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! For an analysis of
equalization techniques in
multimode fiber systems,
see [1].

ost current multigigabit-per-sec-
ond digital fiber optic systems
use simple modulation and
detection techniques, suchason-
off keying with matched-filter
receiver techniques. However,
more complex techniques, such as equalization, cod-
ing, and/or multilevel signaling, can be used in
lightwave systems to significantly increase the
data rate and/or reduce the effect of transmission
impairments and improve performance, and in many
cases can be easily implemented. The purpose of this
article is to provide an overview of these techniques,
which become increasingly important as device tech-
nology matures, in which case substantial increas-
es in performance (especially for in-place systems)
may only be achieved through these techniques.

There are numerous sources of transmission
impairments in lightwave systems. These include
chromatic and polarization dispersion in the
fiber, laser and fiber nonlinearities, nonideal
receiver response, echo, and distortion caused by
semiconductor optical amplifiers. Fortunately, there
are also numerous techniques to reduce these impair-
ments, including coding, equalization, and modu-
lation techniques with multilevel signaling. The
main problem facing the system designer isto deter-
mine the appropriate techniques for specificimpair-
ments, and for which systems these techniques
will have the most significant impact on perfor-
mance. Here, we offer guidelines for selecting
signal processing techniques and present several
examples of the potential use of these guidelines
in both direct- and coherent-detection lightwave
systems. Our goal is to determine performance
bounds and find important applications for
impairment reduction techniques in which the
improvement is large and the implementation
relatively simple. We are primarily interested in
single-mode fiber systems.! These techniques can
be used for upgrading existing systems (e.g.,
reducing chromatic and polarization dispersion in
systemswith previously installed fiber) or as an alter-
native to the use of more costly transmitters and
receivers (e.g., using coding to permit less strin-
gent laser specifications) [2].

In the following section, we briefly discuss the
major impairments in lightwave systems. Techniques
for reducing impairments are then presented,
along with guidelines for their use in lightwave
systems. Several examples are presented, and asum-
mary and conclusions are then given.

Transmission Impairments in
Lightwave Systems

Here we classify the transmission impairments
in lightwave systems into three categories:
signal distortion with a single signal, signal distor-
tion between multiple signals, and noise. These
impairments are discussed in detail below. The
two detection techniques we consider are direct and
coherent detection, asshown in Fig. 1. Indirect detec-
tion, the received optical signal is converted to an
electrical signal by a photodiode, with the electri-
cal current proportional to the optical power (i.c.,
the electrical signal is proportional to the magnitude
squared of the optical signal amplitude). In
coherent detection, the received signal is added
to a local oscillator signal, and the two signals are
converted to an electrical signal at a microwave
frequency by a photodiode, with the electrical
current proportional to the optical field.

Signal distortion (with a single signal) refers to
those impairments that distort and broaden the width
of pulses, resulting in intersymbol interference (ISI),
which limits the maximum bit rate. The key fea-
ture of signal distortion is that it is deterministic (can
be calculated directly from the impairment); that
is, the distortion is bit-pattern-dependent with
the distortion for a given pattern fixed (or slowly
varying). This distortion results in a narrowing or
closing of the received signal eye in the vertical direc-
tion (a pattern-dependent signal level at the
detector sampling time) and/or the horizontal direc-
tion (a pattern-dependent timing jitter). The
most extensively analyzed distortion is chromatic
dispersion in long-haul systems [3, 4]. This is
material dispersion in the fiber, which causes a delay
in the received signal spectrum that varies with
frequency. The dominant delay distortion is a lin-
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ear delay of about -15 ps/km/nm at a wavelength
of 1.55 um in a standard fiber. Thus, the delay
variation is linear with distance but fixed for a
given length of fiber; that is, it does not vary sig-
nificantly with time. A second source of distor-
tion is polarization dispersion in long-haul systems
[4-7].2Polarization dispersion is generated by signal
delaysthat are polarization-dependent. These delays
increase with distance and also vary slowly with time
(due to temperature and other variations) [6, 9-
11]. At a given frequency, two orthogonal polar-
izations have different delays. Thus, a pulse with
a sufficiently narrow frequency spectrum can be
received as two pulses with a time delay between
them. We group laser nonlinearities and receiver
bandwidth limitations as the third source of dis-
tortion. Note that thisimpairment is independent of
distance and varies only due to aging. A fourth
possible source of dispersion is a semiconductor opti-
cal amplifier [12] (fiber optical amplifiers have
negligible distortion), and a fifth source is fiber
nonlinearities [13, 14].

The above impairments all increase in severity
with the signal bandwidth. This bandwidth is
lower-bounded by the data rate, but may be much
larger than this because of other factors. For a
multimode laser, both mode evolution and mode
hopping [15, 16] increase the bandwidth of the
signal toseveral nanometers. For asingle-frequency
(mode)laser, the laser linewidth (due to phase noise)
and chirping or relaxation oscillation (with direct
modulation of the laser) increase the bandwidth
of the signal. A single-frequency laser has a
nonzero linewidth because of random variations
in the phase of the laser (phase noise), as dis-
cussed below. Chirp is the variation in carrier fre-
quency of the laser caused by changes in drive
signal amplitude. Similarly, relaxation oscillation
is the variation (undesired oscillation) in ampli-
tude of the laser caused by changes in drive signal
amplitude. Note that chirp (and relaxation oscil-
lation) can be avoided if the laser itself is used in
the cw mode with the modulation being done
with an external modulator.

The second impairment is interference between
multiple signals in different frequency bands on
the same fiber. This can be due to nonlinearities
inthe fiber [13, 14] or insemiconductor optical ampli-
fiers [12]. In addition, in duplex systems echo can
also degrade performance. Note that these dis-
tortions are deterministic.

The third class of transmission impairment we
consider is noise, which varies randomly from bit
to bit. Noise in the received signal consists of shot
noise, thermal noise, and, with optical amplifiers,
amplified spontaneous emission (ASE) noise.
Shot noise is the quantum noise due to the fact
that the received signal is actually a series of pho-
tons. The number of photons received during
each symbol interval has a Poisson distribution;
therefore, the received signal level varies ran-
domly from symbol to symbol. Thermal noise is
introduced by the receiver preamplifier, and is
usually assumed to be additive white Gaussian
noise. ASE is additive Gaussian noise in the opti-
cal signal that increases with the gain of the
amplifiers. Although ASE is random, with direct
detection the electrical signal at the receiver con-
tains a noise times signal component; thus, the
ASE noise level in the received electrical signal is

signal-level-dependent. Without optical amplifiers,
thermal noise is the major limitation with direct detec-
tion, while shot noise is the major limitation with
coherent detection if the local oscillator power is
large enough. However, with large local oscillator
power, the high-intensity shot noise can also be mod-
eled as additive white Gaussian noise. With opti-
cal amplifiers, ASE usually dominates the shot
and thermal noise.

Another source of noise is phase noise, which,
as discussed above, is the random variation in
phase of the transmitting laser. The main param-
cter of interest with phase noise is the width of
the phase noise spectrum relative to the data
rate. Wider spectra (or linewidths) result in more
signal dispersion, as discussed above. Also, wider
linewidths require wider receive filters (if all the
signal energy in the received signal is to be detect-
ed), which results in higher thermal noise. How-
ever, wider linewidths (if wide enough) can have
beneficial effects. In particular, with multimode lasers
the distortion caused by polarization mode dis-
persion (PMD) is fixed, rather than time-varying
aswithsingle-frequency lasers, where the worst-case
dispersionissignificantly greater than the fixed value.
Also, with multimode lasers the distortion due to
chromatic dispersion is linear in the received
electrical signal rather than nonlinear with direct
detection of a single-frequency laser signal. Both
these effects can make compensation of the dis-
tortion much easier, as discussed below.

There are, of course, other impairments in
fiber optic systems, but we have just considered
the major ones in order to study the effects of
various techniques over a wide range of cases.

Techniques for Reducing
Impairments

T he techniques we will describe are signal pro-
cessing of the received electrical signal, opti-
cal equalization, precompensation at the transmitter,
line coding, various modulation techniques, and for-
ward error correction coding.

W Figure 1. Receivers: a) direct detection; b) coherent detection.

2 For a study of the com-
bined effects of chromatic
and polarization disper-
sion in coherent lightwave

systems, see [8].
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We first consider equalization and interfer-
ence cancellation techniques for the received
electrical signal to reduce ISI caused by signal
distortions that are introducedin lightwave systems.
We discuss five different types of equalization
and interference cancellation techniques: equal-
izationby microwave waveguides and microstriplines,
linear equalization by monolithic microwave inte-
grated circuits (MMICs), linear equalization by
transversal filters, nonlinear cancellation, and
maximum likelihood detection (MLD).3 These tech-
niques are listed in order of increasing typical
effectiveness against transmission impairments.

Microwave waveguides and microstriplines have
a linear delay versus frequency characteristic in
thecenter of their passband that can be used to com-
pensate for linear delay distortion (such as chromatic
dispersionwhen coherent detectionis used). Because
the microwave carrier-frequency-to-signal-band-
width ratio is much less than the optical carrier -
frequency-to-signal-bandwidth ratio, the slope cf
the delay is substantially higher in microwave devices,
and therefore, chromatic dispersion in a long
length of fiber can be eliminated by a short wave-
guide or microstripline [17, 18]. For example, an
8-GHzbandwidth signal transmitted at 1.55 um over
68 km of fiber can be equalized by a waveguidc
with a 6 x 3 mm cross section and a length of only
15 cm [17]. Furthermore, these devices have sim-
plestructures that can easily be implemented. How-
ever, they must be built to precisely match the
linear delay (i.e., the chromatic dispersion-length
productofthe fiber), are not adaptive, and can equal-
ize only linear delay distortion, which makes
them useful only against chromatic dispersion
with coherent detection, as discussed later.

MMIC:s can equalize linear distortion, including
chromatic dispersion with coherent detection [19],
and are small in size, allowing for full integration
of the receiver electronics. However, they must
be carefully designed for a particular impairment
and are not adaptive.

Transversal filters, on the other hand, can
equalize any type of linear distortion and can eas-
ily be made adaptive (e.g., by using the least
meansquare —LMS — or zero-forcing algorithms).
Figure 2 shows a block diagram of a transversal
filter with N taps. This equalizer can be implemented
indigital signal processor (DSP) software at low data
rates. Athigh datarates, an analog tapped delay line
can be used, which is relatively easy to implement
(see [20] and [21], which describe equalizers at
1.1and 8 Gbys, respectively). The delays can be imple-
mented by transmission lines or coaxial cables,
and the weights by variable attenuators or ampli-
fiers. The time delay between taps is typically set
equal to the symbol period (i.e., a linear synchronous
equalizer). The number of taps then determines
the interval over which the ISI can be reduced. How-
ever, such an equalizer has a frequency response that
is periodic with period 1/T , while the signal spec-
trumusually extends beyond 1/T,, and aliasing (excess
bandwidth) can degrade the equalized signal.
This problem can be eliminated by a fractionally
spaced equalizer [22], where the tap spacings are less
than T (7/2 is adequate for most lightwave sys-

3 MLD refers 1o electrically determining the received sym-
bols after either direct or coherent detection.
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tems). Although the transversal filter is adequate for
many types of distortion, it has three disadvan-
tages: the equalizer may enhance the noise by increas-
ing the gain at some frequencies to flatten the system
response, it may require too many taps with
severe linear distortion, and it cannot compen-
sate for nonlinear distortion.

Nonlinear cancellation (NLC) [23-25] can
overcome the above limitations. To understand
the principle behind NLC, consider the received sig-
nal eye with severe ISI, as shown in Fig. 3. The
figure shows the signals for four 3-bit sequences (only
four of eight possible sequences are shown to
simplify the figure), with the center bit being the
bittobedetected. Note that the eye is partially closed
in both the vertical and horizontal directions. In a
standard detector, the bit is detected by compar-
ing the signal level at time ¢, (the sampling time)
tothe threshold level THy(the optimum threshold).*

Note that the detected bits would be easily
corrupted by noise or other signal distortion.
However, if the previous bit is known, the detec-
tor needs to distinguish only two signals (of the
four shown). Figure 3 shows that the optimum
sampling times and thresholds are ¢y and THy,
and ; and TH| for previous bits of 0 and 1, respec-
tively. With these values, the detector is much
less sensitive to noise. Such a detector can be
implemented by using multiple detectors with dif-
ferent fixed threshold levels and sampling times.5
The output bits are obtained by selecting the out-
put of the detector with the threshold and sam-
pling time that corresponds to the previously detected
bits. Foraone-bit NLC, twodetectorsand a 2:1 mul-
tiplexer are required to implement this tech-
nique, as shown in Fig. 4. In this figure, 4,, and B,
are the nth output symbols of the comparators
with thresholds for previous bits of 1 and 0,
respectively, and a,, (= A4, ifa,_; = 1 and B, if
a, _1 = 0) is the nth output bit. The NLC is all-
digital and can easily be implemented on a single
integrated circuit (IC) at multigigabit-per-second
data rates, with the threshold levels and sampling
times determined adaptively [25-29]. Note that
the NLC is effective only against ISI caused by
preceding bits. However, a linear equalizer (as
described above) can be used'in combination
with the NLC to reduce ISI from bits on both
sides of the detection period.

However, the optimum detection technique is
MLD of a sequence of bits, rather than bit-by-bit
detection. At low data rates, MLD can be imple-
mented with all-digital signal processing, for
example, using the Viterbi algorithm. At high
data rates, the complex processing required by
the Viterbi algorithm is impractical; the sequence
length must be constrained to a small number to keep
the dimensionality of the received signal space to
a reasonable value, and approximations to the
optimum decision boundaries in this space may
berequired to make hardware implementation prac-
tical [30]. In many cases, MLD can compensate
for ISI much better than NLC or transversal fil-
ters. MLD can also compensate for signal distortion
between multiple signals, which the other techniques
cannot. Toillustrate the application of MLD in such
acase, consider the transmission of two on-off-keyed
signals at different frequencies through an optical
fiberwith a peak power limitation Pand direct detec-
tion at the receiver. Such a power limitation

X
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1

B Figure 6. Maximum likelihood detector.

could be due to a semiconductor amplifier. Thus,
when a 1 is transmitted at one frequency and a 0
at the other, the 1 has an optical power (electrical
current) of P, while if 1s are transmitted at both
frequencies, each signal has an optical power of
P/2. Figure 5shows the two-dimensional receive sig-
nal space for this case. With standard (one-
dimensional) detection, the optimum decision
threshold is P/4; that is, there is a 3-dB optical
(6-dBelectrical) power penalty due to the power lim-
itation. However, since the signal coordinates are
correlated, performance will be improved by joint
detection of the signals. Specifically, if the two-dimen-
sional receive signal space is used by the detector
with the decision boundaries shown in Fig. 5, the
optical power penalty is only 1.5 dB (3-dB electri-
cal penalty). Figure 6 shows the implementation
of such a detector, where the combiner rotates
the signal space 45 degrees so that the three

detectors (with W=P/ 2\5 ) can determine the
three decision boundaries, with digital logic used to
determine the bits from the detector outputs. Aswith
NLC, the MLD can easily be implemented on an
IC even at multigigabit-per-second data rates.

W Figure 5. Two-dimensional receive signal space with a saturated ampilifier.

4 This threshold can be
adaptively determined 10
track slow changes in the
optimum level [25-29].
Similarly,the optimum
sampling time can also be
adaptively determined
[26-28].

3 If the threshold is a lin-
ear function (weighted
sum) of previous bits and
the sampling time is fixed,
then the NLC is a deci-
sion feedback equalizer.
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Impairment

Receiver bandwidth limitation

| Compensation technique
|

Electrical transversal filter

Chromatic dispersion

Electrical transversal filter

Polarization dispersion

Electrical transversal filter

Muitilevel signaling and coding can also be considered.

B Table 1. Long-haul multimode laser (direct detection).

Impairment Compensation technique

Receiver bandwidth limitation

Electrical trénsversal filter ‘
Nonlinear cancellation

Chromatic dispersion

Dispersion-compensating fiber
Maximum likelihood detection
Nonlinear cancellation
Precompensation

Laser nonlinearities

Nonlinear cancellation

Maximum likelihood detection

Line coding )

Precompensation

Laser bias adjustment with electrical
transversal filter

Polarization dispersion

Adaptive polarization control
Adaptive nonlinear cancellation
Adaptive electrical transversal filter

Fiber nonlinearities

Solitons
Maximum likelihood detection

Coding can greatly reduce the effect of all these impairments, and muitilevel
signaling can also be considered

i Table 2. Long-haul single-frequency laser (direct detection).

Signal distortion can also be compensated by opti-
cal signal processing. Optical implementation has
the advantage over electrical signal processing of
muchwider bandwidth and, in general, bit-rate-inde-
pendent operation. In addition, it has the follow-
ing advantages with chromatic and polarization mode
dispersion. Since chromatic dispersion is linear in
the fiber but nonlinear in the electrical signal
after direct detection, optical equalization of
chromatic dispersion is preferable in direct-
detection systems. Optical equalizers that have been
implemented include an optical transversal equal-
izer [31], similar to the electrical version dis-
cussed above, although maintaining the correct phase
withlightwave signals is difficult. Specific properties
of optical devices can also be exploited (e.g., [32],
where a Fabry-Perot filter was used to compen-
sate for chromatic dispersion). Chromatic disper-
sion can also be reduced by using dispersion-shifted
fiber (with the dispersion minimum of the fiber at
1.55 um rather than the standard 1.3 um, when
the transmitted signal is at 1.55 um), or sections
of fiber with dispersion opposite to that of the
fiber can be added to existing standard fiber links
[33-35]. Recently, fibers with high dispersion
opposite to that of the fiber have been produced
[34, 35]. Use of these fibers appears to be the
best way to cancel chromatic dispersion in stan-
dard fibers, since short lengths of this fiber can be
added within a fiber optical amplifier module to pro-
vide both gain and chromatic dispersion compen-

sation. Polarization-dependent distortion [36], such
as PMD, can also be reduced by optical signal
processing. In particular, the transmit polariza-
tion can be adjusted, using an adaptive polariza-
tion controller, to the polarization that produces the
least distorted signal at the receiver [37]. (Note
that feedback from the receiver to the transmitter
is required.) For example, with PMD alone, if the
transmit polarization is kept at one of the two
polarization eigenmodes of the fiber (i.e., one of
the two orthogonal transmit polarizations for
which there is no polarization dispersion to first order
in frequency [6]), the effect of first-order polar-
ization dispersion can be eliminated. Transmit polar-
ization control can also greatly reduce distortion due
to higher-order PMD [37-39]. Even when polar-
ization-dependent loss (PDL) and/or fiber non-
linearities are present, transmit polarization control
canreduce the received signal distortion (and improve
receiver bit-error-rate) due to this polarization-
dependent distortion by keeping the transmit polar-
ization at the value for the best receiver performance.
Note that while electrical signal processing at the
receiver (linear equalization for first-order PMD)
and nonlinear processing for higher-order PMD)
can also reduce the distortion due to PMD, it is
not bit-rate-independent and may not be effective
when PDL and fiber nonlinearities are present.

Precompensation techniquescan be implemented
at the transmitter to change the transmitted sig-
nal so it is received with minimal distortion. For
linear distortion, the precompensation can have the
same transfer function as an equalizer at the
receiver (i.e., the inverse of the transfer function
of the distortion). Precompensation has th:
advantage over equalization at the receiver in
having no noise enhancement. Furthermore,
since with direct detection chromatic dispersion
is linear in the fiber but nonlinear after photode-
tection, in this case precompensation has the advan-
tage over equalization at the receiver that linear
distortion is more effectively compensated than non-
linear distortion. However, precompensation has
the disadvantage in that it cannot adaptively track
time-varying impairments without feedback from
the receiver to the transmitter. Examples of prec-
ompensation include predistortion to reduce the
effectsof chirp [40,41] and the use of solitons in long
distance systems, where the transmitted signal is
shaped so that the distortion due to chromatic
dispersion is cancelled by distortion due to the
fiber nonlinearities [42].

Line coding is another technique that can be used
at the transmitter to reduce the effects of distor-
tion. In some cases, most of the eye closure in the
received signal may be due to a particular bit
sequence, and reducing the effect of this sequenct:
may require a large and complex equalizer. In
this case, line coding can be used to eliminate this
particular sequence in the transmitted signal pat-
tern. The disadvantage of line coding is that it reduces
the capacity of the system unless it is accompa-
nied by an increase in the bit rate of the transmit-
ted signal. The rate increase required may produce
a further increase in signal distortion; further-
more, it is not adaptive. Line coding can be used
to eliminate long strings of 1s, which are often
troublesome in lightwave systems, with only a
small increase inbandwidth. Anexample of the tech-
nique is given in [43], where it is used to reduce
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the effects of chromatic dispersion.

Changes in the modulation technique from
the standard on-off keying (amplitude-shift key-
ing — ASK) can also reduce the effects of impair-
ments. Both frequency-shift keying (FSK) and
phase-shiftkeying (PSK) can increase the immunity
of the received signal to thermal and ASE noise, and
provide a signal with constant envelope: to reduce
laser nonlinearities (e.g., chirp) and the effect of fiber
nonlinearities. However, these modulations are more
sensitive to phase noise and require more com-
plex receivers. Polarization modulation [44], on
the other hand, can provide a constant envelope
signal without increased phase-noise sensitivity, and
may potentially double the capacity of the fiber in
a given bandwidth by transmitting two orthogo-
nally polarized signals [45,46]. This has worked espe-
cially well with solitons, which interact much less
when they are orthogonally polarized [45]. With ASK,
FSK, and PSK, multilevel signaling can be used
toreduce the minimum bandwidth required ata given
data rate [23, 47]. This can reduce signal distor-
tion, but multilevel signals are usually more sensi-
tive to the distortion and may require a more complex
receiver and/or transmitter.

Forward error correction coding [2, 48-51] can
be used to reduce errors due to random processes
(e.g., noise or mode-partition noise in single fre-
quency lasers [52]), increasing the system margin
and reducing error floors. Both block coding [2,
49, 50] and convolutional coding [51] have been inves-
tigated for use in lightwave systems, although
block coding is easiest to implement at gigabit-
per-second data rates. In particular, Reed-
Solomon codes can lower the bit-error rate from
as high as 102 to below 10-15 with an overhead of
just a few percent (increase in data rate). This
can correspond to as much as a 16-dB coding
gain [49]. Coding can also be a practical alterna-
tive to equalization when the main signal distor-
tionis caused by infrequent bit sequences. In addition,
coding can be used in combination with equalization
for further improvement. Note that the imple-
mentation of coding generally requires an increase
in data rate (or number of levels with multilevel
signaling), which can increase the uncoded errorrate
and reduce the coding gain. Furthermore, for-
ward error correction coding functions best with
independent errors. However, in some cases (i.e.,
with particular network protocols) some of the over-
head bits can be used for error correction coding
(without increasing the data rate or lowering the
information rate of the system), and coding can
be performed on lower-rate channels that are
multiplexed for the higher-data-rate channel, which
allows for correction of bursts of errors [2].

Applications

L et us now consider the use of the impairment-
reducing techniques described above on the
impairments listed earlier. Since there are numer-
ous impairments and numerous techniques to
overcome these impairments, we focus our dis-
cussion by considering three major applications:
long-haul systems, local area networks, and local
loops. The results of this section are summarized
in Tables 1 through 5.

Below, we first consider the application of
lightwave to long-haul systems, local area net-

Impairment Compensation technique

Coding can greatly reduce the effect of all these impairments, and multilevel

signaling can also be considered.

W Table 3. Long-haul single-frequency laser (coherent detection, external

modulation).

Impairment Compensation technique

Note: +100's Mbit/s per user

»Many signals on common channel(impact on amplifier and fiber)

M Table 4. Wavelength division multiplex local area network (single-frequency

lasers with coherent detection to achieve high bandwidth utilization).

Impairment Compensation technique

W Table 5. Local loop systems.

works, and local loops, identify the parameters
we wish to optimize in these systems, and deter-
mine which impairments must be reduced in
order to achieve our goals. Then, using the guide-
lines above, we determine which impairment-reduc-
ing techniques are most appropriate.

Long-Haul Systems

Long-haul systems are point-to-point, with distances
up to 1000 km for domestic systems and up to
10,000 km for undersea systems and very high
(e.g., 2.488 Gb/s) data rates. In long-haul systems,
we want to maximize the data rate over these dis-
tances. Limitations are placed on the maximum data
rate by chromaticand polarization dispersion, finite
laser/receiver bandwidth, laser and fiber nonlin-
earities, and ASE noise. Because these systems
are not power-limited (when optical amplifiers
are used), we will not consider thermal or shot noise.
We first discuss systems with multimode lasers,
and thenwith single-frequency lasers with direct and
coherent detection.

With multimode lasers in long-haul systems,
the laser linewidth is much greater than the data
rate. Thus, when direct detection is used at the
receiver, after photodetection the (electrical) ISI
due to chromatic dispersion is linear. Further-
more, for the same reason, polarization dispersion
is a fixed linear distortion. Thus, distortions due to
chromatic and polarization dispersion, as well as
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6 A star topology can be
used to greatly reduce any
power limitations [58].
Also, a multihop topology
can be used [59] that
realizes local area net-
works using optics in a
point-to-point mode.

W Figure 7. Echo cancelon te;hm'q. ‘

laser/receiver bandwidth limitations, can be
reduced by afixed electrical transversal equalizer at
the receiver [53].

Withsingle-frequency lasers [54, 55], laser/receiv-
er bandwidth limitations can, as above, be reduced
by an electrical transversal equalizer or NLC at
the receiver. The laser linewidth with single-fre-
quency lasers can be less than the data rate (with
external modulation) to several times the data
rate (due tochirpwith direct modulation). Thus, the
signal bandwidth is much smaller than with multi-
mode lasers, and the bit rate/distance limitation (with-
out any impairment reducing techniques) due to
chromatic dispersion is much larger; for example, at
100 km in a standard fiber with a 1.55-um laser,
the bit-rate limitation is 6 Gb/s with external
modulation versus 0.05 Gb/s with a multimode laser.
With coherent detection, chromatic dispersion
remains a linear distortion in the received electri-
cal signal, and therefore can be compensated by a
microwave waveguide [17], (which can increase
the bit-rate limitation from 6 to 100 Gb/s),
microstripline [18], or MMIC [19], as well as a
transversal equalizer [22, 23]. In fact, a transver-
sal equalizer with a sufficient number of taps can
completely eliminate any amount of chromatic
dispersion [22]. Specifically, an N-tap equalizer
can increase the bit-rate limitation (for a given

distance) , '(N— 1)/2 -fold. However, with direct

detection chromatic dispersion is a nonlinear dis-
tortion in the electrical signal at the receiver,
since the signal bandwidth is not wide enough to
achieve the averaging effects, as it is with a multi-
mode laser. Therefore, to compensate for chromatic
dispersion in the electrical signal at the receiver,
NLC or MLD is required and is only partially
effective in reducing this distortion, increasing
the bit-rate limitation with external modulation
only 30 percent and 60 percent, respectively [23].
Precompensation at the transmitter can also be
used [40], although it has limited effectiveness.
In this case, optical signal processing [31-35] (in
particular, dispersion-compensating fiber
[34,35]) offers practical techniques for greatly
reducing the effects of chromatic dispersion,
with the potential to completely eliminate these
effects.

Thelack of averaging effects withsingle-frequency
lasers also causes the distortion due to polariza-
tion dispersion to vary with time, with a worst-
case distortion far worse than the average distortion
with multimode lasers. Specifically, for distortion
in a single-frequency laser system greater than a 1
db distortion in a multimode laser system for only
one half-hour/year, with a 1000-km fiber with

2ps /Vkm of polarization dispersion, the bit-rate

limitation is 7 Gb/s with a multimode laser versus
3 Gb/s with a single-frequency laser using exter-

nal modulation. However, to first order in frequency,
the distortion remains alinear distortion in the elec-
trical signal at the receiver, and therefore can be com-
pensated by an adaptive transversal filter [20] or,
even with more severe distortion, by an adaptive
NLC [25]. Alternatively, as discussed earlier, the
transmit polarization can be rotated to one of the
two polarization eigenmodes of the fiber, such
that the signal is received without distortion due
tofirst-order polarization dispersion [37]. With either
NLC or polarization control, the bit-rate limita-
tion in the above example can be increased from
3 Gb/s to over 10 Gb/s, with further improve-
ment possible by using both techniques. These two
techniques are also effective with single-frequen-
cy lasers using direct modulation [37].

To compensate for single-frequency laser non-
linearities in combination with chromatic dispersion,
a number of techniques can be used in direct
detectionsystems. At the receiver, NLCor MLD [23,
30] can partially compensate for thisimpairment. In
addition, line coding can be used to eliminate
troublesome bit sequences [43]. Precompensation
canalsobe used at the transmitter [40]. Itis also pos-
sible tochange the laser bias in such away as to make
most of the distortion in the electrical signal at
the receiver a linear distortion (although the eye
opening isreduced without equalization), which can
thenbe compensated by a transversal equalizer [56].
Asdiscussed before, dispersion-compensating fiber
[34, 35] may be the best technique for greatly
reducing the effects of chromatic dispersion, with
the potential to completely eliminate these effects.

With fiber nonlinearities in combination with
chromatic and polarization dispersion, optical
signal processing [34, 35, 37] and coding [2, 49.
50, 57] can be used. In addition, solitons can be used
for distortionless transmission for data rates up to at
least 20 Gb/s over thousands of kilometers [42, 45].

Local Area Networks

Local area networks support large numbers of inter-
connected users, with multiple users transmitting
signals on single or multiple fibers. The performance
of the network critically depends on the media-access
technique and topology of the network. However,
we will only consider techniques to maximize the
number of users, and the throughput per user, in
a single fiber.

Because the distances in a local or metropoli-
tan area network are on the order of tens of kilo-
meters, neither chromatic nor polarization
dispersion should be a problem. Local-area networks
are, in general, power-limited rather than band-
width-limited, with power losses primarily due to
the taps for the users in a bus configuration.® To
maximize the number of users in a given band-
width via frequency-division multiplexing, the
laser linewidth must be comparable to or less
than the datarate. Thus, onlysingle-frequency lasers
will be considered. Because of the power limita-
tion, thermal noise in direct detection and shot noise
in coherent detection are impairments to be con-
sidered along with ASE noise when optical ampli-
fiers are used. In addition, phase noise must be
considered in coherent systems. Other limitations
in a local area network include the distortions in
semiconductor optical amplifiers (when used)
and nonlinearities in the fiber. These two distortions
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can be compensated by electrical gain equaliza-
tion of the optical amplifier, MLD, and coding, as
in long-haul systems.

To reduce the effects of thermal, shot, ASE, and
phase noise, coding can be used. Since the local
area network is not bandwidth-limited, coding
techniques with large overhead (such as spread spec-
trum) are possible. Indeed, the effect of phase
noise decreases with increased symbol rate [60, 61].

Because of power limitations, PSK with coher-
ent detection is an attractive modulation tech-
nique if the laser linewidth is much smaller than
the data rate. With the laser linewidth compara-
ble to the datarate, coherent detection [54] with PSK
must be compared with direct detection of on-
off-keyedsignals. The effect of phase noise and wider
receiver bandwidth with distortion in coherent
systems must be compared to the reduced sensi-
tivity (due to thermal noise) of direct-detection
systems. Although in a power-limited system mul-
tilevel signaling is usually not useful, the effect of the
distortions on multilevel signaling must be con-
sidered. However, it has been shown that M-ary FSK
is not effective in increasing the spectral efficien-
cy of local-area networks [62].

Local Loop

With local loop systems, the distance isshort enough
that there islittle chromaticor polarization dispersion.
The major impairment in such systems may be
echo in duplex systems (i.e., two-way transmission
on the same fiber) [63-65]. Because the transmit-
ted signal power is much higher than the received
signal power, any reflectionsin the fiber system (e.g.,
from connectors) can result in a large transmitted
signal echo, relative to the received signal, into
the receiver. This echo can be reduced by echo
cancellation techniques, as shown in Fig. 7.7
Here, part of the transmitted signal is subtracted
from the received signal to remove the echo.
However, if there are multiple echoes from dif-
ferent distances (i.e., different time delays), then
multiple taps with different delays may be required.
Note that this is a fixed impairment, and there-
fore, the tap weights can be adjusted manually.

Conclusions

n this article we have surveyed the major impair-

ments in lightwave systems and discussed the
signal-processing techniques that can be used to
reduce these impairments. Guidelines for the use of
these techniques were presented. Finally, we used
these guidelines in determining the techniques
with the most potential for providing improved
performance in long-haul systems, local-area net-
works, and local loop systems. Although many of the
techniques have been previously considered for these
applications, few have been implemented in com-
mercial products. Some of the most promising
techniquesinclude dispersion-compensating fibers,
polarization control, NLC, and coding for reduc-
ing the effect of distortion in long-haul single-fre-
quency-laser direct-detection systems. These are the
focus of current research efforts.
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