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T he field of optical communications systems has enjoyed a
period of explosive growth in terms of the capacity that
can be transmitted over a single fiber cable.1 This trend has

been fueled by the increase in data-rate-per-channel, coupled with
the increase in the total number of parallel wavelength channels.
The total number of wavelength-division-multiplexed (WDM)
channels that can be accommodated in a system depends on a
range of factors, including cost, information spectral efficiency,
nonlinear effects, and component wavelength selectivity. This arti-
cle will deal with some of the critical limiting issues associated
with the transmission of the ever-increasing data rate of each
channel, chief among these chromatic dispersion (CD)2 and po-
larization-mode dispersion (PMD).3

Both CD and PMD cause temporal spreading of the optical
bits as they propagate along the fiber. At data rates of less than or
equal to 2.5 Gbit/s, these effects are not particularly troublesome.
For data rates larger than or equal to 10 Gbit/s, however, transmis-
sion can be quite tricky. These degrading effects must be dealt with
in some fashion, for example, by compensation. What’s more,
since CD and PMD rise quite rapidly as the bit rate increases, the
transmission of a 10-Gbit/s signal is more than four times more
difficult than that of a 2.5-Gbit/s signal. Finally, tunability is im-
portant for compensating CD and PMD in a communications
network, especially for 40-Gbit/s channels.

Beyond these qualities, chromatic dispersion and polarization-
mode dispersion have little else in common. For this reason, this
article will deal with the potential solutions to the problems posed
by these two effects in completely separate sections.

Something Linn Mollenauer of Bell Laboratories told me 10
years ago puts this article into perspective:“One can transmit infi-
nite bandwidth over zero distance.” Unless the fiber issues in a
transmission link are managed, propagation of high-speed signals
over non-trivial distances is impossible. This factor will be crucial
in the raging debate as to whether 40-Gbit/s systems will emerge
commercially in the near future.

Chromatic dispersion
When progressing from 2.5 to 10 Gbit/s systems, most technical
challenges are less than four times as complicated. One critical ex-
ception is the effect of optical-fiber-based chromatic dispersion.
When increasing the bit rate by four times, the effect of chromatic
dispersion increases by a whopping factor of 16!! This section will
address the compensation of chromatic dispersion, emphasizing
the need for tunability to enable robust optical systems.

Can't live with it, can't live without it
Chromatic dispersion is one of the most basic characteristics of
fiber. The velocity of a photon in an optical glass fiber depends on
the index of refraction of the glass. Since the index of refraction is
slightly dependent on the frequency (i.e., the wavelength) of light,
photons of different frequencies propagate at different speeds.
Starting with a single-frequency laser beam, data modulation
causes the light frequency spectrum to spread out to an extent
roughly comparable to the data modulation rate. In other words,
an approximately 1 GHz information bandwidth is produced
from a 1 Gbit/s signal. That means that each photon in a single “1”
bit exists at a slightly different frequency and will travel down the
fiber at a slightly different speed. At the end of the fiber span, the
“1” bit is spread out in time and is difficult for a receiver to detect
clearly as a “1” bit, a fact which severely limits system performance
(see Fig. 1).

The units by which chromatic dispersion is measured are pi-
coseconds of delay per nanometer of signal information band-
width [(ps/nm)/km]. This means that shorter time pulses, wider
frequency spread due to data modulation, and longer fiber lengths
will each contribute linearly to temporal dispersion. Higher data
rates inherently have both shorter pulses and wider frequency
spreads. Therefore, as network speed increases, the impact of
chromatic dispersion rises precipitously as the square of the in-
crease in data rate. Moreover, data modulation format can affect a
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system’s sensitivity to chromatic dispersion. For example, the
common non-return-to-zero (NRZ) data format, in which the
optical power stays high throughout the entire time slot of a “1”
bit, is more robust to chromatic dispersion than is the return-to-
zero (RZ) format, in which the optical power stays high in only
part of the time slot of a “1” bit. This difference is caused by the
fact that RZ has a much wider channel frequency spectrum than
NRZ, thus incurring more chromatic dispersion.

Although it is possible to manufacture dispersion-shifted
fiber that does not induce chromatic dispersion, chromatic dis-
persion is a necessary evil for the deployment of WDM systems.
When chromatic dispersion is near zero in a WDM system, dif-
ferent channels travel at almost the same speed. Any nonlinear
mixing effects that require phase matching between the different
wavelength channels will grow faster than if wavelengths were
travelling at widely different speeds.4 Given that the index of re-
fraction of glass is not only dependent on the frequency of light
but also on the intensity, the following deleterious nonlinear ef-
fects tend to destroy the signal integrity:

• Self- and cross-phase modulation: A million photons “see” a
different glass than does a single photon, and a photon trav-
eling along with many other photons will slow down. Self-
phase modulation (SPM) occurs because of the intensity pro-
file of an optical pulse on a single WDM channel. This inten-
sity profile causes an index profile and, thus, a photon speed
differential. When considering many WDM channels co-
propagating in a fiber, photons from channels 2 through N
can distort the index profile that is experienced by channel 1.
The photons from the other channels “chirp” the signal fre-
quencies on channel 1; this chirp will interact with fiber chro-
matic dispersion and cause temporal distortion. This effect is
called cross-phase modulation (XPM).

• Four-wave mixing (FWM): The optical intensity propagating
through the fiber is the electric field squared. In a WDM sys-
tem, the electric field is the sum of all the individual channel’s
electric fields. When squaring the sum of different fields,
products emerge that are beat terms at various sum and dif-
ference frequencies to the original signals. If a WDM channel
exists at one of the four-wave-mixing beat-term frequencies,
then the beat term will interfere coherently with the other
WDM channel and may also destroy the data.

A chromatic dispersion value as small as a few [(ps/nm)/km]
is usually sufficient to make XPM and FWM negligible. Non-
zero dispersion-shifted fiber (NZDSF) is commercially available
to mitigate the effects of nonlinearities while maintaining small
amounts of chromatic dispersion. Whenever WDM is used,
chromatic dispersion must be present.

Fixed dispersion compensation 
Chromatic dispersion causes few problems in the transmission
of 2.5-Gbit/s signals, even over distances exceeding 500 km. In
10-Gbit/s systems, however, even links of roughly 60 km require
compensation. An overwhelming amount of deployed fiber has
“positive dispersion,” meaning that longer-wavelength photons
travel slower than shorter-wavelengths ones. As a result, a simple
solution is to periodically place a lumped optical element that
produces “negative” dispersion (i.e., in which shorter wave-
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Figure 1. Chromatic dispersion is caused by the wavelength-dependent
refraction index in fiber. Because of the non-zero spectral width of the mod-
ulated data, dispersion leads to pulse broadening proportional to the dis-
tance and to the square of the data rate.

Figure 2. In a typical dispersion-managed system, positive dispersion trans-
mission fiber alternates with negative dispersion compensation elements, so
that the total dispersion is zero end-to-end.

Figure 3. Chromatic dispersion induced by conventional single-mode fiber
and specialty dispersion-compensating fiber.
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lengths travel slower than longer wavelengths; see Fig. 2). To effec-
tively manage the accumulation of deleterious nonlinear effects,
each fiber system should have an optimum dispersion map, re-
quiring its own specific arrangement of positive and negative dis-
persion elements. Two common fixed-value negative-dispersion
elements are dispersion-compensating fiber (DCF) and chirped
fiber Bragg gratings (FBG). The vast number of deployed systems
use DCF.

As shown in Fig. 3, DCF is a length of fiber producing negative
dispersion four to five times as large as that produced by conven-
tional single-mode fiber (SMF).5 The different dispersion value is
achieved by changing the refractive index profile of the fiber core
and cladding, thereby modifying the waveguide-dependent chro-
matic dispersion value. Typically, a 15-km spool of DCF is re-
quired to compensate for 80 km of SMF, and the insertion loss of
the DCF is roughly twice that of regular fiber. Since DCF is broad-
band, many WDM channels can be compensated simultaneously.
Unfortunately, the spectral dependence of SMF and DCF may not
be exactly balanced. Typically, only one wavelength can be com-
pensated exactly, with shorter wavelengths having a residual nega-
tive dispersion and longer wavelengths having a residual positive
dispersion. This situation is called “dispersion slope mismatch.”
Note that recent reports describe DCFs that are nearly matched to
the optical transmission fiber itself.

Another technology used for fixed dispersion compensation is
the fiber Bragg grating. An FBG consists of a periodic variation in
the index of refraction written into the core of a fiber, resulting in
a reflection spectrum related to the period. Thus, these gratings
can be used as wavelength-specific mirrors.

A chirped FBG is a grating written in the fiber core in which the
periodicity of the etched refractive index variation becomes short-
er along the length of the fiber.6 Light of a specific frequency is re-
flected from the part of the grating the periodicity of which res-
onates with that particular frequency. With proper grating design,
faster-fiber-propagating photons are reflected later in the grating
and incur a longer delay, while slower-fiber-propagating photons
are reflected earlier in the grating. For this reason, a compressed
and compensated optical pulse is reflected from the grating and
can be redirected to the output by using an optical circulator.

The need for tunability
In a perfect world, all fiber links would be characterized by a
known, discrete, and unchanging value of chromatic dispersion.
Network operators would then deploy fixed dispersion compen-
sators periodically along every fiber link to exactly match the fiber
dispersion. Unfortunately, four vexing issues would seem to ne-
cessitate that dispersion compensators be tunable.

First, there is that basic business issue: inventory management.
Network operators typically do not know either the exact length of
a deployed fiber link or its chromatic dispersion value. Moreover,
fiber plants periodically undergo upgrades and maintenance, a
process which leaves new and non-exact lengths of fiber behind.
For this reason, operators would need to keep in stock a large
number of different compensator models, and even in this case,
compensation would only be approximate.

Second, we must consider the difficulty of managing 40 Gbit/s
signals. For a 40 Gbit/s channel, the tolerable threshold for accu-
mulated dispersion is 16 times smaller than for a 10 Gbit/s chan-
nel. If the compensation value does not match the fiber to within a
few percent of the required dispersion value, the communications
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Figure 4.The accumulated dispersion changes as a function of the tem-
perature fluctuation and fiber length.The zero-dispersion wavelength of
fiber shifts as the temperature changes, changing the dispersion itself at a
fixd wavelength due to the dispersion spectral slope.

Figure 5. (a) A chirped fiber Bragg grating has a varying periodic structure
written in optical fiber. Chirped gratings can be used for dispersion com-
pensation when the time delay for the grating matches the inverse time
delay for the pulse dispersion. (b) Stretching a linearly chirped grating will
shift the spectrum, but will not tune the dispersion (i.e., the slope of the
ps-vs.-nm curve). (c) When using a nonlinear chirp profile, the dispersion
can be tuned by simply stretching the grating because the curve’s slope
will change for a given WDM channel.A single moving element is required.

Figure 6.The fiber core is asymmetric with two different axes.This gives
rise to a differential in the speed of light depending on the optical signal’s
state-of-polarization.The figure shows simple first-order PMD, i.e., a dif-
ferential group delay.
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link will not work. Tunability is a key enabler for this bit rate.
Third, for 40-Gbit/s (and long-haul 10 Gbit/s) systems, the fact

that the accumulated dispersion changes slightly with tempera-
ture becomes an issue. In fiber, the typical rate at which the zero-
dispersion wavelength changes with temperature is 0.03 nm/°C.
Figure 4 shows that a not-uncommon 50° C variation along a
1000-km 40-Gbit/s link would produce significant degradation.
This figure shows limits for NRZ data format, although RZ would
have a much smaller tolerance region.

Fourth, we are at the dawn of reconfigurable optical network-
ing. In such systems, the network path, and therefore accumulat-
ed fiber dispersion, can change. It is important to note that even if
the fiber spans are compensated span-by-span, the pervasive use
of compensation at the transmitter and receiver suggests that op-
timization and tunability based on path will still be needed.

Other issues that increase the need for tunability include: laser
and (de)mux wavelength drifts for which a data channel no longer
resides on the flat-top portion of a filter, thereby producing a
chirp on the signal that interacts with the fiber's chromatic dis-
persion; changes in signal power that change both the link's non-
linearity and the optimal system dispersion map; and the small
differences that exist in transmitter-induced signal chirp.

Approaches to tunable dispersion compensation
There have been reports of new technologies that can achieve tun-
able dispersion compensation, including: a free-space virtual-im-
aged phased array,7 a FBG that uses a differential thermal tuning
mechanism,8 and an integrated ring-resonator structure.9

By way of example, I will focus on another approach. The key
core technology of this solution involves the use of a nonlinearly
chirped fiber Bragg grating, in which the periodicity of the grating
refractive index is designed to provide continuous dispersion tun-
ability when the FBG is stretched less than 0.1%.[Ref. 10]

Fiber gratings offer the inherent advantages of fiber compati-
bility, low loss, and low cost. By tailoring the wavelength-depend-
ent delay (as measured in ps/nm) in the reflected optical signal of
a chirped reflective fiber, a FBG can become a negative dispersion
compensator. What’s more, if a FBG has a refractive-index perio-
dicity that varies nonlinearly along the length of the fiber, it will
produce a time delay that also varies nonlinearly with wavelength.
Herein lies the key to tunability. When a linearly chirped FBG is
uniformly stretched by an external mechanical stretcher, the in-
duced time delay curve is simply shifted uniformly toward longer
wavelengths with no change in the slope of the ps-vs.-nm curve,
i.e., the dispersion compensation. When a nonlinearly chirped
grating is stretched uniformly by a single mechanical element, the
time delay curve is also shifted toward longer wavelengths, but the
slope of the ps-vs.-nm curve at a specific channel wavelength
changes continuously (see Fig. 5).

Ultimately, tunable dispersion compensators should accom-
modate multichannel operation. Several WDM channels can be
accommodated by a single chirped FBG in one of two ways: fabri-
cating a much longer (i.e., meters-length) grating, or using a sam-
pling function when writing the grating, thereby creating many
replicas in the wavelength-domain transfer function of the FBG.

As mentioned earlier, transmission fiber, especially fiber with
dispersion compensation built in, may suffer from a dispersion
slope in which a slightly different dispersion value is produced for
each WDM channel. Compensating one channel exactly but leav-
ing the other channels to progressively accumulate increasing
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Figure 8. Measurement of the bit-error-rate fluctuations of a 10-Gbit/s
signal. The signal propagates along a fiber under the condition of slowly
changing ambient temperature surrounding the fiber.

Figure 7.The occurrence probability for a given value of differential group
delay along an entire fiber link follows Maxwellian statistics.

amounts of dispersion limits the ultimate length of the optical link
as well as the wavelength range that can be used for all the WDM
channels. For this reason, using a tunable dispersion compensator
at the receiver—one that uniquely compensates each WDM chan-
nel with its own exact negative dispersion value—can be a prime
enabler for high-performance systems.

Polarization-mode dispersion
Polarization-mode dispersion (PMD) is a key limiter in the de-
ployment of optical systems transmitting at rates higher than 10-
Gbit/s. Fiber-based PMD is caused by an asymmetry of the fiber
core, in which light polarized in one axis travels faster than light
polarized in the orthogonal axis.11,12 But for all the millions of
fiber-kilometers deployed prior to the mid-1990s, no PMD value
was ever mentioned on any spec sheet on which a fiber purchase
was based. In fact, the only way the major carriers could determine
the PMD value of their installed fiber plant—post facto—was to
open up randomly selected segments of deployed fiber and meas-
ure it. They found fiber that had a range of nearly three orders of
magnitude in PMD values.

Today’s fiber has a very low PMD value and is well character-
ized. But there is still a small residual asymmetry in the fiber core.

© IEE 1991



Moreover, slight polarization dependencies exist in discrete inline
components such as isolators, couplers, filters, erbium-doped fiber
(EDF), modulators, and multiplexers. Therefore, even under the
best of circumstances, PMD will continue to significantly limit the
deployment of 40-Gbit/s systems.

PMD is a stochastic, random process that changes with time. A
system can operate flawlessly for 364 days, then go down on the
365th day because of PMD. Unless a link is designed to accom-
modate a certain value of PMD and ensure that the probability of
a large power penalty is less than a few minutes per year, system
planners are playing “Russian roulette” with their optical network.

PMD concepts
As light propagates along a fiber, the optical wave can oscillate up
and down or side to side, representing either vertical or horizontal
states of polarized light, respectively. Light is usually in some com-
bination of the two polarization states, and it wanders as it prop-
agates inside the fiber.

The core of an optical fiber is not perfectly circular: the result-
ant ellipse has two orthogonal axes. The index of refraction of a
waveguide, which determines the speed of light, depends on the
shape of the waveguide as well as on the glass material itself.
Therefore, light polarized along one fiber axis travels at a different
speed than does the light polarized along the orthogonal fiber
axis. If the core of the fiber is illuminated with light from a single
“1” bit, then some of the light is polarized along one axis and
some of the light is polarized along the orthogonal axis. The light
in the two orthogonal axes will travel with different group veloci-
ties. To first order, this differential light speed will cause a tempo-
ral spreading of the bit into two “modes.” The amount of spread-
ing, termed the “differential group delay” (DGD), will limit the ul-
timate performance of the system (see Fig. 6). Since each discrete
segment of fiber has a different amount of DGD at a random ori-
entation, higher-order modes can be generated.

Several issues complicate this scenario. First, each short dis-
crete length of fiber will have a different degree of fiber-core
asymmetry. Second, each discrete length of fiber will have a ran-
dom orientation of its axis in relation to the fiber before and after

it. Third, the light's state-of-polar-
ization is constantly changing due
to all kinds of environmental ef-
fects. In other words, light can hit
any point along a fiber link in any
direction of polarization. Some-
times that hurts the signal and
sometimes it helps. Since this is a
classic “random-walk” problem,
the units of PMD are ps/(km0.5)
for which the signal degrades with
the square-root of the link dis-
tance.

Perhaps the most impor-
tant issue is that PMD is random
and roughly follows a Maxwellian
probability density function (see
Fig. 7). At one extreme, a
Maxwellian distribution has a
probability of occurrence for a
very small DGD value, meaning
there is some small probability

that all the short segments of fiber will align in such a way that
they internally cancel all the DGD of the entire fiber span. At the
other extreme, there is always some finite probability that a
Maxwellian distribution will occur for values of DGD that extend
to infinity, thereby causing a network outage. For this reason it’s
important to know the average PMD value for a link, since that
value determines the extent of the deleterious distribution tail of
the Maxwellian distribution.

Another aspect of PMD is that for each independent channel
in a WDM system, its effects are different and uncorrelated.
Therefore, PMD compensation modules would seem to require a
separate PMD compensator for each channel in a WDM system.

Playing Russian roulette with your network 
Perhaps the most powerful demonstration of the random effects
of PMD is the measurement of bit-error rate (BER) when trans-
mitting a signal through a fiber link in which all environmental
conditions, save temperature, are fixed. As shown in Fig. 8, a
change of even one degree can change the BER by a factor of
50.[Ref. 13]

It is instructive to consider the limitations that PMD places 
on an optical system. Today’s fiber PMD coefficient is 
0.1-0.5 ps/(km0.5), whereas unofficial announcements of next-
generation fiber boast a value of 0.05 ps/(km0.5). Importantly,
there will be many inline components in a link that induce addi-
tional PMD, chief of which are erbium-doped fiber amplifiers
(EDFAs), with a PMD value 0.2-1 ps, that are placed roughly every
80 km. Figure 9 shows the approximate distance limitations for a 
40-Gbit/s system. The types of signal formats considered are NRZ
and RZ. Even under the best of circumstances, PMD will limit sys-
tem performance.

It should be noted that many of the high-performance 
40-Gbit/s systems will incorporate forward error correction
(FEC) coding.14 Such coding adds some redundancy into the bits
of a data stream to make it easier to find and correct errors. FEC is
implemented using electronic chips, and it adds a system power
margin that can ease the deleterious problems associated with
fiber nonlinearities, chromatic dispersion, signal-to-noise ratio,
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Figure 9. The graphs show calculated propagation distance limitations for a 40-Gbit/s signal as a function of the
polarization-mode dispersion (PMD) value of the fiber for non-return-to-zero (a) and return-to-zero (b) data for-
mat.The various curves assume only fiber PMD (blue) and fiber PMD plus optical-amplifier PMD (red).
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technical stumbling blocks, including the availability and cost of
critical components such as optical modulators, electronic drivers,
low-noise optical amplifiers that produce low-link nonlinearities,
tunable chromatic dispersion compensators, PMD compensators,
and optoelectronic receivers.

Tunable compensation provides significant enhancements for
10-Gbit/s systems and should become a requirement for imple-
mentation of 40-Gbit/s networks. Deployment of dispersion com-
pensators can thus be considered a key gatekeeper to the eventual
deployment of robust high-performance 40-Gbit/s systems.
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and, of course, PMD. But since this power margin must be allo-
cated for mitigation of all these problems, the margin allocated
for PMD is only a fraction of the total. It should also be noted that
network outages that last for time scales that are very long as
compared to the bit time cannot be mitigated by FEC techniques.

It is important to note that the data modulation format will
have an impact on the degree to which PMD will adversely affect
system performance. For example, it seems that compared to oth-
er types of formats, chirped RZ may be more robust to PMD.15

Although network planners try to design around the problems
of PMD by employing the newest fiber, FEC boards, and novel
data modulation formats, such strategies can only mitigate PMD.
They cannot solve the problem and provide robust system per-
formance. And, of course, these attempts at mitigating the prob-
lems caused by PMD can be quite expensive in their own right.

PMD compensation
It would be quite advantageous to implement a module that
would compensate for PMD effects in a fiber link. As previously
noted, each wavelength in a WDM system would seem to require
its own PMD compensation module, thereby making the eco-
nomics extremely important in any decision regarding the im-
plementation of PMD compensators.

The generic diagram of a PMD compensator is shown in Fig.
10. A polarization controller is used at the input to rotate the in-
coming signal and optimally align it to a DGD element that cor-
rects for some amount of the accumulated PMD. After the DGD
element, a feedback loop is necessary to tune the polarization
controller and thereby dynamically track changes in the state of
polarization of the incoming signal. The feedback loop, which
consists of a PMD monitor, should enable tracking within a few
tens of milliseconds; note that a feed-forward solution can also be
implemented. There are several methods for monitoring the
PMD, including measuring the signal eye opening, the BER, the
radio-frequency power level, and the degree of polarization.

Perhaps the most difficult aspect of a PMD compensator is the
tracking software required in the feedback loop. It requires a
complicated control algorithm for finding the optimal position to
minimize the system power penalty caused by PMD. The space
explored by the software consists of many "pockets" of local PMD
minima, whereas there is only one true global minimum.

The DGD element in the compensator can be: a single piece of
polarization-maintaining (PM) fiber that produces a fixed
amount of time delay; a tunable element that produces a varying
amount of time delay in which wide variations in accumulated
PMD can be accommodated; or multiple sections of independ-
ently controlled PM fiber, which serve to enable compensation of
higher-order PMD. These options, respectively, offer progressive-
ly higher compensator performance, with a similar increase in
system complexity and cost. There are clear tradeoffs to be made
in this decision, but the ultimate performance and eventual cost
of commercially deployed modules remain unclear. The key is
finding a balance that allows the deployment of high-perform-
ance, cost-effective PMD compensation modules.

The future of 40 Gbit/s
The industry stands at a crossroads: in the coming year, many
network operators will need to make strategic decisions as to the
extent of the deployment of 40-Gbit/s systems. There are several

Figure 10. A generic PMD compensator that includes an input polarization
controller, a differential group delay element (fixed or tunable), and control
feedback loop that incorporates a PMD monitor.
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