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Abstract—An adaptive polarization-mode dispersion (PMD)
compensation system has been developed to cancel the effects
of first-order PMD by producing a complementary PMD vector
in the receiver. Control parameters for the PMD compensation
system comprised of a polarization controller and a PMD emulator are derived from the nonreturn-to-zero (NRZ) signal in the
channel to be compensated. Estimates of the link’s differential
group delay (DGD) and principal states of polarization (PSP’s)
based on this signal are reliable when the signal power is equally
split between the link’s two PSP’s; however this condition cannot
be assumed. To meet this requirement, we scramble the state of
polarization (SOP) of the input signal at a rate much greater than
the response time of the PMD monitor signal so that each sample
represents many different SOP alignments. This approach allows
the effective cancellation of the first-order PMD effects within an
optical fiber channel.
Index Terms—Compensation equalizers, optical fiber communication, optical polarization-mode dispersion, polarization scrambling.

I. INTRODUCTION

D

ISPERSION in optical fiber communication systems
degrades the optical channel signal quality by distorting
signal waveforms. In digital systems dispersion can produce
intersymbol interference (ISI). As the signal bandwidth is
increased, the effects of dispersion become more significant.
If not dealt with, dispersion represents a barrier to increasing
the channel capacity. Effective techniques have been developed
either to avoid or compensate for the dominant dispersion
phenomena (e.g., modal, waveguide, and chromatic). However,
among the dispersive phenomena in optical fiber, the effect of
polarization-mode dispersion (PMD) is particularly difficult to
compensate as its characteristics vary temporally. Fluctuating
environmental factors (such as temperature, wind, and atmospheric pressure) can change the characteristics of PMD and
hence its impact on optical channel quality.
The birefringence of optical fiber supports two degenerate
modes, each having different propagation velocities, giving rise
to PMD. To gain a better understanding of PMD, models have
been developed that successfully predict the statistically observed effects in fiber. In these models, a long fiber link is modeled as a concatenated series of linearly birefringent, optical-
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fiber segments, each having a fixed birefringence, a fixed segment length corresponding to the fiber’s random mode coupling
. The orientation of the principle axes
characteristic length
from one segment to the next is treated as a random variable [1].
At every junction between segments, the energy from each incident pulse is split into two orthogonally polarized pulses, representing the mode coupling that occurs in fiber due to perturbations in local birefringence. After several such perturbations,
the original pulse becomes a large ensemble of small pulses,
dispersed in time. For the special case of a system using a light
source whose coherence time is greater than the PMD-induced
delays and a fiber whose optical loss is polarization independent, the PMD phenomenon in a long fiber link behaves in accordance with a high-coherence model, which incorporates the
concept of principal states of polarization (PSP’s). This means
that, over a limited bandwidth, the link will behave as a randomly birefringent optical fiber such that an input optical pulse
whose state of polarization (SOP) is aligned with one of the
link’s two input PSP’s will emerge from the fiber’s far end as a
single pulse, unchanged in shape and polarized along the fiber’s
corresponding output PSP. From this model, we know that an
input pulse aligned with neither input PSP will emerge as two
orthogonally polarized pulses, separated in time by the link’s
differential group delay (DGD).
This model is frequency independent and valid to first order
only. For wider bandwidths higher order effects must be considered resulting in frequency dependent polarization and dispersion [1], [2]. The bandwidth over which the PSP’s can be
assumed constant depend on the properties of the fiber and has
been shown to vary inversely with the mean differential group
delay (DGD) [3]. While the minimum bandwidth of the PSP’s
in single-mode fibers was found to be always over 50 GHz [3],
this bandwidth for standard single-mode fiber is of the order of
100 GHz [1].
Time-varying environmental factors can change the mechanical stress on the fiber, causing localized changes in the birefringence characteristics of the fiber. This, in turn, affects the
orientation of the PSP’s and the DGD of the fiber link. For an
optical transmitter with a fixed SOP, as the link’s input PSP’s
change orientation, the relative intensities of the two orthogonal
pulses will vary, and, at times, all of the energy will appear in
only one pulse (resulting in no discernable PMD effects).
), the mean PMD inFor long fiber links (lengths
creases with the square root of the link length.For example, in
standard single-mode fiber, the typical random mode coupling
is 100 m and the PMD is typically
characteristic length
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Fig. 1. Functional block diagram illustrating the adaptive PMD compensation system showing the evolution of the envelope and state of polarization for a single
transmitted pulse as it progresses from the transmitter through the link, after the polarization controller, and as it emerges from the PMD emulator. BPF: bandpass
filter; ( ) : square-law detector; LPF: low-pass filter.

Fig. 2. Example of a simulated transfer function of monitor signal power versus polarization controller settings. The input signal power is assumed to be equally
split on the two input PSP’s and the DGD in both the link and the PMD emulator is 50 ps.

Fig. 3. Simulated transfer function relating the monitor signal power versus emulator DGD that is used to estimate the link DGD. For this case the link DGD is
10 ps and the signal power is equally split on the input PSP’s.
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0.1 ps/(km)
[1]. Therefore, for a typical terrestrial fiber link
length of 500 km, the mean anticipated PMD would be 2.24 ps.
This level of PMD is generally insignificant for channel data
rates of 2.5 Gb/s or less, but would certainly be significant for
data rates of 10 Gb/s, 40 Gb/s, and above.
In order to use a fiber link with PMD to carry optical signals
at ever increasing data rates without channel degradation, compensation for PMD is necessary. While several PMD compensation approaches have been reported [4]–[6], only those that
fully compensate PMD in a link by tracking variations in the
DGD and PSP’s are viable. The approach presented here attempts to compensate fully for the effects of PMD on a single
optical channel over a fiber link.

(a)

II. ACTIVE PMD COMPENSATION
In the system we developed, the PMD adaptive compensation system treats the PMD on the link as a vector quantity, with
DGD as the magnitude and PSP as the direction. A PMD component of equal magnitude but opposite in direction is applied
to the signal in the receiver so that the vector sum results in
zero PMD. To accomplish this, an accurate and reliable technique for monitoring the PSP’s and the DGD of the fiber link
was developed, together with a means of producing a complementary PMD vector in the receiver. A block diagram of our
system, shown in Fig. 1, illustrates the elements of the adaptive
PMD compensation system and shows the evolution of the envelope and state of polarization for a single transmitted pulse as
it progresses from the transmitter through the link, after the polarization controller and as it emerges from the PMD emulator.
, and DGD correspond to the
The control parameters
settings for compensating the effects of PMD in the link.
To monitor the effect of PMD on the received signal, we
adopted the method presented by Takahashi et al. [4]. The power
level of a nonreturn-to-zero (NRZ) signal’s spectral component
corresponding to one-half of the data rate can serve as an indicator of PMD in a fiber link. For example, to monitor the PMD
on a 10-Gb/s NRZ signal, the power of the spectral component
at 5 GHz is monitored. Implementing this approach involves
a narrowband bandpass filter centered at 5 GHz followed by
a square-law detector and a low-pass filter. The output signal
is maximized when the PMD affecting the optical NRZ signal
is minimized. The shape of the transfer function relating PMD
(more specifically, DGD) to the level of this monitor signal is
approximately quadratic (as shown in Fig. 3).
The compensating PMD introduced in the receiver is set by
a polarization controller and a PMD emulator. The polarization
controller rotates the link’s output PSP’s to align with the input
PSP’s of the PMD emulator (which turn out to be linearly polarized). The PMD emulator introduces the desired time delay
(DGD) between two orthogonally polarized optical paths by
splitting the input signal based on its polarization and preferentially delaying one of the two paths before recombining the two
orthogonally polarized signals. Through this approach, the two
output pulses that result from PMD on the link are precisely superimposed in time, effectively undoing the effects of the link’s
PMD.

(b)

(c)
Fig. 4. Eye diagrams at different locations along the link in a simulated
10-Gb/s NRZ system: (a) transmitter output, (b) optical link output, and (c)
PMD compensation system output. Assumes equal power on the link’s input
PSP’s and 50 ps of DGD in the link. The adaptive PMD compensation system
is set to compensate fully for the effects of PMD in the link.

III. COMPUTER SIMULATION
Computer simulations were conducted to determine the
effectiveness of this approach. In the simulation, a 10-Gb/s
NRZ signal having a known SOP was launched into a fiber link
having a selectable PMD (PSP’s and DGD). At the receiver,
the signal was passed through our PMD compensation system
and the power of the 5-GHz spectral component (the monitor
signal) was determined. The polarization controller was modeled as a combination of two quarter-wave plates (QWP’s) and
a half-wave plate (HWP), arranged as QWP-HWP-QWP. For
this arrangement, the polarization controller can be simulated
using a transformation matrix associated with only two free
parameters, the phase angle of the HWP and that of the first
QWP, since the phase angle of the first QWP and that of the
last QWP are always180 apart.
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Fig. 5. Experimental setup for evaluation of the adaptive PMD compensation system. EDFA: Erbium-doped fiber-optic amplifier; fiber PC: fiber polarization
controller; PMF: polarization-maintaining fiber; HP PC: HP polarization controller.

Fig. 6. Timing relationship of two orthogonal pulses obtained from the output of the PMD emulator showing the induced DGD of 48 ps. The different pulse
levels of the signal traces indicate an unequal power splitting (approximately 70/30) between the emulator’s PSP’s.

To examine how the monitor signal power varies with polarization controller setting, we assumed a priori knowledge of the
link’s DGD (50 ps in this case) and set the emulator’s DGD
to correspond. The monitor signal power was determined for
all possible settings of the polarization controller (with two degrees of freedom) to produce a surface. The coordinates of the
peak of the surface correspond to the polarization controller settings that align the link’s PSP’s with the PSP’s of the emulator.
For the case where the input signal’s SOP aligned such that its
power is equally split between the link’s PSP’s, this procedure
produces a surface with a single peak as shown in Fig. 2.
We next examined how the monitor signal varies with DGD
in the PMD emulator. We began by setting the emulator’s DGD
to an arbitrary (but nonzero) value of 15 ps. In an effort to maximize the sensitivity of the monitor signal to DGD variations,
we deliberately misaligned the PSP’s of the link with those of
the PMD emulator by setting the polarization controller such
that the monitor signal is minimized. This approach is necessary to resolve small values of link DGD and to accommodate
unequal power splitting between the PSP’s. For example, in the
case where the transmitter SOP is aligned with one of the link’s
input PSP’s and consequently the link effectively exhibits no
PMD, this polarization controller setting yields an unambiguous

link DGD estimate of zero; otherwise variations in the PMD emulator DGD produces no change in monitor signal power.
We then varied the emulator’s DGD and observed changes
in the monitor signal level. Fig. 3 illustrates the transfer function relating emulator DGD and monitor signal level for the case
where the link DGD was 10 ps and the input SOP was aligned
such that its power is equally split between the link’s PSP’s. The
resulting curve has the expected shape, with a maximum (representing a minimization in the overall PMD) when the emulator
DGD exactly cancels the DGD in the link; that is, 10 ps.
To show the effectiveness of the simulated PMD compensation system, eye diagrams of a 10-Gb/s NRZ signal were produced for the signal at the transmitter, at the output of the fiber
link (but prior to the PMD compensation system), and at the
output of the PMD compensation system, as shown in Fig. 4.
The eye-diagrams produced from the computer simulations include an 8-GHz, fifth-order low-pass Bessel filter used as a
post-detection filter to suppress high frequency components. In
the link, the DGD is 50 ps and the input SOP is oriented such
that the power is equally split between the link’s input PSP’s.
The eye at the output of the fiber link is clearly distorted, most
notably by the reduced slope at the bit transitions, resulting in
an eye closure penalty of 0.8 dB compared to the eye diagram
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at the transmitter. Assuming a jitter window width of 10 ps centered on the eye opening, the eye-closure penalty is computed
by comparing the vertical dimension of the eye opening with
that of the eye measured at the transmitter. The difference between the eye diagram at the transmitter and that at the output of
the PMD compensation system is negligible (0 dB eye-closure
penalty), demonstrating the effectiveness of the compensation
technique.

IV. EXPERIMENTAL VALIDATION
Laboratory tests were conducted to validate the results of the
computer simulation. Fig. 5 shows the block diagram of the laboratory test setup. A 10-Gb/s NRZ signal was produced with
a bit-error rate tester (BERT) driving a Mach–Zehnder modulator to intensity modulate a 1550-nm continuous-wave (CW)
optical signal followed by a lithium-niobate phase shifter that
serves as the polarization scrambler. (The SOP input is deliberately aligned midway between the phase shifter’s fast and slow
axis so that an applied voltage results in a phase shift between
the two propagating waves producing a change in the output
SOP.) Next is an erbium-doped fiber amplifier (EDFA) to boost
the signal level. A link DGD of 48 ps was created using 23
m of polarization maintaining fiber (PMF). To vary the power
distribution between the two PSP’s in the PMF when the polarization scrambler was not activated, a manually controlled
(paddle-type) fiber polarization controller was placed immediately between the EDFA and the PMF. Fig. 6 shows the signal
output from the PMF when a 200-ps-long pulse is launched with
its SOP aligned relative to the PSP’s to yield an unequal power
split of approximately 70/30 in this case.
Orientation control of the receiver’s PSP’s relative to
the PSP’s of the PMF was achieved with an HP 11896A
computer-controlled polarization controller. The polarization
controller is followed by a computer-controlled PMD emulator to introduce the compensation DGD. In this device, the
incoming optical signal is decomposed into its two orthogonal, linear polarization components, which propagate along
separate optical paths that are ultimately recombined with
their polarization states preserved. As the path length of one
of the two paths is variable while the path length of the other
is constant, various amounts of DGD can be produced, both
positive and negative. The computer-controllable JDS PE3050
PMD emulator used in our experiments has a DGD range of
30 to 125 ps and a resolution of 0.002 ps.
The output of the PMD emulator is connected to a photodetector to convert the signal from the optical domain to the
electronic domain. Following the photodetector is a 7.5-GHz
LPF. The signal is then split, one portion going to a high-speed
oscilloscope to monitor the signal’s eye diagram, and the other
portion sent to an HP 8592L microwave spectrum analyzer
where the power of the 5-GHz spectral component (the monitor
signal) was measured. The spectrum analyzer was configured
to provide a digital output signal representing the bandlimited
(300 kHz bandwidth) power of this spectral component. This
monitor signal is then used by a computer to determine the
control parameters for the polarization controller and the

(a)

(b)

(c)
Fig. 7. Eye diagrams for a 10-Gb/s NRZ system with equal power distribution
on the link’s input PSP’s and 48 ps of DGD in the link measured at different
locations along the link: (a) transmitter output, (b) optical link output, and (c)
PMD compensation system output.

PMD emulator, through a sequential search process aimed at
maximizing the monitor signal power.
Fig. 7 shows the eye diagram for the signal at various points
in the system. First is the eye diagram of the signal output from
the transmitter. Next is the eye diagram of the signal output from
the PMF for equal power splitting between the PSP’s. The most
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Fig. 8. Collection of curves representing the monitor signal power versus link DGD for various signal power distributions on the input PSP’s. Power ratio at the
input PSP’s vary from 50/50 to 100/0 in increments of 7.14. The simulated link DGD is 20 ps.

notable effect of the 48 ps of DGD introduced by the PMF is
the reduced slope at the bit transitions. Finally, we show the
eye diagram of the signal output from the PMD compensation
system, where the quality of the eye has been largely restored
to its original shape. Using the transmitter output eye opening
as a reference and a 10-ps jitter window width, the eye-closure
penalty of the signal at the output of the PMF is 3.8 dB, while
at the output of the PMD compensation system the eye-closure penalty is 0.07 dB. The difference in eye-closure penalties between the simulation and the laboratory measurements
may be attributed to amplitude and phase ripple in the system
transfer function (including the modulator, photodetector, electrical post-detection filter) in the hardware but not accounted for
in the simulation.

V. SOP/PSP ALIGNMENT EFFECTS
As mentioned above, the ability to monitor the state of the
PSP’s and DGD on a link reliably is somewhat dependent on
the input SOP exciting both PSP modes in the link. Instances
where the input SOP is nearly aligned with one of the link’s
input PSP’s significantly degrades the ability of the monitoring
system to track the PSP’s and the DGD.
To investigate the effects of various SOP / PSP alignments,
computer simulations of the PMD compensation system were
conducted. As before, a 10-Gb/s NRZ signal having a known
SOP is launched into a fiber link having a selectable PMD
(PSP’s and DGD). At the receiver, the signal is passed through
the PMD compensation system and the power of the monitor
signal is determined. Setting the polarization controller so
that the link’s PSP’s and the PSP’s of the PMD emulator
are misaligned as before, we estimate the DGD in the link
by varying the emulator’s DGD and observe changes in the
monitor signal level. With the link DGD set at 20 ps, Fig. 8
shows results for several cases representing various alignments

of the input SOP with the link’s input PSP’s. For the case where
the SOP is aligned such that the input power is nearly evenly
split, the location of the maximum approximates the actual
link DGD, i.e., 20 ps. However, as the splitting ratio becomes
more and more unbalanced, the emulator DGD that maximizes
the monitor signal power moves progressively toward zero.
Finally the case where all of the power is launched along one
PSP results in a curve that peaks at zero DGD in the emulator,
despite the fact that the link’s DGD is 20 ps. Hence the use
of this parameter to estimate the link’s DGD is sensitive to
the relative alignment of the input signal’s SOP and the link’s
input PSP’s.
The relative alignment of SOP and PSP’s also affects the
transfer function relating the monitor signal power to the state
of the polarization controller. To illustrate this, we again present
computer simulations of the PMD compensation system as before. For this evaluation, we assume a priori knowledge of the
link’s DGD and set the emulator’s DGD to correspond. The
monitor signal power is determined for all possible settings of
the polarization controller with two degrees of freedom to produce a surface plot. The coordinates of the peak of the surface
corresponds to the polarization controller settings that align the
link’s PSP’s with the PSP’s of the emulator. For the case where
the input signal’s SOP is aligned such that its power is equally
split between the link’s PSP’s, a surface with a single peak is
produced as was shown previously in Fig. 3. However, as the
alignment between the input SOP and the link’s input PSP’s is
changed, the shape and nature of the surface changes also. In
Fig. 9(a) the alignment producing a 70/30 distribution of the
signal power on the PSP’s results in a surface with two unequal
peaks. In Fig. 9(b) the alignment is changed so that all of the
signal power is coupled into a single PSP. In this case, two peaks
of equal amplitude are observed, each corresponding to a case
where 100% of the signal is routed through only one branch of
the PMD emulator, as would be expected, and the two peaks
represent two orthogonal polarization controller settings.
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Fig. 9. Three-dimensional presentation of how the monitor signal varies with polarization controller setting with the input SOP fixed relative to the fiber PSP:
(a) 70/30 signal power split onto the input PSP’s and (b) all power is launched onto one of the input PSP’s.

Fig. 10. Eye diagrams for a simulated 10-Gb/s NRZ system with a 70/30 power distribution on the link’s input PSP’s and 50 ps of DGD in the link measured at:
(a) optical link output and (b) PMD compensation system output. The adaptive PMD compensation system is set to compensate fully for the effects of PMD in the
link and there is no polarization scrambling at the transmitter.
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VI. POLARIZATION SCRAMBLING
Based on these results, it is clear that the use of the monitor signal alone to determine the proper PMD compensation
system settings is inadequate; knowledge of the relative alignment between the input signal’s SOP and the link’s input PSP’s
is also needed. Since the link’s input PSP’s are time varying,
tracking with the launched signal’s SOP orientation is not possible without additional information. To overcome this challenge, we scrambled the SOP of the input signal at the output of
the transmitter. While the relative alignment between the SOP
and the link’s input PSP’s is still not known at any instant, we
do know that over a given interval determined by the frequency
of the polarization scrambler a variety of relative alignments is
realized. Additionally, for truly random SOP scrambling, the
alignment having the greatest probability is where the power
is equally split, and the lowest probability is where all of the
power propagates along a single PSP. Therefore the estimate of
the proper settings for the PMD compensation system based on
the monitor signal is greatly improved when the input SOP is
scrambled.
Simulation results confirm the effectiveness of this approach.
When the input signal’s SOP is scrambled at a rate much greater
than the response time of the lowpass filter and each sample represents multiple alignments, the estimate of the compensating
DGD and polarization controller setting agrees with the estimates obtained when the input SOP is static and aligned such
that the power is evenly split between the PSP’s. Fig. 10 shows
the simulated eye diagrams for the case of an unequal power
split (70/30) without polarization scrambling. The eye diagram
shown in Fig. 10(a) represents the signal at the link output,
prior to the PMD compensation system. The eye-closure penalty
compared to the transmitted signal as shown in Fig. 4 is 0.5 dB.
Fig. 10(b) shows the eye diagram of the signal output from the
PMD compensation system that has been configured to maximize the monitor signal power. While the PMD compensation
system has improved the signal, some distortion of the eye remains and the eye closure penalty is 0.25 dB. When polarization
scrambling is present, the eye diagram at the PMD compensation system is identical to that shown in Fig. 4(c), with a negligible eye-closure penalty.
Experimental results also demonstrate that polarization
scrambling improves the effectiveness of the PMD compensation system. The experimental setup described previously
was configured to produce an SOP alignment that resulted
in a power split of approximately 70/30 between the PSP’s
in the PMF. The eye diagram at the output of the PMF is
shown in Fig. 11(a) and has an eye-closure penalty of 2.5 dB
compared to the transmitted eye. The eye diagram at the output
of the PMD compensation system configured to maximize
the monitor signal is shown in Fig. 11(b). While the resultant
eye diagram is improved compared to the uncompensated eye,
the eye-closure penalty is 0.79 dB. Finally, the eye diagram
shown in Fig. 11(c) represents the case where the polarization
scrambler at the output of the transmitter is activated and the
PMD compensation system again determines the appropriate
settings that result in a maximum monitor signal power. The
eye closure penalty for this eye diagram is 0.15 dB. Hence

Fig. 11. Eye diagrams of the signal received from a link having 48 ps of DGD
and a 70/30 power split: (a) before the PMD compensation system, (b) after the
PMD compensation system without polarization scrambling, and (c) after the
PMD compensation system with polarization scrambling.

in this case, polarization scrambling improves our ability to
compensate for PMD by more than 0.6 dB.
In this experiment, the polarization scrambler was driven by
a sinusoidal voltage with an amplitude sufficient to produce an
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fiber channel. As this approach relies on the PSP concept, this
compensation technique addresses only first-order PMD; consequently in a wavelength-division multiplexing (WDM) application, a separate PMD compensation system would be required
for each optical channel.
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