone devices coupled to input and
output optical fibers. Unlike the case with
EDFAs, optical isolators are not generally
included in the package. Typical gain for
packaged devices is 20 dB near the gain
peak (which can be 1550 nm, 1310 nm, or
other wavelengths), although devices with
gain as large as 29 dB have been reported.
Typical 3-dB-gain compression output
powers (P3dB = 0.69 PSAT) are +10 to +13
dBm, with noise figures in the range of 8-
10 dB. The polarization dependence of the
gain can be made insignificant by fabricat-
ing a conventional active region with an
almost square waveguide cross-section,3

or by adding strain to a quantum well4 or
bulk active layer.5 A combination of three
approaches is used to obtain the low facet
reflectivity required to prevent feedback in
the SOA: creation of an angle between the
waveguide axis and the facet, production
of a window region adjacent to the facet,
and application to the facet of a good anti-
reflection coating.

When the SOA is driven into satura-

tion, its gain is reduced for a period of
time comparable to the carrier lifetime for
the dense electron-hole plasma that pro-
vides the gain. Because this lifetime is on
the order of 100 ps—comparable to the
bit-period for multigigabit/s transmis-
sion—the gain for each bit may depend on

the pattern of bits preceding it, resulting in
ISI. The reduction of this pattern-depend-
ent gain and the consequent reduction of
ISI are crucial to the successful operation
of SOAs as in-line “linear” amplifiers. Note
that the pattern-dependent gain will pro-
duce both intrachannel and interchannel
ISI. Interchannel ISI can also be labeled
cross-gain modulation (XGM). Several
methods have been successfully applied to
minimize the effects of ISI in single-chan-
nel and multi-channel (WDM) systems.
One requires operating the SOAs in the re-
gion of very small saturation, for example
< 1-dB gain compression.6-9 Using this
approach, WDM systems with capacity to
320 Gbit/s over 160 km have been demon-
strated.8,9 Another technique takes advan-
tage of the statistical averaging of the
XGM by many channels and introduces a
moderately intense, cw holding beam, also
called a reservoir channel, to compress the

overall amplifier gain and reduce the ex-
cursions caused by interchannel XGM.10,11

Other approaches involve application of
an intensity-modulated signal and its
complement to the SOA so that the sum of
the two signals appears cw and will there-
fore not produce XGM. One of these tech-
niques involves multiplexing orthogonal
polarizations into a polarization-inde-
pendent SOA12,13; the other involves com-
bining a signal with its complement creat-
ed at a small wavelength separation.14 A
related technique for RZ signals requires
that the SOAs be placed where the pulses
have become highly dispersed so that they
appear almost cw.15 Yet another approach
is to use a gain-clamped SOA, which effec-
tively increases the saturation power of the
device.16 Relaxation oscillations that occur
after saturation of the gain-clamped SOA
may limit this technique to bit rates below
about 10 Gbit/s.17 Yet another technique,
applicable to single-channel systems, in-
volves using a fast saturable absorber with-
in the SOA to suppress ASE while permit-
ting transmission of the signal.18

Since WDM systems using SOAs are
limited by SNR effects at low power levels
and by XGM nonlinearities at high power
levels, for every system there is an opti-
mum power level defined by capacity
(number of channels times bit-rate per
channel) and reach (total loss of transmis-
sion system). Furthermore, for systems
that are limited by SNR, there is a tradeoff
between capacity and reach.9 As an exam-
ple of a WDM system employing only
SOAs, Fig. 1 shows an 80 Gbit/s capacity
system (8 x 10 Gbit/s) with a length of 240
km, as six 40-km amplified spans.7 For
this system, the wavelengths span 1558-
1570 nm, which covers the crossover be-
tween the C and L-bands of EDFAs. The
optimum power output level for the SOAs
in this system corresponds to +6 dBm, be-
low the 1-dB-gain compression point for
the SOAs. Since higher capacity systems
require more output power from the SOAs
to achieve proper SNR, they also require
operation of the SOAs deeper into gain
compression. Systems with 320 Gbit/s ca-
pacity are optimized for about 0.5-dB
gain-compression (32 x 10 Gbit/s) and 
1-dB gain compression (8 x 40 Gbit/s).7,8

The system with 32 channels at 50-GHz
spacing was operated successfully using
two techniques to combat the XGM non-
linearity: low saturation (0.5-dB gain
compression, as above) and a cw reservoir
channel.8 Spectra at the output of four 
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Figure 3.Variation of Q-factor with total power (32 channels + reservoir channel, if present) launched into
the SOA preceding each fiber span, for the 320 Gbit/s DWDM experiment. For reference, a Q factor of 17
dB corresponds to a bit-error rate of 7 x 10-13. [From Ref. 8]  
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Figure 2. Spectra at the end of four 40-km amplified spans for a 32-channel, 10 Gbit/s per channel,WDM
system. Channel separation is 50 GHz.The spectrum at the left is for the system with use of a reservoir
channel at 1544 nm.The spectrum at the right uses only signal channels. [From Ref. 8]
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Figure 1. 240-km WDM transmission system using only SOAs.Two booster SOAs are used to compen-
sate combination and modulation losses and an SOA is used as a pre-amplifier for the receiver. Each in-line
amplifier compensates the loss of a 40-km transmission span of standard single-mode fiber and its corre-
sponding dispersion compensating fiber. Eight channels, separated by 200 GHz and with wavelengths be-
tween 1558 and 1570 nm, are modulated at 10 Gbit/s. [Ref. 7]
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noise (mainly, ASE noise from the ampli-
fiers) across the network and “cleaning”
the signal before and after its transit in
OXCs. Nonlinear interferometers can also
be used to build logic gates, for instance
OR35 and exclusive OR (XOR)36 gates.
Logic gates can also be built using SOAs in
configurations that do not require an ac-
tively stabilized two-arm interferometer.37

These gates may be used in conjunction
with all-optical packet switching at net-
work nodes, with the functionality of
header recognition, parity check, etc. An
optically controlled header label switch
has been demonstrated using a
Mach–Zehnder nonlinear interferome-
ter.38 Since most nonlinear interferome-
ters have a reduced input-power dynamic
range, the saturation property of two
SOAs in a cascade can be used to build an
optical power limiter to be placed at the
interferometer input.39 Power limiters
based on SOAs react on a hundred-pi-
cosecond timescale and are useful when
the intensity noise of the input signal has a
large bandwidth. Another application in
which SOAs have proven their utility is all-
optical demultiplexing.40 For high bit-
rates, the Mach–Zehnder interferometric
structure can be operated in a differential
mode, with a pulse to one arm opening
the gate and a delayed pulse to the other
arm closing the gate, as shown in Fig. 5.41

Demultiplexing from 168 Gbit/s has been
achieved this way.40

Nonlinear optical gates based on FWM
in SOAs produce gated outputs at a wave-
length different from the signal and cw in-
put wavelengths, with potentially a very
linear response. This method has been
employed for wavelength conversion,
where the converted wavelength is related
to the input signal and cw wavelengths by
energy conservation: 1/�con = 2/�cw -
1/�sig . Figure 6 shows data for polariza-
tion-independent wavelength conversion
at 10 Gbit/s for wavelength shifts of -6.4
nm and +4.8 nm.42 Another application
for FWM is signal monitoring, which will
be a key functionality in all-optical net-
works. Because of the complexity of elec-
trical monitoring in an otherwise all-opti-
cal network, any technique capable of per-
forming bit-rate transparent monitoring
of the signal, giving an in-line estimate of
the bit-error rate, is therefore of great val-
ue. Devices for all-optical sampling of the
signal, which may be implemented using
FWM in SOAs43 address this key function-
ality.

Before concluding this section, here are
a few more comments on FWM in
SOAs,28, 30 a technique that was among the
first to be proposed for wavelength con-
version and, in general, for all-optical sig-
nal processing. This technique has recent-
ly become less popular because of its po-
larization sensitivity, low conversion effi-
ciency, and high noise figure. These char-
acteristics have to be compared with the
polarization insensitivity, high efficiency,
and partial regenerative capabilities (2R
and 3R regeneration) of nonlinear inter-
ferometers. On the one hand, most FWM
problems have been solved, although with
complex arrangements, which will be dif-

ficult to integrate because of the use of po-
larization beam-splitters.44, 45 On the oth-
er hand, the growing appetite for high
spectral efficiency in optical networks has
raised the issue of whether there may be
benefits in going beyond pure intensity-
modulated on-off binary transmission,
with use of more sophisticated modula-
tion schemes like duobinary or single side-
band transmission.46,47 More aggressive
approaches have been proposed, including
intensity-multilevel or analog-like (e.g.,
sub-carrier multiplexing) transmission
formats. All these techniques require a
non-trivial shaping of the phase profile of
the signal. With such modulation
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length of the amplifier cannot exceed a
certain maximum, set by an empirical rule
at about 0.8 to 1 mm. In longer amplifiers,
the final part of the active waveguide does
not contribute to the total gain because of
the strong gain saturation induced by the
amplified spontaneous emission (ASE)
generated in the initial part of the wave-
guide. The noise figure of the amplifier in-
creases because of the increased ASE pow-
er, with no benefits for the usable signal
gain. What’s more, setting aside the ques-
tion of saturation, for the same total gain,
shorter amplifiers have a higher inversion
and better performance than longer am-
plifiers with a lower inversion. Indeed, by
increasing the inversion, the saturation
power becomes higher because of band
filling and the noise figure smaller because
of the reduced absorption of signal pho-
tons from valence band electrons.

For SOA-based devices that use nonlin-
earity, the design rules obviously change.
Before discussing this, however, let us de-
scribe the most significant nonlinear
processes taking place in SOAs, namely
cross-gain modulation (XGM), cross-
phase modulation (XPM) and four-wave
mixing (FWM). XGM is the gain modula-
tion induced by a strong signal injected
into an SOA. Since the response of the
gain to the optical field is fast, the injec-
tion of an intense signal at one wavelength
will compress the gain of the SOA at other
wavelengths. This reduced gain is sensed
by a cw probe through the SOA at a differ-
ent wavelength, which is then amplified
with the complementary modulation of
the signal. This XGM, as discussed above,
is the problem to be overcome for WDM
amplification. Here, the SOA functions as
a wavelength converter. In such a device,
simplicity is obtained at the expense of
performance, because of the extinction ra-
tio degradation and chirp added to the
converted signal. XPM is the ancillary
modulation of the SOA refractive index
accompanying gain modulation. As we
will see below, XPM is used in interfero-
metric wavelength converters, which are
more complex devices than simple SOAs,
but which can be integrated and have
higher performance than devices based on
XGM. Their success is mainly due to the
enormous recent progress in photonic cir-
cuit integration. Non-degenerate FWM is
the generation of new frequencies by the
interaction of two fields at different fre-
quencies. In SOAs, these new frequencies
are the sidebands generated by the gain

and index modulation created by the beat
between two injected fields, and applied to
either one of the two. If one of the fields is
cw and the other is a modulated signal, the
gain and index modulation applied to the
cw field generate a frequency-shifted repli-
ca of the signal with inverted spectrum.
This is the only coherent mechanism of
the three, and therefore it is the only one
preserving the phase profile of the signal
upon transformation. Devices based on it,
however, do not have the regenerative ca-
pacity of interferometric devices based on
XPM. Furthermore, because the conver-
sion efficiency is small, they strongly de-
grade the SNR of the converted signal if
special care is not used.

The optimization of nonlinear SOAs is
aimed at enhancing the efficiency of the
nonlinear processes described above.28,29

Usually, devices used for nonlinear appli-
cations operate under strong saturation.
Thus, the spectral properties of the SOA
should be optimized under saturation.
Furthermore, it is beneficial that the oper-
ation wavelength of the amplifier is close
to the band-edge.28 In this region the gain-
index coupling coefficient is large, which
enhances XPM and FWM. Finally, one can
often make positive use of the entire wave-
guide length even if the waveguide is too
long for efficient linear amplification. In
devices used for FWM, one may easily un-
derstand why. In an amplifier saturated to

transparency (no net gain), the FWM
products add coherently while the signal
propagates along the waveguide. Hence,
the power of the FWM fields grows pro-
portionally to the square of the waveguide
length. On the other hand, the ASE adds
incoherently, and its power grows propor-
tionally to the waveguide length. For this
reason, the signal-to-noise ratio is propor-
tional to the length of the active wave-
guide. Long amplifiers are therefore ad-
vantageous for FWM, and up to 2-mm-
long amplifiers have been specifically de-
signed for this application. 28, 30

A large body of recent work has
demonstrated devices for many all-optical
signal-processing applications. The gener-
al functionality is of an optical-optical
gate, and the most successful scheme so far
uses XPM in a nonlinear interferometer, as
shown in Fig. 4. In this device, which is
monolithically integrated, an SOA is
placed in each arm of a Mach–Zehnder in-
terferometer, which can be set for con-
structive or destructive interference at the
output by application of proper dc bias to
each SOA. A signal is injected in one arm.
The resulting gain and especially the index
modulations produce a phase change in
one arm of the interferometer, which
changes its transmission properties,
sensed by the probe field simultaneously
injected in the device. Figure 4 also shows
the switching characteristics of the
Mach–Zehnder interferomtric device. The
probe can be made of either a continuous
wave field or a periodic stream of pulses.
The probe is transmitted to the output
port or reflected depending upon the pres-
ence or absence of a pulse in the signal.
Several photonic integrated circuits based
on SOAs in a Michelson interferometer
have also been demonstrated. Recently, a
variation of this scheme in which the in-
terferometer is passive and placed at the
SOA output has been demonstrated.31

Many applications of the nonlinear
SOA interferometer have been proposed.
If the probe and the signal wavelengths are
different, the interferometer is a wave-
length converter.32 Because its transfer
function is nonlinear, the interferometer
can also be used to design 2R (reshaping
and reamplifying) regenerators. If pulses
with a precise timing are used for the
probe, one has a 3R regenerator (reshap-
ing, retiming and reamplifying).33, 34 Both
2R and 3R regenerators will be very valu-
able in future transparent optical net-
works, preventing the accumulation of
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Figure 4.Three-port Mach–Zehnder interferom-
eter with an SOA in each arm. Counter-propaga-
tion of the input signal and converted output is
shown. The lower curves show cw switching for
inverting operation (biased for constructive inter-
ference in the absence of signal) and non-inverting
operation (biased for destructive interference).
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schemes, FWM is the only SOA-based
technique usable for optical signal pro-
cessing if the transformed signal needs to
be retransmitted, because it is the only one
capable of preserving upon transforma-
tion both the intensity profile and the
phase profile of the signal. It is therefore
possible that FWM will also find applicia-
tion in networks if spectral compression
techniques become significant.

Conclusions
We hope we have convinced the reader of
the many potential applications that can
be developed using SOAs in optical net-
works. In view of the complexity of future
optical networks, it is very likely that ma-
ture SOA technology will find uses in a
plethora of applications, maybe different
from those we have outlined here. After
years in which SOAs were overshadowed
by the success of EDFAs and appeared to
be of very limited use, it is easy to predict
that SOAs will find important roles in the
optical networks of the near future.

We thank our colleagues, named in
many references, with whom we have per-
formed much SOA-related work.
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