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Abstract: Our method for subband processing frequency domain (F@neatic dispersion
(CD) compensation is based on a single tap with delay earalizeach subband. With this
technique uncompensated trans-Pacific transmission lectaasible.
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1. Introduction

Long-haul transmission of 100 Gbit/s without optical chadit dispersion (CD) compensation, i.e. without the use
of dispersion compensating fiber (DCF), provides a rangesnéfits with respect to cost effectiveness, power budget
and nonlinearity tolerance. In this case it is required gitdily compensate the CD at the transmitter (TX) or at the
receiver (RX) side. This can be efficiently implemented Bgfrency-domain (FD) filtering to cope with the large ISI
spread [1].

In state-of-the-art FD CD compensation design, the sizéeffast Fourier transform (FFT) to realize fast linear
convolution is governed by the specification of the maximinarmel memory length with two-fold oversampling and
50% block overlap [2]. Nevertheless, the overlap-save otettan be regarded not just as fast convolution method
but also as a filter bank (FB) structure with trivial protagyfilters and the equalization is done per subband. Our
new method for subband equalization is a simple finite imgsponse (FIR) equalizer where just one tap is active.
This design takes into account the delay introduced in eabband exploiting the nature of the CD channel. It
turns out that this approach provides much better equidizability with no extra complexity apart from additional
memory elements. In [3], the idea of subband processingmittiulated FB for CD channels has been introduced. The
complexity of their method as compared to ours is higheresinequires more active taps for the subband equalizer.
Additionally, they considered fractional delays whichds&o a non-efficient structure for the FB, whereas we conside
integer delays per subband leading to an efficient impleatient of the FB.

2. Single Tap with Delay Frequency Domain Equalization
2.1. Trivial Prototype Filter FB CD Compensation
Fig. 1(a)illustrates the general framework of a FB. We use the defimiti= €T, wheres= o + jw is the complex
frequency variable. The analysis and the synthesis filtetheok-th subband arél(z) andF(z), respectively. The
number of subbands M and the rate changing factor is denoted-at generalL < M. Throughout this paper, we
consider the case of non-maximally decimated FBIlLe: M, more specifically, we choose hdre- M /2 even though
our approach can be generalized for other valuds of

For a uniform complex modulated FB, the transfer functidindidz) andF(z) are obtained by complex modulating
two low-pass linear phase prototype filtétéz) andF (z), respectively, i.eHy(z) = H (zézvnk) andR(z) = F(zej%).
Both analysis and synthesis FBs can be efficiently impleeteby first applying polyphase decompositiot() and
F(z) [4]. Then, some important identities for multirate proéegsare applied and finally the complex modulation by
means of DFT and IDFT of sizd is applied. The polyphase representation enables therggament of computations
of the filtering operations to minimize the computationaldger unit time. The polyphase filters are static filters with
few number of taps. To operate the FB structure as an FD eguathort-length FIR filters are placed between the
analysis and the synthesis FBs.

The overlap-save FFT method for FD CD compensation with 50&6lap as benchmark [2] can be implemented
as a non-maximally decimated DFT FB. In this case, triviadéifd (i.e. rectangular impulse response) of lerigth
andM /2 are chosen fo (z) andF(z), respectively. CD equalization is done in a per subbandslhsiugh the FIR
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maximally decimated DFT FB with trivial prototype filters andosu
band filterE, (21/2) for CD compensation.

Fig. 1. Multirate Systems: Overlap-save method implentateFilter Bank

filter Ex(2) of lengthN;. Fig. 1(b) shows the resulting structure implemented as an efficiemimaximally decimated
DFT FB. Until now the case of a single téfy = 1 per subband has been considered which will be referenced as
our benchmark. Our method for CD compensation is based emtmn-maximally decimated DFT FB with trivial
prototype filters but with single tap with delay equalizeeiployed per subband, i.&; >1.

2.2. Design of a Subband Single Tap with Delay Equalizer

The idea for the single tap with delay equalizer is to take mxtcount in the design the delay (in samples) in each
subband due to the nature of the inverse of the CD channel g delay per subbang obtained by differentiating
the inverse of the channel phase response with respect tdteafiggquency has a linear behaviour. Now, the single tap
equalizers€y of the overlap-save method are extended to single tap widly @gjualizelEy(z) with maximum number

of N; taps. To avoid any extra complexity, only one tag is assumed to be active performing single-tap phase
equalization where the delay elements realize a subbaig.dale to theM /2-fold downsampling in the subband
region, only a coarse (quantized) approximation of the antlgroup delayy can be achieved. The mathematical
derivation for the design dEx(z) can be found in [5]. In brief, this equalizer can be interpdeas a subband group
delay filter with linear all-pass filtering of the CD in eactbband.

3. Simulation Results

A 28 GBaud polarization division multiplexed (PDM) retumzero (RZ) QPSK transmission with digital coherent
receiver applying two-fold oversampling with 56 GS/s isdiseverify our technique for CD equalization. For perfor-
mance analysis, the required optical signal to noise r&tNR) to tolerate different CD values (accordingly differe
fiber lengths) at a bit error ratio (BER) of 1®is chosen as the figure of merit. With this linear simulatioodel we
want to demonstrate the capability of the linear equalizeshould be noted that on top of the demonstrated filtering
penalty, OSNR penalties resulting from the fiber attenmatend the according optical amplification need to be added
as well as penalties from non-linearity and implementationstraints.

In Fig. 2(a), the quantization of the group delay and the phase respdiise equalizer for the subbands is plotted
for M =256,N; = 4, and CD value of 30,000 ps/nm. The difference betweenrtleegroup delay and the quantized
group delay causes a low value of residual CD in each sublpdridh is compensated by a single-tap all-pass filtering
function realizing the according parabolic phase trarfsfiection.

In a first set of simulations, ideal synchronization of tigmend carrier is assumed and only the single tap with delay
FD CD compensation is applied. In Fig(b), the required OSNR has been plotted for different numbeaéNl; for
the equalizer per subband. The advantage of a multitap iequaban be clearly seen where significantly higher CD
values are compensated for the same FFT size when incrdgsiag longN; << M. The equalizer memory can be
significantly increased by the combination of the group ylelements and the phase rotation. This is a clear benefit
compared to a single tap equalizer with only phase rotakona given maximuniN;, a lower number of active taps
is automatically applied at low CD values.

The simulations in Fig2(c) show the required OSNR for the saigebut at different FFT-siz&1. As a benchmark,
we choose the FFT si2d = 1024 and\; = 1. Significant smaller FFT sizes as compared to the benchfoaNy =
5 is needed to tolerate the same CD value. For example, t@tela CD value of 32,000 ps/nm, it is sufficient to have
an FFT size of 256 wittN; = 5 with less than 1-dB OSNR penalty. With =1024 and\; =5, a negligible OSNR
penalty is observed even outperforming the benchmark.
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Fig. 2. Linear Simulations to test Single tap with Delay Hipéa

Extending the signal processing by an 11-t&gZ symbol spacing) 2x2 multi-input multi-output (MIMO) time
domain equalizer with blind convergence and acquisitiorcdmystant modulus algorithm (CMA), Viterbi & Viterbi
4-th power carrier phase estimation and carrier recovesyd(fierential decoding) does not largely alter the results
of Fig. 2(b) and 2(c). In Fig. 2(d), the required OSNR is plotted for the extended model incgdtD and PMD
equalization and phase recovery with= 1024 and\; = 9, while still assuming ideal synchronization. It is clearl
seen that the results are essentially the same. For an OSBif{jipenalty of 0.5 dB more than 240,000 ps/nm can
be equalized which refers to a trans-Pacific distance ar@&r@0 km with standard single-mode fiber.

4. Conclusion

In this work, FD CD compensation is proposed based on a nodrmadly decimated DFT FB with trivial prototype
filters and a multiple tap equalizer per subband. The deditireanultitap equalizer takes into account the delay due to
the nature of the inverse of CD channel in each subband whstefe of the taps is activated while other taps are set
to zero. With our design larger CD values can be compensdthé@wmaller FFT size by increasing the number of taps
of the equalizer in each subband as long as maximum numbetaf thps remains negligible as compared to the FFT
size. With our technique uncompensated trans-Pacificriressgon becomes feasible with digital CD compensation

i.e. more than 240,000 ps/nm CD tolerance with only 0.5 dB RSilering penalty can be achieved by use of 1024
FFT.
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