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1. Introduction

In recent years, differential quadrature phasa-&kifing (DQPSK) has attracted quite some atterdiomto its
higher spectral efficiency and reduced symbol catmpared to binary modulation [1]. Moreover, reqamgress in
high-speed electronics has revived interest iretsfiit analog and digital electronic signal processchemes. The
most important of which are electronic equalizatigrmeans of feed-forward and decision feedbacllergrs
(FFE-DFE) and maximum likelihood sequence estimatddL SE), which have already been successfully demo
strated experimentally for different binary modidatformats [2,3]. Numerical investigations havecabeen per-
formed for Volterra-based nonlinear FFE-DFE (NL-FBEE) for binary [4] and multilevel [5] modulation.

In this paper we investigate the application ofetént electronic dispersion compensation (EDCgets to
increase the tolerance of DQPSK against chrom@fix) @nd first order polarization mode dispersioM®. The
investigation includes linear and nonlinear FFE-Dd#sBwvell as MLSE. In particular, we propose joirdgessing of
the two DQPSK tributaries (often also referredsd-aand Q-branch) to exploit any cross-couplintpeen them.

2. Electronic dispersion compensation schemes forQ@PSK
2.A. Linear and nonlinear feed-forward and decisiorfeedback equalization

The first EDC schemes considered are linear antinean FFE-DFE. Fig. 1(a) shows an example of arR¥E-
DFE of orderN =2 (M =2) and nonlinear orden =2 (m=2) of the FFE (DFE) part of the equalizer. The dif-
ference compared to a linear equalizer is the neaticombination of the delayed sampjgsand estimated bits

&, respectively. Thereby, it is possible to combmatlimear distortions up to a certain degree dependn the filter
ordersN andM and the orders of nonlinearityandm. The nonlinear parts of the equalizer in Fig. K& gray
shaded. We introduce the term MIil-FFE[N]-DFE[M] as a short-hand notation for the NL-FFE-DFE. Béeaote
that the considered NL-FFE-DFE is a generalizatibtine linear FFE-DFE, which is determined by m= . The
application of a nonlinear equalizer is motivatgdtie fact that dispersion leads to nonlinear digtos in the elec-
trical domain after square law detection, which sahbe completely equalized by a linear equalizer.
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Fig. 1. (a) Example of a nonlinear feed-forward dedision feedback equalizer NL[2,2]-FFE[2]-DFE[@]) joint symbol FFE-DFE

Similarly to [5] we can define state vectgrsand a, and coefficient vectors andd for the FFE and DFE
parts of the equalizer, respectively. This allole dutput signak, of the equalizer to be written as scalar product
z, =(c",d")Qy.a;) " =¢" ¥, . From this fact we can conclude that the outfthe equalizer is linearly depend-
ing on its coefficients. Consequently, the opticaefficients according to the minimum mean squaredr
(MMSE) criterion are given by the well known Wiersslution in the same way as for a linear FFE-DFE.
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2.B. Joint feed-forward and decision feedback equilation

So far |- and Q-branch were processed independently by two sepqteatiizers. However, it is obvious that these
tributaries are not independent of each other since optical irguatis lead to interference on symbol level (ISI)
rather than on bit level. Therefore, we suggest the applicatiafoint FFE-DFE — realized in the well known but-
terfly structure — to jointly process the two tributariédlock diagram of the resulting equalizer structure is given
in Fig. 1(b), where the blocks denoted by “FFE” and “DFE” raagh contain the corresponding part of the struc-
ture described in Fig. 1(a). We restrict ourselves in theesobthis paper to the case that all FFE and DFE parts in
Fig. 1(b) are linear (i.en = m= )land have the same filter ord&&ndM, respectively.

Similar to section 2.A. we can define state vectors and cazffieectors for the eight partial equalizers in
Fig. 1(b) and write the outputg, and z,, of the equalizer in a vector notation. Consequently, thenaptoeffi-
cients of the joint FFE-DFE according to the MMSE criteido@ again given by the Wiener solution.

2.C. Maximum likelihood sequence estimation

The last EDC scheme considered is MLSE implemented byitaibi algorithm and therefore also referred to as
Viterbi equalizer (VE). Instead of deciding all symbols separalin the case of a simple threshold receiver, the
MLSE searches through a whole sequence of symbols and selétogtdikely” one. Different architectures and
simulation results for the VE for DQPSK have been previorggorted in [6] at 10 Gb/s. In this paper we investi-
gate four different VE for DQPSK, which are depicted in Bigr'hey differ in complexity in terms of the necessary
number of analog-to-digital converters (ADC) and trellis sizease of two separate VE for |- and Q-branch in
Fig. 2(a,b) each trellis ha®'™ states an®" branches since these VE are operating on bit level. Opposeal t

the complexity of the joint VE in Fig. 2(c,d), whichdperating on symbol level, is considerably higher with*
states andt" branches. For the VE that follow balanced detectors (BDigirfa,c) one ADC per receiver (rx)
branch is sufficient, whereas two ADC per rx branch are reqforetie VE in Fig. 2(b,d), which follows two pho-
todiodes which separately detect the constructive and the degrpoti of the delay interferometer.
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Fig. 2. DQPSK-interferometer followed by (a) twddeed detectors and two separate MLSE, (b) fowlsiphotodiodes and two separate
MLSE, (c) two balanced detectors and one joint Ml®E (d) four single photodiodes and one joint MLSE

3. Simulation results

The investigated DQPSK system uses a transmitter with anadlel Mach-Zehnder modulators and time-domain
raised-cosine impulse shapers with a roll-off factor of @i¥ba rx comprising two Mach-Zehnder interferometers
and two BD as in [1]. The optical rx filter is a second o@aussian band-pass (BP) with a 3-dB bandwidth of
50[R; and the electrical rx filter is a third order Bessel lowsi{h®) with a 3-dB cut-off frequency di5[R; .

Rs =1/T5 =R, /2 is the symbol rate an®, is the considered bit rate of 42.7 Gb/s, including 6.8&G®verhead.
We restrict to a linear channel model with CD and first ordéDmPnly. All EDC schemes are assumed to operate
at 2R; = R,, which means a tap-spacing®ET, i@ all FFE and 2 samples/bit for all MLSE.

Fig. 3(a) shows the required optical signal-to-noise r@®NR) to achieve a bit error ratio (BER) 1> ver-
sus residual dispersiap. It can be observed, that the linear FFE-DFE is not specyfieiéctive in compensating
distortions caused by CD and increases the CD-tolerance byplomly 6% at 3-dB OSNR penalty. The reason is
that CD leads to nonlinear distortions in the electrical domtér square law detection, which may not be fully
compensated by a linear equalizer. Opposed to that the NL-FEBMDF nonlinearities of the second order in the
FFE part performs much better than the linear FFE-DFE aprbiras the 3-dB-CD-tolerance by about 25%. Fur-
ther simulations have shown that an increase of the ordenbhearity of n > 2 for the FFE part does not result in
a significant performance improvement and does therefoij@stdy the considerably higher complexity according
to [5]. Moreover, neither an increaseMvfnor a nonlinear structure of the DFE part showed to be ibehef
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Interestingly, the joint FFE-DFE, even though it is cosgabof linear FFE-DFE, performs slightly better than
the NL-FFE-DFE. It gains about 30% increase in the 3-dBt@&ance and about 0.5 dB higher rx sensitivity. This
shows that exploiting the cross-coupling between the twB 8XQtributaries is at least as effective as introducing
two separate NL-FFE-DFE. It should be mentioned in thigeca that the complexity in terms of the number of taps
is about four times lower for the joint FFE-DFE, whitds 4x13= 52FFE taps andlx1=4 DFE taps, compared
to 2x104=208 FFE taps an®x1=2 DFE taps for the NL-FFE-DFE [5]. Both, the NL-FIEE-E as well as the
joint FFE-DFE show a similar performance as twoasate 4-state VE with BD according to Fig. 2(a)jckhin-
crease the 3-dB-CD-tolerance by about 25%. Somiti@ulal 10% increase in CD-tolerance at 3-dB OSNRaity
can be achieved by two separate VE with two inpat®ording to Fig. 2(b). Finally we can observe thatjoint
MLSE according to Fig. 2(c,d) achieves the higlpesformance of the considered EDC schemes andaisesghe
3-dB-CD-tolerance by more than a factor of two. §heat difference between two separate MLSE amd MLSE
is again attributed to the fact that the joint ML&Eploits any cross-coupling between the two DQR8ltaries.

Fig. 3(b) shows the required OSNR BER =107 versus differential group delar quantifying first order
PMD. We can observe that there is almost no difieedbetween linear and nonlinear FFE-DFE. Thidaggible,
since first order PMD results in linear distortianghe electrical domain. Both EDC schemes achabaut 18%
increase in the 3-dB-PMD-tolerance. Moreover, #isojoint FFE-DFE does only yield an 8% higher 3R D-
tolerance compared to two separate FFE-DFE. Tlwslthat there is no significant cross-couplingieetn |- and
Q-branch in case of first order PMD and therefoistjprocessing is not beneficial. The same fantmaobserved
when comparing joint MLSE with two separate MLSHadn the performance of these two EDC schemesrissl
identical. The MLSE with BD according to Fig. 2(pachieves an increase in PMD-tolerance of aboui 403-dB
OSNR penalty, whereas the MLSE with separate phmded according to Fig. 2(b,d) gains another 1596.ihter-
esting to note that for all MLSE schemes the OSERajly saturates at around 3.5—4 dB.
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Fig. 3. (a) CD- and (b) PMD-Toleranz fur DQPSK ¥arious EDC schemes

In conclusion we investigated the performancersdr and nonlinear FFE-DFE as well as MLSE for DRPS
with direct detection. It turned out that joint pessing of the I- and Q-branch yields a considgraigiher CD-
tolerance compared to separate processing forfseERDFE and MLSE. Opposed to that the PMD-toleranag
not be considerably increased by joint processingnéither FFE-DFE nor MLSE. The earlier proposedmFE-
DFE without joint processing [5] yields about tlzsre performance as the joint FFE-DFE or two sepaiSE.
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