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An analysis of first-order polarization-mode dispersion (PMD) effects in a 40-Gb/s op-
tical system is used to compare different electronic equalizer architectures as poten-
tial PMD compensators. Both linear and nonlinear equalizers are considered employing
symbol-spaced and fractionally-spaced taps. It is found that a decision feedback equalizer
consisting of a 3-tap symbol-spaced feedforward equalizer and a 1-tap feedback equal-
izer effectively eliminates PMD as the dominant length-limiting factor in most 40-Gb/s
optical systems. Such an equalizer would entail less complexity than several previously
reported electronic PMD compensators.
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1. Introduction

Optical communication systems have been used since the 1970s for high-volume
data transmission within wide-area, metropolitan-area and local-area networks®.
Until recently, long-haul links over single-mode fiber (SMF') could be designed with-
out concern for the bandwidth limitations of the fiber. By compensating for fiber
loss with amplifiers, the reach of these systems could be extended. To satiate the
demand for greater network capacity, the data rate of current optical systems has
been pushed to 10 and 40 Gb/s (OC-192 and OC-768). At these data rates, it is no
longer possible to neglect the bandwidth limitations of SMF, as several dispersion
mechanisms lead to frequency-dependent loss?.

The two most important dispersion mechanisms for SMF are chromatic dis-
persion (CD) and polarization-mode dispersion (PMD). CD is a result of the
wavelength-dependency of the refractive index of the fiber. PMD results from the
variation in the refractive index of the fiber with respect to the polarization of the
light signal. Since CD can be compensated by proper choice of optical fiber, PMD
has been identified as the limiting factor in high-speed optical systems3.

To mitigate the effects of PMD, optical systems must include some form of PMD
compensation. This compensation can be achieved either optically or electronically.
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Electronic PMD compensation schemes are attractive because they allow greater
integration with existing circuitry, leading to more compact, less expensive solu-
tions. This is especially true for wavelength-division multiplexed (WDM) systems,
in which every channel needs PMD compensation?. Also, because PMD fluctuates
with changes in temperature and environment, PMD compensators must be able
to adapt to varying channel conditions within milliseconds®. Fast and accurate
adaptation is more easily performed in the electronic domain. Successful electronic
equalization has already been demonstrated at 10 Gb/s by Wu et al (7-tap FFE)S,
Biilow et al (8-tap FFE, 1-tap FBE)”, and Méller et al (1-tap FBE)®, and more
recently at 40 Gb/s by Nakamura et al (3-tap FFE, 1-tap FBE)?, and Hazneci and
Voinigescu (7-tap FFE)1°.

While it has been shown that nonlinear equalization using a decision feedback
equalizer (DFE) is required to reduce the power penalty caused by PMD to accept-
able levels!!, the tradeoffs between different equalizer architectures are not evident.
In this paper, a system-level analysis of PMD effects in a 40-Gb /s system using Mat-
lab/Simulink is used to compare several equalizer architectures in terms of overall
system performance, as has been done for optical compensation schemes!2. Both
linear and decision feedback equalizer (DFE) architectures are considered employ-
ing symbol-spaced and fractionally-spaced taps. Using this analysis we are able to
quantify the increase in system reach that can be attained by equalization. Also, we
show that effective compensation of PMD can be achieved using fewer taps in the
feedforward equalizer (FFE) and feedback equalizer (FBE) than have been used in
several previously reported implementations.

In Section 2 of this paper, the effects of PMD on optical transmission are re-
viewed and in Section 3 PMD compensation methods are broadly surveyed. Section
4 provides a description of the system model used for the Matlab/Simulink simu-
lations. In Section 5 the various equalizer architectures considered for PMD com-
pensation are described and Section 6 explains the methodology of the simulations
performed. Finally, Section 7 contains the results of these simulations and Section
8 concludes the paper.

2. Polarization-Mode Dispersion (PMD)

PMD is a result of the phenomenon of birefringence which affects all real optical
fibers. Birefringence refers to the difference in refractive index experienced by light
in the two orthogonal polarization modes of the fiber. It is caused by ellipticity
of the fiber cross-section due to asymmetric stresses applied to the fiber during or
after manufacturing. Birefringence leads to fast and slow modes of propagation and
consequently dispersion!3.

In terms of digital communications, PMD results to a first order in an input
pulse being split into a fast and slow pulse which arrive at the receiver at different
times, as shown in Figure 1. If the differential delay of the two pulses is significant
compared to the bit period, intersymbol interference (ISI) and an increase in bit-
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Fig. 1. Pulse bifurcation due to PMD. The power in the input pulse is split between the two
polarization modes of the fiber. Birefringence causes a difference in phase velocities between the
two modes, resulting in ISI at the output.

error rate (BER) will result.

2.1. Consequences of PMD for Optical Systems

To a first order, the impulse response of an optical fiber with PMD is'*:
hpmp(t) = Y6(t) + (1 —v)d(t — AT) (1)
where ~ is the proportion of the optical power in the “fast” state of polarization
(SOP), (1-7) is the proportion of power in the “slow” SOP and Ar is the differential
group delay (DGD) between the fast and slow components.
The parameters v and A7 vary depending on the particular fiber and its as-
sociated stresses; y can take any value from zero to one with uniform probability

throughout this range!®, and At varies statistically according to a Maxwellian
distribution'® given by:

2
o(ar) = | 2ET 5 @

™ O

The constant ¢ in (2) is related to the average DGD, ATgyg, by'7:

o= \/2_7rf7'avg (3)
Therefore, though it can occasionally assume large values, A7 will for the most part
remain close to its average value. Furthermore, A7 varies over time with significant
variations sometimes observed on the order of milliseconds®.

The average DGD per unit length of a fiber is defined as its PMD parame-
ter, which has units of ps/ vkm. Typical installed fibers exhibit a PMD of 0.5 -
2.0 ps/vkm'8. New fibers can be manufactured with a PMD of as low as 0.05
ps/ VEkm?!?. Given the PMD parameter, the average DGD of a fiber of length L is
given by:

ATag = PMD x VL (4)

It has been calculated that to prevent PMD from causing system outages amounting
to more than thirty seconds per year (corresponding to an outage probability of
1079), the average DGD must be less than approximately 15% of a bit period, Tg3.

ATaug < 0.15Tp (5)
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Fig. 2. Plot of maximum unrepeatered link length for fibers with varying PMD parameters for
2.5-, 10- and 40-Gb/s optical systems, assuming PMD is the dominant limiting factor.

This has severe implications as the data rate of these systems is increased to 10
and 40 Gb/s. As the data rate is increased on a given fiber, the maximum useful
length of the fiber decreases according to the square of the increase. For example,
given a fiber with a PMD of 1.0 ps/vkm and using (5), the maximum length of a
2.5-, 10- and 40-Gb/s system is 3600, 225 and 14 km, respectively, if PMD is the
limiting factor. This relationship is illustrated in Figure 2.

2.2. PMD Frequency-Domain Analysis

The frequency-domain characteristic of an optical fiber with PMD can be easily ob-
tained by taking the Fourier transform of its impulse response, hpyp (t), as defined
in (1). The transfer function, Hpymp(f), is described by:

Hpmp(f) =7+ (1 —)e 32mfAT (6)

which is equal to:

Hewn(f) =7+ (1~ 7)leos(2n 52 —) — jsin(2r ) ")
foep

where fpap = == By inspection of (7), it can be seen that |Hpmp (f)] has maximae
at f = kfpgp, k € I, and minimae at f= (2—k2_~1-)fDGD, kel

Magnitude and phase plots of Hpap(f) for varying PMD conditions (y and
A7) are shown in Figure 3.

From these plots it is apparent that the frequency response of a PMD fiber varies
greatly depending on the specific nature of the PMD conditions. In general, PMD
can cause notches in the frequency response of the fiber. The frequency of these
notches is proportional to the DGD. The depth of these notches is dependent on v,
with the case v = 0.5 resulting in nulls. The wide variation in potential frequency

fDGD
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Fig. 3. Magnitude and phase responses of PMD channels with varying v and A7 characteristics.
Tg is a bit period (e.g. Tg = Téb—/—g = 25 ps at 40 Gb/s).

responses and the possibility of nulls in the frequency spectrum make equalization
of this channel difficult.

3. PMD Compensation Methods

Forward error correction (FEC)2%%! and wavelength redundancy in WDM
networks?? have been suggested as means of mitigating the effects of PMD. How-
ever, direct compensation of PMD effects is often required either independent of or
in conjunction with redundancy schemes?*24. PMD can be directly compensated in
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Fig. 4. Simple optical PMD compensator architecture.

any of the optical, optoelectronic and electronic domains. In this section, methods
for compensation in each of these domains are described and compared.

3.1. Optical PMD Compensation

Optical PMD compensation has been demonstrated to 160 Gb/s2%. One of the most
common optical PMD compensators requires a polarization controller (PC) and a
length of polarization-maintaining fiber (PMF), as shown in Figure 426. The PC
is used to align the polarization of the light signal such that it is aligned with
the the principal states of polarization (PSPs) of the PMF. PMF is fiber which
has been intentionally manufactured to have a large, but controlled, birefringence,
and therefore can be used to generate a specific amount of DGD. In this way, the
power in the fast SOP can be delayed by an amount equal to the DGD of the
PMF, resulting in a reduction in the overall DGD. More complicated compensators
can be made by replacing the fixed length of PMF with a variable delay to enable
cancellation of arbitrary amounts of DGD, or by using multiple PC-PMF stages to
increase the degrees of freedom and hence the accuracy of the compensation!2.

Despite the obvious advantages of compensating an optical phenomenon with
optical components, optical compensation has several disadvantages. First, optical
schemes require expensive and relatively bulky optical components. Also, because
of the dynamic nature of PMD, compensators must be adaptive. Adaptation is not
easily achieved in the optical domain because of the relative lack of flexibility in
optical components, and because of the difficulty in extracting an appropriate error
signal to control the adaptation.

3.2. Optoelectronic PMD Compensation

It is also possible to compensate PMD using a scheme which involves both the op-
tical and electronic domains. Typically, this scheme involves splitting the received
light signal into its two polarization modes by a PC and a polarization beam split-
ter (PBS)*. The resulting light signals are then converted to electrical signals by
two separate photodiode-transimpedance amplifier (TTA) front-ends. The electrical
signal corresponding to the light in the fast SOP is then delayed by an interval
equal to the DGD. Finally, the two signals are recombined to form a received signal
that is free from PMD effects. This concept is illustrated in Figure 5.

The main advantage of optoelectronic compensation is that some of the compen-
sation hardware is moved from the optical to the electronic domain, increasing the
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Fig. 5. Typical optoelectronic PMD compensator architecture.
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Fig. 6. Block diagram of optical receiver including electronic PMD compensator.

level of integration. However, optoelectronic compensation still requires extra opti-
cal components (PC and PBS), so greater integration is possible using an electronic
scheme. Also, the addition of a second front-end is a significant expense.

3.3. Electronic PMD Compensation

Electronic PMD compensation is performed by equalization of the received signal
after it has been converted from light to electricity by a photodiode and TIA. A
system diagram of an optical receiver with an equalizer is given in Figure 6.

Electronic equalization is attractive because it offers a higher level of integration
and hence a lower cost when compared to optical and optoelectronic solutions. A
high level of integration is especially important in WDM systems, in which PMD
compensation is required for each channel®. Also, the adaptation that is required to
track changing PMD conditions is relatively simple to implement electronically, with
established adaptation algorithms such as the least mean square (LMS) algorithm
readily available. As a result of these considerations, electronic compensation is
favoured when it is possible within the bounds of IC technology.
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Fig. 7. System model used for Matlab/Simulink simulations.

4. System Model

Matlab /Simulink was used to simulate the effects of PMD in an optical system and
to compare various equalizer architectures in terms of their compensation abilities.
A simplified block diagram of the system used in these simulations is given in
Figure 7. A pseudorandom bit sequence (PRBS) generator is used to generate input
data at a rate (R) of 40 Gb/s. This data is passed through a first-order lowpass
filter (fsqp = 0.7 X R) used to simulate the effects of the finite bandwidth of the
transmitter (TX). It is then passed through an optical fiber model which corrupts
the data with PMD. The fiber is modelled using (1). At the output of the fiber
model the data is filtered with another first-order lowpass filter (f3ap = 0.7 x R) to
simulate the finite bandwidth of the receiver (RX). Equalization is then performed
and the equalized waveform is sliced to generate the output data.

Not shown in Figure 7 are the clock recovery and adaptation components of
the system. The sampling phase was determined by automatically selecting the
clock phase corresponding to the largest eye opening at the output of the channel.
Coeflicient adaptation for both the FFE and FBE was performed using the LMS
algorithm.

Figure 7 shows the equalizer as a DFE, though several equalizer architectures
were considered.

5. Equalizer Architectures
5.1. Analog Equalizer

Analog or “peaking” equalizers have been used in the past for equalizing simple low-
pass channels?”. The potential advantage of this architecture is its relatively simple
implementation. However, the analog equalizer is unsuitable as a PMD compen-
sator because it is not flexible enough to adapt to the wide range of potential PMD
conditions. Also, because it is a linear circuit it is unable to compensate for the
deep null in the frequency spectrum caused by PMD with «y values near 0.5.
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5.2. IIR Equalizer

The infinite impulse response (IIR) equalizer would seem to have great potential as
a PMD compensator. Because the frequency response of the PMD channel is given
by (6), the inverse of the channel transfer function is:

1

-1 .
HPMD(f) - v + (1 _ ,Y)e__jgﬂ.fAT (8)
Hpopin (f) also relates the input X (f) and output Y (f) of the inverse filter:
- Y(f)
H:L = 9
Solving for Y (f) we get the input-output relationship:
1 -1 _;
Y(f) = SX(f) + e ATy (f) (10)
Taking the inverse Fourier transform of (10) yields a difference equation:
1 -1
y(t) = Za(®) + T—y(t = A7) (11)

This difference equation describes an IIR filter. While this architecture would seem
to offer perfect (zero-forcing) equalization of a PMD channel, the nature of the
feedback loop creates problems in practice. Specifically, for v < 0.5, the equalizer
loop gain, which is equal to 3;—1 by inspection of (11) is less than -1, meaning that
the equalizer is unstable. Thus, since it is unable to compensate PMD for all values
of v, the IIR filter is unsuitable for implementation as a PMD compensator.

5.3. FIR Equalizer

The finite impulse response (FIR) filter is a versatile equalizer architecture which
is widely used. FIR filters can, given enough taps, approximate any linear transfer
function, making them attractive because of their flexibility. However, the usefulness
of an FIR filter as a PMD compensator is severely limited because, as a linear filter,
it is unable to compensate for the deep nulls caused by PMD with « values near
0.5.

5.4. Decision Feedback Equalizer

Figure 7 illustrates the basic DFE topology. The DFE consists of an FFE and an
FBE, both of which can be implemented as FIR filters for maximum flexibility. The
most important advantage of the DFE architecture in terms of PMD compensation
is that the use of an FBE introduces nonlinear equalization, allowing compensa-
tion of the nulls resulting from « values near 0.5'!. Because of this, the DFE is
the only architecture surveyed that meets the requirements for an electronic PMD
compensator.
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The main disadvantage of the DFE is its difficult implementation at high speeds,
as a result of the feedback loop inherent to the FBE. However, architectural tech-
niques such as the look-ahead DFE architecture?®2° can alleviate this problem.

6. Simulation Methodology

Having identified the DFE architecture as the most suitable, simulations were per-
formed to identify the performance tradeoffs with respect to the number of equal-
izer taps in the FFE and FBE. All simulations were performed with symbol-spaced
equalizer taps unless otherwise noted.

For each equalizer configuration, it was necessary to consider a wide range of
PMD conditions. The DGD, A7, was varied from 0 to 100 ps (4 bit periods at 40
Gb/s) and y was varied from 0 to 1. For each (A7,y) pair the equalizer was allowed
to converge to the ideal tap weights as determined by the LMS algorithm. Then,
the ISI penalty was determined by calculating the amount of eye closure using3°:

) (12)

Figure 8 shows representative eye diagrams for the unequalized and equalized case
for one particular (A7,y) pair. Figure 9 shows surface plots of the ISI penalty with
and without an equalizer for one architecture over a wide range of (Ar,y) pairs.
This plot demonstrates the elimination of the penalty pole at AT = 25 ps, v = 0.5
by equalization with a DFE.

Once the ISI penalty had been calculated for all (A7,y) pairs, the cumulative
probability (CP) of a system outage given a particular power margin was calculated
using15:

mazx. eye opening
min. eye opening

ISI penalty (dB) = 10 x logy(

CP= Y p(Ar)pa(7) (13)
(AT

where p1(AT) is the probability distribution of A7 as described by (2), p2(7) is the
probability distribution of v (uniform)'® and (A7, 7)’ is the set of (A7,~) pairs for
which the ISI penalty is greater than the power margin. Power margin represents
the ratio of the transmitted power to the transmitted power required for a given
BER (e.g. 107'2). When the ISI penalty exceeds the power margin, a system outage
occurs because the excess transmitted power cannot overcome the eye closure caused
by the ISI, and the BER increases above the specified maximum tolerable level.

As described in Section 2.1, p; (A7) depends on the average DGD of the partic-
ular fiber. For each equalizer configuration, the probability distribution was varied
by adjusting the average DGD to find the maximum average DGD that would result
in a CP of less than 1076 (30 seconds per year).

To summarize, for each equalizer configuration (number of taps) the ISI penalty
contour is calculated over all v and A7. For a given power margin, the (v, A7)’ pairs
corresponding to a system outage are those pairs that give an ISI penalty greater
than the power margin. The joint probabilities of occurrence for all of the (v, A7)’
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Fig. 9. ISI penalty vs. A7 and +. ISI penalty is truncated at 10 dB. a) No equalization. b)
Equalization by 3-tap FFE and 1-tap FBE.

pairs contributing to system outage are then summed to find the overall system
outage probability. As long as this overall system outage probability remains lower
than 107%, the average DGD is increased and the calculation repeated. The maxi-
mum average DGD that results in an overall outage probability of less than 10~
is then recorded as a measure of performance for comparison with other equalizer
configurations.

7. Simulation Results

Figures 10, 11 and 12 show the results of these simulations for DFEs with no FBE, a
1-tap FBE and a 2-tap FBE, respectively. In each case, the maximum average DGD
that is tolerable from a system point of view is plotted against the power margin
for different numbers of FFE taps. In addition, the unequalized case is included
as a reference for comparison. Figure 10 shows that using an FFE only, a modest
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increase in maximum average DGD is possible, from roughly 0.157} to 0.25T; at a
power margin of 2-3 dB. Only minor improvements are achievable by increasing the
number of FFE taps because regardless of the number of taps the FFE is unable
to compensate for the case AT = 25 ps, v = 0.5. Figure 11 demonstrates that by
using a 1-tap FBE, a significant performance increase is possible, with the maximum
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average DGD increasing to approximately 0.57p. For this case, the number of FFE
taps offering the best balance between performance and complexity is dependent on
the power margin. For power margins below 3 dB, four taps offer the best balance,
while three taps offer the best balance for power margins above 3 dB. Figure 12
shows that a further increase in maximum average DGD is possible by using a 2-tap
FBE, but significant gains are limited to power margins above 4 dB. Once again,
four FFE taps offer the best balance for power margins below 3 dB, while three
taps offer the best balance for power margins above 3 dB.

Figure 13 shows the maximum average DGD plotted against the number of FFE
taps for a power margin of 3 dB. Once again, the unequalized case is included for
comparison. This plot more clearly shows the performance of each of the equalizer
architectures. It is clear from this plot that for a power margin of 3 dB, a 3-tap
FFE offers performance nearly equal to the more complex 4- and 5-tap FFEs. As
expected, the 2-tap FBE offers a modest performance increase over the 1-tap FBE.
However, the 1-tap FBE may be a more attractive choice when this performance
increase is weighed against the added complexity of a second tap. This is particularly
true if a look-ahead architecture is employed for the FBE (as is likely the case) since
the FBE complexity would increase exponentially with the number of taps.

These results are significant because they imply that the useful length of high-
speed optical systems affected by PMD can be greatly increased by including elec-
tronic PMD compensation in the form of a DFE with modest complexity. To keep
system outage levels at an acceptable level, A7,,, must be less than the maximum
average DGD. Therefore, using (4) it is found that the useful length of the fiber
increases with the square of the increase in maximum average DGD. As an exam-
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ple, consider a 40-Gb/s system for which the PMD of the fiber is 1.0 ps/v/km, and
the power margin is 3 dB. From Figure 13, the maximum average DGD for an un-
equalized system at a power margin of 3 dB is 0.177}, corresponding to a maximum
fiber length of 18 km, using (4). The maximum average DGD for a system using a
DFE with a 3-tap FFE and 1-tap FBE is 0.497}, corresponding to a maximum fiber
length of 150 km. Hence, an increase in maximum length of more than eight times
is achieved by equalization. At these lengths, other impairments (such as noise and
CD) would likely replace PMD as reach-limiting factors. Therefore, the combina-
tion of a 3-tap FFE and 1-tap FBE is all that is required to effectively eliminate
PMD as the dominant length-limiting factor in most 40-Gb/s optical systems.

7.1. Fractionally-Spaced Equalization

Fractionally-spaced equalizers (FSEs), for which the tap spacing is T/2, were
also considered for the FFE. Figure 14 shows the maximum average PMD for
fractionally-spaced and symbol-spaced FFEs with a 1-tap FBE for a system power
margin of 3 dB. The two equalizer configurations are compared in terms of equalizer
span, i.e. the difference in delay between the first tap and the last tap of the equal-
izer. Equalizer span is important in PMD compensation because it determines the
maximum amount of DGD that the equalizer can handle. Furtermore, when dis-
tributed circuit techniques are employed for implementation of the FFE, equalizer
complexity is generally proportional to the span, not the number of taps. From
this plot, it is seen that for a given span, the FSE provides a performance increase
over the symbol-spaced equalizer. However, the gain through each tap of an FSE
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Fig. 14. Plot of maximum tolerable PMD vs. equalizer span for fractionally-spaced and symbol-
spaced FFEs and a 1-tap FBE at a power margin of 3 dB.

based upon distributed circuit techniques will be limited to one half that through
each tap of a symbol-spaced equalizer because of topological considerations. For
cases where noise is the limiting factor and only one equalizer tap is needed (e.g.
a long fiber that happens to have negligible PMD), an FSE with only half the tap
gain will require a power margin 3 dB higher than a symbol-spaced equalizer for
equal performance. Therefore, the performance increase demonstrated in Figure 14
is exaggerated somewhat. Also, increasing the number of taps by decreasing the
tap spacing increases the complexity of the adaptation required, making it more
difficult to achieve convergence of tap values. For these reasons, a symbol-spaced
equalizer is often preferred.

7.2. Variable Tap Delays

One observation from these simulations is that the usefulness of a PMD compen-
sator is limited by its span. An equalizer is powerless to compensate for PMD with
DGD exceeding its span. To increase the amount of DGD that can be compensated,
more taps can be added. However, in a PMD compensator with many taps, only
the first taps will be utilized for small DGD values while only the first and last
taps will be utilized for large DGD values. Alternatively, an equalizer with only a
few taps can perform comparably to one with many taps if the tap delays can be
made variable. Variable tap delays allow the tap spacing to be aligned with the
DGD, maximizing the compensation accuracy with the fewest possible taps. How-
ever, there is currently no acceptable method of implementing variable delays on
integrated circuits with the required tuning range and bandwidth.
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8. Conclusions

A system-level analysis using Matlab/Simulink has been used to compare the per-
formance of different electronic PMD compensator architectures at 40 Gb/s. It has
been demonstrated that equalization by a DFE with a 3-tap FFE and a 1-tap
FBE is able to increase by nearly three times the maximum average DGD that is
tolerable from a system point of view, from 0.177} to 0.49T}. This is significant be-
cause it effectively eliminates PMD as the dominant length-limiting factor in most
40-Gb/s optical systems. In addition to the many practical considerations favoring
electronic compensation over optical and optoelectronic methods, the complexity of
the required equalizer is modest, with prototype integrated circuits meeting these
requirements having already been reported®.
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