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As we have seen, PMD is a time-varying, frequency dependent phenomenon. It 

limits the upgrade of most of the installed systems. Since the deployment of 1 mile of 

fiber costs $100,000, keeping these links is dramatically cost efficient. However, 

techniques to overcome PMD are needed. They have to fulfill the following 

requirements: 

• Channel by channel mitigation (high wavelength dependence) 

• Adaptive technique (statistical time varying behavior) 

• Able to handle large value of DGD (Maxwellian distribution) 

• Able to handle, eventually, higher orders (high wavelength dependence) 

• Inexpensive 

This (enhanced by the increasing number of channels in WDM systems) leads naturally 

to the implementation of electrical compensation techniques in the receiver’s integrated 

circuit. Such a solution addresses all the mentioned specifications, especially the first and 

the last. Furthermore, it provides some extra features, including transparency to the user 
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and the amelioration of other effects such as imperfect chromatic dispersion 

compensation or non-linearities. These methods are inexpensive and transparent in the 

sense that, integrated to the receiver IC, they are hidden in a receiver exhibiting all the 

features of a normal receiver, except its increased robustness to fluctuating ISI. We 

consider in this chapter some of the digital techniques that can be implemented at the 

receiver to process the signal. 

First, we recall the principle of the NLC, including a discussion of its 

particularities and performance that we compare to simulations and experiments. To 

overcome some of its limitations, we analyze also its association with a Feed forwarD 

Equalizer (FDE). The third part addresses the issue of an adaptive NLC and the fourth 

part analyzes its impact on an optically amplified system, where spontaneous emission 

noise exists. The last section focuses on other mitigation techniques. 
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We present, in this section, the concept and the implementation of the adaptive 

Non Linear Canceller (NLC) for Fiber Optic Communication Systems (FOCS). Parts of 

these considerations are a summary of papers by Kasturia and Winters [18, 19]. 

������ 3ULQFLSOH�

The Non Linear Canceller (NLC) or Decision Feedback Equalizer (DFE) is a 

concept already widely accepted and used in the communication field especially for 

wireless links. However, as with most of the digital signal processing techniques, it had 

not been considered in fiber optic communication, mainly because of the restriction on 

the speed of electronics. Nevertheless with today's technology, a 10 Gb/s NLC does not 

seem prohibitively expensive. 

The 2-bit NLC is a special receiver, consisting of four decision circuits, sharing in 

our example the same clock, but having independent thresholds. The decision of a circuit 

is output if the previous detected pattern corresponds to its associated pattern. The first 

circuit is activated only when the two previous bits are 00, another takes care of 10, and 

so on. According to the level of InterSymbol Interference (ISI), each threshold has its 

own value matching the centroid of the pattern-dependent expected values of 0 and of 1. 

Therefore, the threshold for 00 is expected to be smaller than for 11. To summarize, the 

NLC considers the previously received bits to estimate the ISI and then choose an 

adapted threshold.  
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)LJ� �� (YROXWLRQ RI WKH GHFLVLRQ WKUHVKROG XQGHU IOXFWXDWLQJ ,6,

To understand the NLC's performance, let us recall some facts about ISI and 

about the Q factor. Then we will describe its principle and its impact. 

������� ,6, $1' %(5 (67,0$7,21

When receiving an On/Off keyed signal, at the sampling time k, the power 

received is not only due to the bit we want to estimate, but also due to the surrounding 

bits. If we call xk the kth symbol sent and sk the signal received at the time k: 

(T� �� ,6, H[SUHVVLRQ

In the previous expression, g represents the contribution to the sampled signal of 

all the neighboring bits, called ISI. This undesired power can degrade the transmission 

quality by closing the eye, in other words by bringing the expected value of the 0 and of 

the 1 closer together. The decision becomes more sensitive to the noise. 

)LJ� �� (\H RSHQLQJ UHGXFWLRQ
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The BER is given by the probability to decide a 1 when a 0 was sent or to decide a 0 

when a 1 was sent. As a consequence, assuming equal symbol probability�

(T� �� %(5 H[SUHVVLRQ� 3����� LV WKH SUREDELOLW\ RI GHWHFWLQJ D �� JLYHQ D � ZDV VHQW

Since we consider Gaussian noise distributions of variance σ0 and σ1, the BER is 

given by: 

(T� �� %(5 H[SUHVVLRQ ���

There exists an optimal ID giving the smallest BER. In this case, we can define a 

Q factor that gives an estimation of the system’s performance. Q relates to the BER as 

stated in Eq.  46. This result relays on the common approximation of Gaussian noise 

distributions. One may notice that due to the noise statistics of optical systems, this 

analysis does not provide the exact optimum threshold. Nevertheless, the Q factor 

remains a good performance measure because the two approximations (on threshold and 

on noise statistics) balance each other.  

(T� �� 4 IDFWRU H[SUHVVLRQ IRU RSWLPL]HG WKUHVKROG�

,G� WKUHVKROG� ,L� OHYHO� σL� QRLVH YDULDQFH� L  � RU �
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A useful measure is Q=6 for a BER=10-9 . If the threshold is not optimized, one of 

the terms of Eq.  45 is limiting. Therefore, even in this case we can define an approximate 

Q factor providing reliable performance estimation. 

������� 1/&
6 35,1&,3/(

Let us describe the NLC’s function, using a special case where, first, a thermal 

noise limited system is assumed (constant, symmetrical noise distribution) and where the 

ISI is due only to the previous bit: 

(T� �� 5HFHLYHG VLJQDO� ,6, IURP WKH SUHYLRXV ELW RQO\

In the last expression, sk represents the signal power before the receiver at the 

sampling time k, xk is the kth symbol sent. The second line presents the same entities but 

after normalization, e.g. right before decision. 

)LJ� �� ��OHYHO UHFHLYHG H\H

In a standard receiver, the threshold is fixed at 1/2, since this matches the ISI-free 

centroid of the noise distributions in the thermal noise limit. Consequently, the decision is 
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very sensitive to the noise when the pattern (01) or (10) is received. However, if we know 

the previous received bit, we can use a better threshold, set at the centroid (halfway, here) 

of the expected value of 0 and 1, given the previous bit. 

So, we can see on Fig. 34 that if a 0 had been received, TH0 provides a better 

performance. This is exactly the concept of the NLC. From the 2 previous decided bits, it 

selects, for the next decision, the best threshold (out of 4). The threshold is supposed to 

match the ISI and noise distributions estimated thanks to the previous bits. 

������� 3(5)250$1&(

When ISI is severe enough to close the eye (possible when the splitting ratio γ = 

0.5 and τ > a bit period, Fig. 25), a normal receiver cannot make an error-free decision 

anymore, even if the power is increased. On the other hand, the NLC because it takes the 

decision between 0 and 1/2 or 1/2 and 1 recovers the ISI free performance as soon as the 

power is doubled. This worst case PMD for a normal receiver results in an infinite power 

penalty, whereas the NLC exhibits only a 3dB penalty. The power penalty is defined as 

the power augmentation necessary to reach a reference performance (here the PMD-free 

situation). 

This was a particular example. More generally, we see easily from Fig. 34 that an 

ISI of level α results in an eye closure of 1-α for the NLC and 1-2α for a normal receiver. 

However, if ISI is due to future bits, as the NLC based its ISI estimation on 

previously detected bits, it does a poor job. In fact it does not act any better than a normal 

receiver. Therefore, NLC must be associated with a transversal filter that subtracts and 
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adds to the detection signal copies of this signal at different times. FDE is however not as 

efficient as a NLC. First, linear mitigation is poorer than non-linear mitigation (it can not 

ameliorate non-linear impairment). Second, it enhances the noise. The performance of 

these techniques is presented in 2.3. Let us now consider the high-speed implementation 

of the NLC. 

������ ,PSOHPHQWDWLRQ�

The very high speed of fiber optic systems, typically 10 Gb/s for the application 

we consider here, requires a smart implementation of the NLC.  

������� $ 6,03/(1/&

The common design of a NLC is given on Fig. 35. In such a design, the 

information on the ISI level is feedback by subtracting to the received signal a constant 

intensity (using the loop including the synchronization TB). This intensity is determined 

by an adaptive loop (not represented) estimating ISI, providing B, the weighting 

coefficient. 

)LJ� �� 'HFLVLRQ FLUFXLW ZLWK DQDORJ IHHGEDFN WR WKH VLJQDO
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The circuit of Fig. 35 suffers from the distortion related to the subtraction of the 

feedback to the signal. It can be replaced by a distortion free design. 

)LJ� �� 'HFLVLRQ FLUFXLW ZLWK IHHGEDFN WR WKH WKUHVKROG� WKH '�4 ER[ UHSUHVHQWV D 'HOD\

ORJLFDO JDWH

On the previous figure, f represents the correction function. It computes from the 

received bit pattern (ân-1, ân-2,…, ân-N) the threshold offset.  

This network presents a severe time limitation. Basically, it can operate at most at 

the frequency, given by the inverse of the time delay required between two decisions. 

This delay has three origins: first, there exists a propagation delay before and after the 

computation unit (represented by f). Then a delay is associated with the computation 

itself. Finally, the adaptation delay of the comparator to the new threshold can be 

significant. Therefore, this design suffers from severe time restrictions. Let us examine 

another more complex but also faster scheme. 
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Time can be saved at the price of greater complexity. The first step is to avoid the 

constant modification of the threshold level; the second is to remove the computation 

from the feedback loop. 

Instead of considering a function that outputs 4 possible levels for a 2-bit NLC, 

we can consider a function selecting a detector out of 4. In this case, each detector has its 

own fixed threshold. Fig. 37 shows a 1-bit canceller. 

)LJ� �� UHPRYLQJ WKH FRPSDULVRQ DGDSWDWLRQ WLPH

In this configuration, the time delay reduces to the propagation through the last 

flip-flop gate and through the multiplexer, plus, of course, the propagation delay of the 

line from one component to the other. 

������� /22.$+($'

On Fig. 37, the nth bit is given by the following logical operation: 

(T� �� Q WK ELW FRPSXWDWLRQ
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where an represents the nth sent bit, the overbar, the complement, An and Bn the 

output of each comparator, Fig. 37. We can again apply this equation at the rank n-1 to 

obtain an expression for an as a function of an-2. After computation: 

(T� �� Q WK ELW DV D IXQFWLRQ RI Q�� WK ELW

The implementation of Eq.  49 instead of Eq.  48 increases the operating time 

from T to 2T. Therefore, the frequency of operation is half of the previous. This 

advantage would be worthless if the computation time of these two functions was greater 

than T. In fact, they can be extracted from the feedback loop. As shown on fig 7 of [19], 

all the computations are realized before the feedback loop, where speed is not critical. 

Our feedback loop, whose bottleneck is the multiplexer works at half the frequency 

allowing slower components. Basically, a 2-bit canceller working at 10 Gb/s uses only 5 

Gb/s electronics. We gain a factor two but we can even hope for higher gain for higher 

order NLC. 

Eq.  49 uses only even bits, if n is even. There exists an equivalent equation for 

odd bits. Therefore, every other bit is decided by a twin circuit. The two circuits work in 

parallel: one dedicated to the even bits the other to the odd bits. The very end of the 

receiver switches from one circuit to the other every bit. 

Using a 2-bit canceller, with lookahead logic (process to transfer the computation 

stage out of the feedback loop), divides the speed by 4, but also multiplies by four the 

number of gates in the IC. Indeed, this last assertion does not hold for a smart integration 

( ) ( ) 211211 −−−−−− +++= nnnnnnnnnnn aBBBAaABAAa
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that shares gates between circuit, as presented on fig 10 and 11 of [19]. Pipelining is the 

main techniques used to realize this sharing. 

������� *(1(5$/,=$7,21

It is easy to understand that an N-bit canceller allows the speed of the feedback 

loop to be divided by 2N-1. The generalization formulas are given in [19]. This reference 

provides also the final design of the 2-bit NLC. These formulas will not be discussed here 

because they do not provide any deeper insight into the NLC principle. Any further 

interest should be satisfied by the references, which are extremely readable and rigorous. 

������$GDSWLYH�1/&�

PMD varies with time. So the propagation conditions change at a frequency of the 

order of seconds to hours. This requires the use of an adaptive device. Let us consider the 

concepts and possible implementation of an adaptive NLC. 

������� 35,1&,3/(6

Reference [19] presents a clever way of achieving the adaptation, without 

knowing the system performance. It is based on the knowledge of the mean values of 0 

and 1, knowing the previously received bit pattern. So, considering again Fig. 34, TH0 is 

approximately the average of the signals level at tk for the pattern (0 1) and (0 0). 

Symmetrically TH1 is the average signal level for (1 1) and (1 0). This uses four extra 

detectors for a 1 bit NLC, two for each threshold. The adaptation part is activated only 

when the previous decided bit corresponds to the considered threshold. This part consists 

of a comparison of the input signal level to the actual threshold. It outputs the difference 
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between the two, by a feedback loop as shown on Fig. 38. The signal converges to the 

average level of the triggering pattern. A RC filter induces a low pass effect (that we 

expect to be in the range of the impairment change frequency) that softens and stores this 

average level.  

The output of this stage is directly the level for, for example, (0 0). A twin 

network will compute the average for (0 1). The average of these value feeds the main 

comparator for a previous detected bit of 0. 

)LJ� �� )HHGEDFN ORRS IURP >��@

������� ,03/(0(17$7,21

For the implementation, only the detector (especially its triggering) has to follow 

the data rate. All other components can operate at reduced speed. The RC circuit tends to 
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average out the level of each signal and to hold this value when the pattern received does 

not correspond to the activating pattern of the circuit. Out of the RC circuit, we have the 

average signal level, however because of current drops due to the resistors, an Op-Amp, 

used as a follower is introduced. The adaptation speed is directly determined by the 

bandwidth of the RC filter.  

(T� �� �G% FXWRII IUHTXHQF\ RI WKH 5& FLUFXLW

Two flip-flop gates are introduced in the main receiver part to synchronize the 

adaptation part to the occurrence of its related bit pattern. 

������� (;3(&7(' $'$37$7,21 3(5)250$1&(

The adaptation is a trade off between the required tracking speed and the stability 

of the initialization process, as well as stability of the voltage across the capacitor. 

According to the impairment we are considering, any frequency higher than 100 Hz 

seems reasonable and a frequency below 10 Mhz should allow this stability. 

The implementation of the NLC of [19] exhibits a very good behavior; it adapts to 

abrupt change of ISI in less than 100ms. It acquires the signal level as soon as the main 

detector does not exhibit a too high BER. 

������� &21&/86,21

We have seen that the NLC optimizes the decision threshold according to the ISI 

level, estimated from the decided bits. This results in a 3dB penalty when the eye is 
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closed. The implementation of its adaptation algorithm can be made without a control IC, 

which makes it even more attractive for tracking fluctuating impairments. 

However as already mentioned, PMD exhibits a random, changing behavior and 

the NLC can take care of PMD only half of the time (ISI due to previous bits). As a 

consequence, it is necessary to consider another technique for these complementary 

periods.  



ELECTRONIC MITIGATION OF PMD  

��

����)(('�)25:$5'�(48$/,=(5�

A FDE, able to remove ISI due to future bits constitutes an appealing complement 

to the NLC. We recall its principle and study its implementation. We derive also the 

performance of its association with the NLC. Finally, we briefly mentioned some 

adaptation techniques. 

������ 3ULQFLSOH�

The goal of equalization is to correct the frequency response of our channel to 

match a distortion free response, Fig. 39. 

)LJ� �� (TXDOL]HU IUHTXHQF\ UHVSRQVH

The spectrum of the received signal arises from the modulation of the signal and 

from the distortion due to the channel. By comparing the ideal channel response and the 

received spectrum, one can deduce the frequency response of the link. This indicates the 

dispersion origin. For example, spectrum distortion from chromatic dispersion does not 

appear as the dual imaging spectrum more typical of PMD.  
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The usual implementation of a FDE uses tap delay lines. In fact, its frequency 

response can be translated using Fourier analysis to an impulse response. This response 

appears as an infinite sum of Dirac impulses, equally spaced. Depending on the spectrum 

of the distortion (smaller or larger than the signal bandwidth), this time interval is equal 

or smaller than the bit period. Since an infinite tap delay line is not realistic and since the 

weight coefficients of the line are rapidly decreasing, the equalizer can be approximated 

using a few taps, Fig. 40.  

)LJ� �� ��WDSV WUDQVYHUVDO ILOWHU� VFKHPH DQG LPSXOVH UHVSRQVH

Realizing a 10 Gb/s FDE is not as challenging as implementing a DFE at this 

speed because there is no feedback. In our experiments, we realize the structure of Fig. 40 

using different microwave components including splitters, attenuators (to reduce 

reflections), combiners, amplifiers and adjustable delays. Suppressing the reflections due 

to imperfect impedance matching was an issue; especially at the splitters/combiners, 

because of their resistive nature. This resulted in poorer performance than expected. 

Suppression of relative intensity noise due to these reflections requires SiGe technology 

[20,21]. The challenge in this case consists in building delay lines of 100 ps on a chip.  

&���

∆7� &���

&����∆7�

K�W�≅KHT�W��

W�



ELECTRONIC MITIGATION OF PMD  

��

������ 3HUIRUPDQFH�

For the simple case of the dual imaging (first order PMD), we can translate the 

physical response into a signal response by considering the amount of power leaking 

from a bit to the next. This mapping from PMD to ISI depends on the DGD and the PSP 

as well as the pulse shape (including filters). 

Assuming we know this mapping, providing the impulse response of Fig. 41(a), 

we see that a N-tap equalizer provide a reduction of the copy by αN-1 Fig. 41(b). 

)LJ� �� ,6, UHGXFWLRQ� H\H RSHQLQJ HQKDQFHPHQW �JUD\�

If α is equal to 1 (closed eye) the FDE does not work. Fortunately, in such a case, 

as we mentioned earlier the NLC exhibits only a 3 dB penalty. Therefore the compound, 

NLC+FDEexhibits a 3 dB penalty as well. 

The equalizer, as it adds and subtracts copies of the signal, enhances the noise 

variance before decision. Basically, in the assumption of constant symmetrical noise, the 

noise variance enhancement is given by the sum of the squares of the c(i). 
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(T� �� 1RLVH HQKDQFHPHQW IRU OLQHDU HTXDOL]DWLRQ

The NLC because it uses decided bits does not enhance noise. However, it may 

propagate errors. After an error, the NLC takes the output of the wrong decision circuit, 

increasing the risk of getting a new error. According to the expected BER (very low) for 

optical communications, this is not an issue. 

To summarize, there exist mostly three possible situations: 

• ISI due to future bits, removed by the FDE (little noise enhancement) 

• ISI due to previous bits, cancelled by the NLC (negligible error 

propagation) 

• Closed eye (worst case for a normal receiver), the NLC reduces the power 

penalty to 3 dB. 

������$GDSWDWLRQ�

To be efficient an equalizer should be adaptive. We saw earlier one of the 

adaptation techniques for the NLC, having the great advantage that it does not require a 

control IC. Such an elegant solution has not been found yet to track ISI. Due to the very 

high speed of fiber optic systems, it is not likely that anyone will implement ‘on the 

flight’ training sequence. This would waste bandwidth as well as require the precise 

recognition of the waveform. This is not realistic for a 10 Gb/s system.  
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Therefore Peak distortion Criterion and the Zero Forcing Algorithms appear as 

the two main candidates of adaptation algorithm, [22]. Because of the necessary 

digitalization of the waveforms at such speed, we employ their discrete version. Thus, 

they converge to the same algorithm, which exhibits poorer performance. According to 

[23] it remains however within an acceptable range, especially thanks to the very low 

BER expected in optical communication that prevents them from diverging. 

In this case, a control IC is required; it reduces the transparency of the device. Because of 

the peculiar implementation of the NLC, we discussed, the two techniques, FDE and 

NLC, should not interact. They can be independently optimized. 
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In order to verify the expected performance of the compound NLC + FDE and to 

qualify our simulations, we ran experiments at 10 and 5 Gb/s for different cases of PMD. 

������ ([SHULPHQWDO�VHWXS�

Our set up, same as in [24], used a CW laser, at 1552 nm, externally modulated 

(pull/push LiNoB3, rise time 22 ps). The signal polarization was controlled before 

entering a PMD emulator (described later). An optical attenuator allowed us to vary the 

detected optical power. In the electrical domain, after amplification and filtering (Amp on 

Fig. 42), the electrical current was equalized. This corrected signal was fed into the NLC 

for decision. The NLC output ran to a Bit Error Test Set (BERTS) to measure the BER. 

)LJ� �� ([SHULPHQWDO VHW XS� 1/&�)'(
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The clock and the threshold of the NLC are manually adjusted to optimal performance, so 

are the coefficients of the transversal filter. In order to compare receiver’s performance, 

we use either a normal receiver of constant threshold (set to optimum of the PMD free 

case), a normal receiver having an adaptive threshold (threshold reset for each case to 

best performance) or the NLC. To take into account the possible limitations due to the 

device, we use; we keep the NLC chip to emulate all these cases. The NLC thresholds 

can be kept constant to obtain a typical system decision circuit. They also can be kept 

equal and this unique value optimized. This is equivalent to a normal receiver, using an 

adaptive threshold. Finally, the NLC was normally used with four independent optimized 

thresholds, providing the performance of decision feedback equalization. 

������'HYLFHV�

Some of the ‘boxes’ of the previous graph deserve some extra attention. First the 

first order PMD emulator has a range of [-50ps;250 ps]. It can provide any splitting ratio 

(determined by the input polarization). It is consisted of two beam splitters (first: splitter, 

second combiner) separating the polarization that then encounters different path, Fig. 43. 

It had very low Polarization Dependent Loss (PDL), nominally 0.1 dB. Since we split 

orthogonal polarizations, there is not beating between the 2 beams at the combiner. 
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)LJ� �� 30' HPXODWRU VWUXFWXUH

In the electrical domain, the box “FDE” hides a cumbersome transversal filter. Its design 

includes splitters, amplifiers and attenuators, Fig. 44. One may note the attenuators or 

amplifiers at the splitters. They help suppress the reflections.

)LJ� �� )'( LPSOHPHQWDWLRQ

In the linear equalizer design, the boxes marked with T are delays. The delay T is 

usually a bit period (100 ps at 10 Gb/s). We also set it to half a bit period to check the 

fractional equalizer performance. The delays of an equalizer are usually taken constant. 

The modification of the tap coefficients tunes the equalization. 
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The NLC, we use is a 2-bit NLC. This means that it has four independent 

thresholds. They share the same clock. The decision of one of the circuits is output if its 

associated bit pattern was previously received. This technique is implemented on an IC3.  

The box called BERTS is a Bit Error Test Set. It generates Pseudo Random Bit 

Stream (PRBS), in our case, a PRBS of length 231-1. It receives the detected signal and 

decides what bits are received. Comparing its decision to the sent bits, it gives the BER of 

the system. 

To verify the performance of the equalization technique in the thermal noise limit, 

we measure BER curves for different cases of first order PMD, generated by the 

emulator. A BER curve is the plot of the BER as a function of launched power. We 

obtain then sets of curves, from which we derive the receiver performance, presented in 

section 2.4.4. 

������ 6LPXODWLRQV�

The simulations were written to match our experiments so that we can qualify 

them and use them for generalization, as we are looking for a performance map of the 

DSP techniques. 

We model our signal in the base band as a NRZ bit stream. A pulse has a rise/fall 

time of 0.22T, T being the bit period. We create 64x2 bit streams representing all the 

patterns yxx0yyy0 and yxx1yy0 where xx are the previously received bits. We do not use 

� 7KLV SDUWLFXODU GHYLFH KDG EHHQ UHDOL]HG E\ D FRPPHUFLDO IRXQGHU\ DIWHU D GHVLJQ RI -DFN +� :LQWHUV� ,W ZDV D

� ELW 1/& ZLWKRXW WKH DGDSWLYH VHWWLQJ RI WKH WKUHVKROGV�
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pseudo random bit streams because they require case study at the receiver that is 

extremely computation inefficient. By classifying these streams, we avoid this time cost. 

The bit patterns experience PMD (impulse response linear in the electrical domain) and 

after detection a Bessel filtering at 3.4 Ghz for 5 Gb/s and 7Ghz at 10 Gb/s. We employ 

the impulse response of the transversal filter to model it. Finally the optimum BER, Eq.  

44, is given for a power, a previously received pattern, a PMD case and an equalizer. This 

provides us with BER curves that we can exploit to derive power penalty curves. 

We use Matlab for this simulation so that most of our bit streams are concatenated 

to save computation time. One may argue that we use convolutions in the time domain 

rather than multiplication in the frequency domain. This suits however better our setup. 

We compute, first the experimental situation and then derived a PMD mapping of the 

NLC and FDE expected performance. 

������ 5HVXOWV�LQWHUSUHWDWLRQV�

In order to assess the DSP performance as a PMD mitigation technique, we need a 

tool computing the power penalty enhancement for any PMD case. This section presents 

the experimental validation of this tool and its use. 

������� :2567 &$6(

)LJ� �� :RUVW FDVH 30'� H[SHULPHQWDO GDWD
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The PMD worst case results in the total closure of the eye (DGD = T, γ = 0.5). in 

such a case, a normal receiver exhibits an infinite penalty. We compare here experimental 

results to simulation results, first at 10 Gb/s, where T = 100 ps.  

)LJ� �� %(5 FXUYHV� ��*E�V� ILUVW RUGHU 30'�γ  ���� '*'���SV� 1RUPDO UHFHLYHU

)LJ� �� %(5 FXUYHV� ��*E�V� ILUVW RUGHU 30'�γ  ���� '*'���SV� 1/&
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These sets of curves are obtained as the power dependence of the BER for 

different PMD parameters. They are for a given splitting ratio of ½ and for growing DGD 

(every 10 ps). The closure of the eye appears only as DGD = 100ps. If we cut the graphs 

at the BER = 10-9 value and measure the power from the PMD free (DGD = 0 ps) point to 

a PMD impaired point, we obtain the power penalty. This follows from the definition of 

power penalty. 

It should be recalled that in this case, the FDE was turned off, so that the 

performance of the NLC alone is considered. 

)LJ� �� 3RZHU SHQDOW\� �� *E�V� ILOWHU � *K]� ILUVW RUGHU 30'� γ  ���

We see on the previous chart the dramatic improvement provided by the NLC 

(dashed) in both cases. However, whereas we expect the NLC to work even at the closure 

of the eye, it exhibits in the experiments an infinite penalty. There is significant 

disagreement between simulations and experiments. We attribute this mismatch to the 

small bandwidth of our device that acted as a low pass filter, inducing ISI.  
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Considering this assumption, it is no more surprising to see the NLC providing an 

extra 0.5 dB improvement in the absence of PMD (when DGD = 0ps).  

To address the bandwidth issue, we conducted equivalent experiments at 5 Gb/s, 

where bandwidth should not be a limit anymore. As expected we obtain a better match of 

our simulation to the experiments (see Fig.51). We do not obtain the expected 3 dB 

penalty floor, but rather a 4 dB floor. This comes probably from other impairments 

present in the system and most likely to a non-perfect cancellation of ISI, due to the 

device, we use. Regardless of this small divergence on values, the NLC’s behavior is 

very well modeled by the simulation. 

 

)LJ� ��3RZHU SHQDOW\� � *E�V� ILOWHU ��� *K]� ILUVW RUGHU 30'� γ  ���

������� 3$57,&8/$5 &$6(6

We verify experimentally other features of the 2-bit NLC. We emphasize here its 

asymmetrical behavior based on the fact that it cannot cancel ISI due to future bits. In 
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order to describe PMD we use a special formalism to characterize the splitting ratio γ. 

The notation 25/75 stands for an impulse response where 25 % of the total pulse energy 

arrives first. Similarly, 75/25 represents a case where most of the energy arrives first so 

that the rest can be considered as ISI due to the previous case. We expect then the NLC to 

work better. On the other hand, in the earlier mentioned case, the NLC does not work any 

better than a normal receiver. Whenever the ratio is less than 0.5 or the first percentage is 

the smallest, the NLC does not work better than a normal receiver does. 

)LJ� �� 3RZHU SHQDOW\ FXUYHV� 1/& �GDVKHG� YV 1RUPDO UHFHLYHU �VROLG�� IRU WKH FDVHV �����

RU ����� DW �� *E�V� ILUVW RUGHU 30'

We verify on Fig. 50 the expected asymmetrical behavior of the NLC. Even if not 

represented, the experimental data for the NLC match very accurately our simulations. It 

is not the same for the normal receiver that suffers the remaining ISI, created by the 

device, we use. One may note the remaining 0.5 dB improvement as on Fig. 48. Of 

course, a better (more recent) device would not create such features. 

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0 20 40 60 80 100 120

PMD delay (ps) 

P
en

al
ty

 (
dB

)

25/75 No NLC

25/75 NLC

75/25 No NLC

75/25 NLC



ELECTRONIC MITIGATION OF PMD  

��

We demonstrated 2-bit non-linear cancellation at 5 Gb/s to overcome PMD. We 

verified also our computer model of the NLC. Let us now study the performance of the 

FDE, for the range of PMD, where the NLC does not work. 

)LJ� �� &RPSRXQG )'(�1/& YHUVXV 1/& DORQH� H[SHULPHQWDO FRPSDULVRQ DW �� *E�V� WKH

WDS VSDFLQJ LV JLYHQ LQ EUDFNHWV LQ WKH OHJHQG� 7 VWDQGV IRU WKH ELW SHULRG� KHUH ��� SV

The previous graph represents the power penalty reduction due to linear 

equalization in the case 25/75. First, our experiments demonstrate at 10 Gb/s the 

efficiency of a FDE when the NLC cannot handle ISI (solid dark blue). The FDE of our 

set up reduces the power penalty from 6 dB to below 2 dB. There exist several 

implementations of this transversal filter (TF). The fractional space equalizers (dashed 

purple and pink) even reach the theoretical limit of 1.25 dB power penalty. We see that a 

normal 1 tap transversal filter (dashed orange) reduces consistently the power penalty 

even if it does not reach the performance of a fractionally spaced equalizer. We validate 
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the FDE+NLC simulation. There is a strong correlation between simulation (solid red) 

and experiments (dashed orange) for the first order FDE. 

We have experimentally demonstrated at 10 Gb/s for most of the cases and at 5 

Gb/s for all cases the electronic mitigation of first order PMD. The DGD can vary up to 2 

bit periods before we reach infinite penalty. Furthermore, we validated our computer 

simulation so that we can derive a PMD-performance map of our techniques. 

������� *(1(5$/,=$7,21

Confident of our simulations, we generate a PMD mapping of power penalty for 

different type of receivers, Fig. 52. 
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From the previous graph, we can deduce the worst case for the compound 

FDE+NLC. It appears for the splitting ratio 0.4 (40 % of the energy arrives first), Fig. 53. 

At 10 Gb/s, when the DGD equals 100 ps (a full bit period), the power penalty exhibited 

by the combination equalizer is 4 dB. This means that any type of first order PMD can be 

handled with less than 4 dB penalty if the range of the equalizer is broad enough.  

)LJ� �� 30' LQGXFHG SHQDOW\� ZRUVW FDVH RI WKH FRPSRXQG 1/&�)'(

The worst case for the compound is not the same as for the normal receiver 

because cancellation is not equivalent to linear equalization. This comes from the noise 

enhancement of linear equalization. Furthermore, we do not consider an optimal 

equalizer, since it has only 3 taps. Therefore, the worst case appears for a ratio of 0.4 

when the NLC can not handle ISI but the ISI level is still high. High ISI level requires 

large equalization coefficients, which induces severe noise enhancement and creates a 

situation of very small margin. 
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)LJ� �� 3RZHU SHQDOW\ FRQWRXU DW �� *E�V� D OLQH HYHU\ ��� G%� � G% SHQDOW\� VHFRQG EOXH OLQH

�D� 1RUPDO UHFHLYHU� �E� )'(� �F� 1/&� �G� FRPSRXQG� �H� PDSSLQJ IRU WKH 1/&� �I�

DVVRFLDWHG FRQWRXU

Fig. 54 represents the penalty contour of the different techniques we consider. 

Every line represents a 0.5 dB penalty. Consequently, the second line represents the 1 dB 

penalty edge. These contour were obtained using penalty maps similar to (e), where 

power penalty is given as a function of PMD (ratio, DGD). 

If 1 dB is considered as the maximal accepted penalty, we see that we gain only 

10-15 ps of actual DGD at 10 Gb/s. This would set a serious limit on electronic 

mitigation if systems were not only ISI limited but also power limited 

We concentrated here on the PMD related issues, the performance of electronic 

mitigation relies however on some further parameters. 
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������� 27+(5 ,668(6

Our previous considerations seem to be system independent. Of course, they are 

not. We study qualitatively some consequences in the filtering and the clocking at the 

decision stage. 

��������� )LOWHULQJ

We know that low pass filtering helps increase the SNR by suppressing the noise 

out of the signal bandwidth. This operation removes also some high frequency signal 

components. The transitions are not as sharp as without filtering, the eye closes in the 

transversal direction. For an incorrect filter design, it can even result in a vertical closure. 

The performance of our devices is set by the level of ISI. Furthermore mapping 

between ISI and PMD is given by the pulse shape, highly dependent on the filters of our 

systems. Therefore, the filter designs affects directly the electronic mitigation 

performance, as on can see on  

It should be recalled that in this case, the FDE was turned off, so that the 

performance of the NLC alone is considered. 

Fig. 48 and Fig. 49. 

Filtering because it smoothes the two replica of the pulse into a single one, can 

aggravate the eye closure. This would indicate that we want a filter as wide as possible. 

This is contradictory to our earlier elementary noise considerations. Moreover, filtering 

provides an improvement related to the decision clock. 
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��������� &ORFN SKDVH

PMD gives rise to three level bit patterns,  

Fig. 55.As a consequence, there exist for a single bit two rising and two falling 

edges. As the clock results from a nonlinear operation on the signal, it may create 4 

components where only two should exist (especially in case of RZ transmission). 

Furthermore, even if the clock generates only 2 clock components, whose time average 

triggered the decision phase, it may walk off the optimum point because of PMD pattern 

dependence. By filtering, we correlate the maximum eye opening with the middle of the 

edges. Because our decision circuits have a single clock phase, such symmetry provides 

better performance, closer to the perfect performance that a pattern dependent clock 

phase would provide. 

Finally, the filter has to be designed to obtain the best tradeoff between timing 

jitter robustness, pulse shape and noise. 

)LJ� �� ��OHYHO ELW SDWWHUQ� H[SHULPHQWDO GDWD

These were the main factors that can influence strongly our derivation and 

demonstration during the integration into a system.  
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We demonstrated through simulations that any first order PMD can be handled 

within a 4 dB penalty margin, when using electronic techniques. This does not really fit 

in the 1 dB penalty requirement. However, old vintage systems exhibit lower loss than 

expected so that they are not power limited but ISI limited. Consequently, there is 

probably few dB of extra margin there. It would allow these techniques to provide the 

expected performance. However, one may notice that systems are no more designed in 

the thermal noise limit, which we used so far. Because of the optical amplifiers, they 

exhibit spontaneous emission that creates a noise, very different from the thermal noise. 

As derived in the next part, this modifies dramatically our expected performance. We 

obtain higher penalty than 3 dB for a closed eye and 4 dB for the worst case. 
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����3(5)250$1&(�'(*5$'$7,21�,1�

237,&$//<�$03/,),('�6<67(06�

We study in this part the consequences of being no longer limited by the thermal 

noise but rather by the Amplified Spontaneous Emission (ASE). The beating between 

ASE and the signal (consequence of a square law detection4) results in signal dependent 

noise, Fig. 56. 

)LJ� �� 6LJQDO GHSHQGHQW QRLVH� IRUPDOLVP DQG H[SHULPHQWDO GDWD� α UHSUHVHQWV ,6, OHYHO

We derive and verify the performance of electronic mitigation in the presence of 

ASE. We first recall the principal noise processes in fiber optic communication systems. 

We introduce a new formalism to obtain the performance bounds. We experimentally 

verify them. Finally, a simulation is conducted to estimate the global performance of the 

DSP techniques in this case. 
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������1RLVH�SURFHVVHV�LQ�ILEHU�RSWLF�FRPPXQLFDWLRQ�V\VWHPV�

A system exhibits different noise sources, red stars on Fig. 57.  

)LJ� �� )LEHU 2SWLF &RPPXQLFDWLRQ 6\VWHPV

The previous sketch does not give all the components of a real system. For 

example, the dispersion management elements are not represented. Are drawn, only the 

noise related devices. We classify them into four categories: thermal noise/dark current, 

shot noise, amplified emission noise and relative intensity noise. 

������� 7+(50$/ 12,6(

Thermal noise appears in any electrical device. It results from the random 

movement of the electrons at finite temperature. The thermal agitation can be considered 

as a zero mean Gaussian noise, whose variance is given as: 

� 7KH UHFHLYHU RI DQ RSWLFDO V\VWHP WUDQVIRUPV D SKRWRQ LQWR DQ HOHFWURQ� 7KH SKRWRQV RI WKH VLJQDO EHDW ZLWK

WKH QRLVH SKRWRQV� 7KLV UHVXOWV LQ D IOXFWXDWLRQ RI WKH UHFHLYHG LQWHQVLW\�

/$6(5 0RGXODWRU
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(T� �� 7KHUPDO QRLVH YDULDQFH

It can be reduced by narrowing the electrical filter to the signal bandwidth. It 

depends also on the characteristics of the front end of the receiver by the noise figure of 

the amplifier and the load resistor. For this resistor, there exist a tradeoff between time 

response and noise cancellation.  

One may note that this variance is constant and independent of the signal level.  

������� 6+27 12,6(

Shot noise appears also as an intensity fluctuation in the electrical signal. It is a 

manifestation of the fact that the electric current consists of a stream of electrons 

generated at random time. It can be approximated by a Gaussian random process. Its 

variance is a function of the received current. 

(T� �� 6KRW QRLVH YDULDQFH

It may be considered also as a consequence of the zero point fluctuation of 

vacuum. We mention in Eq. 53 the dark current. Because of the receiver design there 

exists always a negligible current (enhanced for avalanche photodiode) in the circuit even 

when no light is received. It is usually so small that it is not considered. We follow this 

approximation.  
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������� $03/,),(' 63217$1(286(0,66,21 �$6(�

An optical amplifier amplifies the signal by stimulated emission, like a laser. 

Optical amplifiers are usually Erbium Doped Fiber Amplifiers (EDFA). From the rare 

earth element doping, we tailor the desired energy gap, giving the gain profile. Then 

population inversion is obtained by pumping the fiber with pump LASER at appropriate 

wavelengths. There exist of course other optical amplifiers, mostly Raman amplifiers. 

Their characteristics can be studied under the same formalism as EDFA, even if their 

respective performance are quite different. Consequently, we base our study on the 

example of EDFA. The main noise source in an EDFA is the spontaneous emission. The 

population inversion coefficient determines the number of photons spontaneously 

emitted. 

(T� �� 1RLVH ILJXUH IRU (')$�

QVS UHSUHVHQWV WKH SRSXODWLRQ�LQYHUVLRQ IDFWRU� 1���1��1��� QVS!�� * UHSUHVHQWV WKH JDLQ

Moreover depending on the gain saturation of the amplifier, spontaneous photons 

are more or less amplified. The ASE co-propagates down the fiber with the signal and is 

amplified as much as the signal, so that the first amplifier in a chain of amplifiers 

constitutes the limiting one, as Eq.  55 states it.  

(T� �� 1RLVH ILJXUH RI FDVFDGHG DPSOLILHUV
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At the receiver, the light is detected. The noise photons beat with the signal 

photons, mostly in the carrier. This creates signal dependent noise. The ASE beats also 

again itself, this can be reduced by filtering the light optically before detection. Of 

course, ASE beats with other sources of optical noise. 

������� 5(/$7,9( ,17(16,7<12,6( �5,1�

RIN is typically due to LASER fluctuations. It is characterized by its 

proportionality to the launched power. It may create a BER floor if it reaches an 

unacceptable value. As any system is designed away from BER floor, it can be neglected. 

������� 6800$5<

[25], pp. 404-405 provides the proofs that in an optically amplified detected 

signal, the noise is due to five processes.  

Thermal noise in a saturated optical amplifier regime, as it is a constant electrical 

noise would create a BER floor. Modern systems are usually not thermal noise limited. 

Since we assume also RIN, shot noise and dark current to be negligible, we are left with 

two contributions. They represent the beating of the spontaneous emission with itself and 

with the signal. 

(T� �� 1RLVH FRQWULEXWLRQV DW D SUH�DPSOLILHG UHFHLYHU

The variances are expressed in terms of the receiver’s electrical characteristics. 

This comes from the fact that, since the decisions take place in the electrical domain, the 
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noise processes have to be compared to a reference at the receiver, in the electrical 

domain. An optical SNR does not directly relate to a decision performance. It is, indeed, 

receiver dependent. 

Summarizing, we deduce the total noise distribution expressions: 

(T� �� $SSUR[LPDWHG QRLVH FRQWULEXWLRQ DW WKH UHFHLYHU� α LV WKH OHYHO RI WKH UHFHLYHG VLJQDO�

σVS�VS VWDQGV IRU WKH YDULDQFH RI $6( EHDWLQJ ZLWK LWVHOI� LW LV XVXDOO\ VPDOOHU WKDQ σVLJ�VS�
EHDWLQJ RI WKH VLJQDO ZLWK $6(

If the system considered is not saturated, we can in fact keep this formalism and 

introduce all other contributions except RIN. The signal dependent part of the noise can 

take care of the shot noise whereas the thermal noise appears as a constant noise. The 

dark current contributes to both variances. In order to consider RIN, we need to introduce 

a α2Γ2 term.  

The case of a saturated system is a bit more complex. The power received is 

constant. The noise created at the first amplifier decreases with the increase of the 

launched power (by reduction of the gain). This reduces the global SNR by reducing the 

optical SNR. Under saturation, the received optical power is constant; consequently all 

the non-optical noise sources have constant variances. Their associated SNR is constant 

since the power does not increase. This would result in BER floor. Therefore, we neglect 

non optical noise sources. 

σ2
sp-sp is proportional to the square of the gain, consequently the relative sp-sp 

SNR decreases as the gain square(e.g. as the inverse of the input power), Eq.  56. σ2
sig-sp 
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is proportional to the product of the square of the gain with the input power. Its relative 

SNR is therefore related to the inverse of the power. These last two assertions that can 

seem confusing are repeated using a Q formalism in section 2.5.2.2. 

������ 7KHRUHWLFDO�ERXQGV�WR�GLJLWDO�HOHFWURQLF�PLWLJDWLRQ�

������� 027,9$7,21

System performance depends highly on the receiver design. We aim here at 

finding a way to reduce the number of parameters necessary to determine DSP 

performance estimation. First order PMD reduces to γ, DGD and pulse shape. We reduce 

here the noise receiver dependence to one parameter: ξ. 

������� 4 )$&725 )250$/,60

Consider a signal distorted by the ISI from the previous bit as in [19]: 

(T� �� ,6, GXH WR WKH SUHYLRXV ELW� [N LV WKH V\PERO VHQW DW WKH WLPH N� [N WKH GLVWRUWHG VLJQDO

This gives rise to the following four level eye,  

Fig. 58: 
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The previous sketch allow us to determine the limiting eye opening for each 

technique: 

• For a threshold kept constant, the pattern (10) is limiting giving a Q factor 

found in Eq.  59 (b).  

• For an optimized threshold, (10) and (01) are limiting. Q is close to Qc given 

by the eye opening between these two levels. Eq.  59 (c) 

•  Finally a NLC, even for equal eye opening, has a limiting case, due to the 

noise distribution, that is 1 previously received, Eq.  59 (d).  

Because of signal dependent noise, equal eye opening does not mean equal 

relative Q factors. 

(T� �� 4 IDFWRU��D� 4 IDFWRU DQG WKUHVKROG GHILQLWLRQ� QR ,6, �E� FRQVWDQW WKUHVKROG� ,6, �F�

RSWLPL]HG WKUHVKROG� ,6, �G�1/&� ,6,

We consider only the worst Q factor out of 2 cases because regardless of the other 

decision, the BER lies between the BER given by this Q and half this BER. We see in Eq.  

59 that all the cumbersome parameters we had in Eq.  52-Eq.  56 are summarized under 
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the single parameter ξ. It represents the ratio of the standard deviation in the ones to the 

standard deviation in the zero, for an ISI free case of Q=6. 

In Eq.  56, if we assume saturation, multiplying the input power by β, because it 

reduces the gain of the first amplifier (limiting noise source for a chain of amplifiers) by 

β, divides σ2
sp-sp by β2 and σ2

sp-sig by β.  

������� 3522)

The power penalty is the increase in power necessary to reach a reference 

performance (BER = 10-9 or Q=6). We look for β such that Q for the considered case and 

for a power increased by β is equal to the initial Q = 6. For example, Eq.  60 gives the 

power penalty for a constant threshold. 

(T� �� 3RZHU SHQDOW\ HTXDWLRQ IRU WKH FRQVWDQW WKUHVKROG FDVH

Using similar equalities, we find: 
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(T� �� 3RZHU SHQDOW\ YHUVXV α IRU FRQVWDQW WKUHVKROG� RSWLPL]HG WKUHVKROG DQG 1/&

We can see on Fig. 59 the power penalty as a function of ISI, given as α. 

)LJ� �� 3RZHU 3HQDOW\ �G%� DV D IXQFWLRQ RI ,6,� JLYHQ DV α� γ� �

We confirm a consistent amelioration provided by an adaptive threshold versus a 

threshold kept constant, [26]. It improves the power penalty by more than 1 dB as soon as 

α>0.1.  

Moreover, since systems use a constant threshold, compensation skill 

performance cannot be estimated using only the eye opening. It requires an analysis 

considering the limit set by the constant threshold. 
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On the other hand, we find a theoretical power penalty for the NLC for a closed 

eye of 6 dB. This number depends upon the considered system. It varies from 3 dB to 

11.5 dB; usually around 6 dB, which may be too large for a relevant mitigation. 

This is not the only consequence of signal dependent noise. The optimum 

threshold does not lie halfway between expected value of 0 and 1, as it does for the 

thermal noise limit. Consequently, the algorithm of [19] that was based on the pattern 

dependent estimation of the average of these two values does not work. The optimum 

threshold is a non-linear function of these levels discarding any easy modification of this 

technique. This elegant adaptation method cannot optimally track fluctuating ISI. 

������ ([SHULPHQWDO�YHULILFDWLRQ�

We verify our model validity by experiments and simulations. 

������� ,6, 0$33,1*

Our derivation of the power penalty uses α, the ISI level, rather than a PMD 

characterization. It can therefore be adapted to any impairment as soon as it is translated 

into ISI. It allows furthermore a system free approach, independent for the different filter 

and noise parameters. 

We obtain the one to one mapping between ISI and PMD by extrapolating data. 

We applied to previous data [24] our equation in the thermal noise limit, ξ=0.  

Assuming then ξ=3½ and saturation, we predicted the NLC performance by using 

Eq.  61. 
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������� 6(783

In order to verify the saturation model, we ran experiments at 5 Gb/s using the set 

up shown on Fig. 60. We used an external modulator and a first order PMD emulator, 

inducing delays between -50 and 250 ps and providing any given splitting ratio. The light 

was detected using a saturated preamplifier. We had 4 times more noise in the 1 than in 

the 0 for the reference case (value set by the bandwidth of our optical filter,), giving ξ2=3.  

)LJ� �� ([SHULPHQWDO VHW XS DW � *E�V� 3%56 �����

The current out of the photodiode was fed into a 2-bit NLC used either with all 

thresholds kept constant, all thresholds equal or as a decision feedback equalizer.  

������� 5(68/76

Using a mapping between PMD and ISI from previous data [24] (thermal noise 

limit), we predicted penalty versus PMD. This estimation matched our experimental 

results, Fig. 61. 

The mismatch between the 6 dB limit presented on Fig. 59 and the 8 dB of Fig. 61 

appears as a consequence of the non-perfect device we used. We took this factor into 
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account using experimental data rather than simulation data of [24]. Experimental data 

(dashed lines) lay above theoretical expectations but within the measurement uncertainty. 

The difference of 1 dB for the NLC at 200 ps and above may be due to a slightly 

incorrect input polarization into the PMD emulator. 

)LJ� �� &RPSDULVRQ RI H[SHULPHQWDO GDWD WR WKHRUHWLFDO H[SHFWDWLRQ�

3RZHU SHQDOW\ YHUVXV '*'� IRU ILUVW RUGHU 30'� VSOLWWLQJ UDWLR RI ó DW � *E�V

������� 5(68/76

Our model being experimentally confirmed, we ran simulations to obtain a 

mapping of the DSP performance similar to the one we built for the thermal noise limit. 

We do not compare our techniques only to a normal receiver of constant threshold but 

also to an adaptive unique threshold receiver. It would have been possible, as in [26], to 

consider a threshold margin.  

A threshold margin is based on the observation that the threshold is always set to 

the best performance for the ISI free case. Then, we allow a certain range of ISI 

equivalent to a 1 dB penalty. However the function relating the penalty to the ISI is 
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monotonic, Fig. 62 (a). We use only one side of the operation curve. By setting the 

threshold a bit higher than the optimal value, we obtain a lower ISI free performance but 

we gain robustness5, Fig. 62 (b). 

)LJ� �� 5REXVWQHVV HQKDQFHPHQW RI QRQ�RSWLPDO WKUHVKROG

� *UHDWHU UREXVWQHVV PHDQV WKDW RXU V\VWHP LV OHVV VHQVLWLYH WR ,6,� ,W ¶FDQ WDNH· D KLJKHU OHYHO RI ,6, EHIRUH
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)LJ� �� )LUVW RUGHU 30' GHSHQGHQW SHQDOW\ �OLQH  ���� G%��

�D� &RQVWDQW WKUHVKROG �E�$GDSWLYH VLQJOH WKUHVKROG �F� 1/& �G� )'( �H� )'(�1/&

�I�)'(�1/&� IRXU LQGHSHQGHQW FORFNV

Fig. 63 presents the first order PMD induced penalty for different decision 

techniques at 10 Gb/s. It shows that in its range of action (ratio>0.5), NLC exhibits a 

maximum 6dB penalty as expected. Over the global range of first order PMD, the 

compound exhibits a maximum 11 dB penalty. Again, this worst case appears for a ratio 

equal to 0.4. This very large penalty comes from, first the poor equalizer we consider 

(only 3 taps), second the harmful signal dependent noise enhancement due to the FDE 

and the asymmetry of the noise. 

We can note that the DSP techniques provide a very strong improvement with 

respect to the normal receiver. We can double the acceptable DGD. However, there is 

little difference between a receiver using an adaptive threshold and even the compound 

NLC+ FDE, if we consider the 1 dB point. The difference increases dramatically as the 

'*'��SV��

�D�� �E�� �F��

�G�� �H�� �I��

γ� 3RZHU�SHQDOW\��G%��



ELECTRONIC MITIGATION OF PMD  

���

DGD approaches a full bit period but the penalty may be already unacceptable in this 

range. 

������ &RQFOXVLRQ��

We studied the performance of different DSP techniques for the case of an ASE 

noise limited system corresponding to most of the systems of interest. We obtained a 

closed form performance bound for the NLC as a function of ISI. The system dependence 

was reduced to the parameter ξ that represents the ratio of the noise standard deviations 

for the reference case. 

We experimentally verified this bound for a specific case. We generalized these 

observations by a computer simulation. It provided us finally with a PMD induced 

penalty map for the different techniques.  

It has been shown that DSP, the way it has been implemented so far, does not lead 

to acceptable performance over the range where it was expected to work. This results 

from the strong asymmetry of the noise. First, it increases the noise enhancement of the 

FDE. Second, in the case of a three level eye (closed), the two subsequent eyes have 

different associated Q, so that the NLC does not act optimally. Finally, the power penalty 

required to open an eye in case of ASE is nearly twice the power for the thermal noise 

limit, due to signal dependent noise. It induces a square root dependence of the Q factor 

on the power rather than a simple dependence. 
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Consequently, other solutions have to be sought in order to reach acceptable 

performance. It is possible to use a fractional equalizer to reduce the noise enhancement 

and to shape the signal eye to optimize the NLC action, as proposed in [20]. This does 

not appear sufficient since it cannot push the 1 dB penalty further than 0.7 T for the first 

order, where T stands for the bit period. Furthermore, it is not likely to give a better 

penalty than 6 dB for a closed eye. Finally, it requires a complex control IC because it 

cannot use the normal adaptation algorithms since the FDE is aimed at shaping the eye 

for the NLC and not for shaping the best eye. It seems to require a performance 

management based on the BER, which is not yet available.  

Because the noise issues appear with the square law detection, it may be useful to 

consider a first mitigation in the optical domain, enhanced by an optimization of the 

receiver PMD robustness.  
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����+<%5,'�62/87,216�

We consider now solutions that ameliorate PMD effect not only in the electrical 

domain but also in the optical domain. We expect from this association enhanced 

performance. 

������ 363�ODXQFKHG�DQG�VSHFWUXP�VKDSLQJ�

A common and demonstrated technique to overcome PMD is to launch the input 

SOP on one of the PSP. We suffer then only the effects of higher order PMD. It is 

possible to reduce the effects of higher order by reducing the spectrum width. This may 

be done using Single Side Band (SSB) transmission. A phase modulator associated with a 

usual amplitude modulator can approximate the Hilbert transform necessary to remove 

one side band.  

The great improvement provided by SSB transmission has already been proved 

[27]. We propose to increase its efficiency by using the NLC. We have notice that 

according to the PSP, we launch, we can induce a time reversal of our pulse shape, 

(section 1.3.4.4). Consequently high order PMD induced ISI due to future bits can be 

transferred to previous bits. It means that we do not need anymore a compound 

FDE+NLC but a single NLC. The only extra degree of freedom is discrete and can be 

checked using the RF spectrum of the received signal. It should be possible to make the 

NLC adaptive without a control IC if we assume some range of ISI.  
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������'LYHUVLW\�WHFKQLTXHV�

Based on the nature of PMD it is possible to use diversity to reduce either first 

order effects or second order effects: 

)LJ� �� )LUVW RUGHU GLYHUVLW\ WHFKQLTXH

Instead of matching input SOP and input PSP, as done in a PSP launched technique; we 

can try to get the signal in each output PSP. Because output PSP are orthogonally 

polarized, they can be split using a polarization controller and a beam splitter. Each light 

pulse is detected independently. We can apply on each signal a certain decision technique 

such as NLC and combine the statistics of each decision to get a better information 

estimation. Furthermore, it reduces the ISI related noise by reducing the detected optical 

level. 
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)LJ� �� 6HFRQG RUGHU GLYHUVLW\ WHFKQLTXH

Using the higher order model of [13] presented in section 1.3.4.4, electronic 

mitigation of higher orders can be done. A first stage of the compensator mitigates first 

order. Then using again a polarization controller in association with a beam splitter, the 

signal in each 2nd order PSP is detected. Each of these signals is impaired by an 

equivalent chromatic dispersion, whose effects can be ameliorated using electronic 

mitigation. 
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