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Abstract— A long-haul transmission of 100 Gb/s without
optical chromatic-dispersion (CD) compensation provides a range
of benefits regarding cost effectiveness, power budget, and non-
linearity tolerance. The channel memory is largely dominated by
CD in this case with an intersymbol-interference spread of more
than 100 symbol durations. An efficient implementation of digital
CD compensation is feasible by frequency-domain (FD) filtering.
Still the large size of the Fourier transform requires a high gate-
count and a large chip size. We propose a new FD filtering on the
basis of a nonmaximally decimated discrete Fourier transform
filter bank with a trivial prototype filter and a delayed single-
tap equalizer per sub-band. This method, which can be regarded
as an extension to the popular overlap-save method, allows us
to increase the CD tolerance drastically. At the same time, the
implementation complexity is not altered apart from adding
simple memory elements realizing sub-band delays. With this
technique, the uncompensated trans-Pacific transmission becomes
feasible with the digital CD compensation.

Index Terms— Chromatic dispersion, coherent detection,
digital signal processing, equalization, frequency domain.

I. INTRODUCTION

HE combination of polarization-diverse coherent detec-

tion with digital signal processing (DSP) for equaliza-
tion and synchronization enables long-haul transmission of
100 Gbit/s data rates and above. Applying optical CD com-
pensation by the use of dispersion compensating fiber (DCF)
induces additional attenuation degrading the power budget of
the link and reducing the nonlinearity threshold apart from cost
issues [1]. Therefore, non-dispersion managed transmission
without the use of DCF is preferred, which requires digital CD
compensation at the transmitter or receiver implemented by FD
digital filtering to cope with the large ISI spread [2]. In state-
of-the-art FD CD compensation design, the size of the fast
Fourier transform (FFT) to realize fast linear convolution is
governed by the specification of the maximum channel mem-
ory length with two-fold oversampling and 50% block overlap
[3]. Nevertheless, the overlap-save method can be regarded
not just as fast convolution method but also as a FB structure

Manuscript received October 26, 2012; revised November 20, 2012;
accepted November 20, 2012. Date of publication November 30, 2012; date
of current version January 9, 2013.

I. Slim, A. Mezghani, L. G. Baltar, and J. A. Nossek are with the
Institute for Circuit Theory and Signal Processing, Technische Univer-
sitdit Miinchen, Munich D-80290, Germany (e-mail: israa.slim@tum.de;
amine.mezghani @tum.de; leo.baltar@tum.de; josef.a.nossek @tum.de).

J. Qi and F. N. Hauske are with the European Research Center,
Huawei Technologies Duesseldorf GmbH, Munich D-80992, Germany
(e-mail: gijuan@huawei.com; fabian.hauske @huawei.com)

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LPT.2012.2231064

e
ol [ e o

1m] gar— [m]

Fig. 1. Basic structure of FB. In the kth sub-band, the analysis filter is
Hj (), the synthesis filter is Fj(z), and the rate changing factor is L.

with trivial prototype filters and the equalization is done per
sub-band, opening the way for more sophisticated sub-band
processing [4]. Based on this observation, we investigate the
possibility of using a low complexity delayed single-tap equal-
izer in the sub-bands exploiting the nature of the CD channel.

It turns out that this approach provides much better equaliza-
tion ability with no extra complexity. In fact, by simply adding
delay elements to the filter design, more than 240,000 ps/nm
CD tolerance with only 0.5 dB OSNR filtering penalty can be
achieved using a 1024 FFT in a 28 GBaud transmission with
two-fold oversampling.

After a short introduction of the basic theory of FB, we
present a FD CD compensation design based on DFT FB with
delayed single-tap equalizer per sub-band. This allows to scale
the FFT size significantly below the channel memory length.

II. EFFICIENT NON-MAXIMALLY DECIMATED FB

Fig. 1 illustrates the general framework of a filter bank. We
use the definition z = e*7, where s = ¢ + jw is the complex
frequency variable. The analysis and the synthesis filters of the
k-th sub-band are Hy(z) and Fy(z), respectively. The number
of sub-bands is M and the rate changing factor is denoted as L.
In general L < M. Throughout this letter, we will consider
the case of non-maximally decimated FB, i.e. L < M, more
specifically, we choose L = M /2 even though our approach
can be generalized for other values of L.

For a uniform complex modulated FB, the transfer functions
of Hi(z) and Fi(z) are obtained by complex modulating
two low-pass linear phase prototype filters H(z) and F(z)
of length P, respectively, i.e. Hi(z) = z(_(P_l)/z)H(zej%),
and Fi(z) = zCP-D/DF(ze 9 ) Yk = 0,..., M — 1. The
constant delay of (P — 1)/2 samples is translated to the factor
d* = ¢=/11P=Dk in the k-th sub-band so that the phase of
the modulated filters is strictly linear and not affine.

Both analysis and synthesis FBs (AFBs and SFBs) can be
efficiently implemented by first applying polyphase decompo-
sition [5] of type 1 to H(z) = XM 1z7mG,, (z™) and of

m=0
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Fig. 2. Efficient structure of AFB of non-maximally decimated DFT FB.

type 3 to F(z) = Zﬁf;ol "G,y (zM). Then, some important
identities for multirate processing are applied and finally the
complex modulation by means of DFT and inverse DFT
(IDFT) of size M is applied. The polyphase representation is a
neat tool which enables the rearrangement of computations of
the filtering operations, so as to minimize the computational
load per time unit. The polyphase components G,,(z) and
Gm(z),m=0,...,M—1of H(z) and F(z), respectively, are
static filters with small number of taps K. The multiplication
by the factor d* in the analysis and synthesis FBs, given that
P is even, can be transferred after the IDFT operation by
exploiting the effect of a frequency shift on the IDFT. This
leads to the efficient analysis and synthesis FBs structures
shown in Figs. 2 and 3, respectively. To operate the FB
structure as FD equalizer, short-length FIR filters are placed
between the analysis and the synthesis FB as to be discussed
in the next section.

III. TRIVIAL PROTOTYPE FILTER FB
BASED CD COMPENSATION

The overlap-save FFT method for FD CD compensation
with 50% overlap as benchmark [3] can be implemented as
a non-maximally decimated DFT FB. In order to realize this
structure based on Figs. 2 and 3, trivial filters (i.e. rectangular
impulse response) of length M are chosen for H(z) and F(z).
However, M /2 coefficients of F(z) are zero for the overlap-
save method. The polyphase components G,,(z) and G,,(z)
are of length K = 1. CD equalization is done per sub-band
through the FIR filter Ex(z) of length N;.

Fig. 4 shows the resulting structure implemented as an
efficient non-maximally decimated DFT FB. Until now the
case of a single tap N; = 1 per sub-band has been considered
which will be referenced as our benchmark. As we are making
use of all M degrees of freedom to design the overall equalizer,
it is no longer strictly the overlap-save method that implements
linear convolution with the aid of FFT and IFFT, but it is
a FB based CD equalization with trivial prototype filters.
Throughout the previously published literature, this scheme
has been widely considered without correct awareness of this
issue [3].

Our method for CD compensation is based on this non-
maximally decimated DFT FB with trivial prototype filters
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Fig. 3. Efficient structure of SFB of non-maximally decimated DFT FB.

but with delayed single-tap equalizer per sub-band i.e. N; >1.
In the following section, we explain the idea behind and how
to design a delayed single-tap equalizer.

IV. DELAYED SINGLE-TAP EQUALIZER DESIGN

The idea for the delayed single-tap equalizer is to take into
account in the design the group delay (in samples) due to the
nature of the inverse of CD channel which is given by:

Hip (f) = exp{+jaf?), (1)

where a = @. The value of chromatic dispersion D is
expressed in ps/nm, the wavelength 4 is in nm and the speed
of light in vacuum ¢ in m/s. The group delay 7; obtained by
differentiating the inverse channel phase response of Eq.(1)
with respect to angular frequency has a linear behaviour
given as:

—a
% = —fk,
T

Jk = % fork < M/2 and f; = —% fork > M /2. Now,
the single tap equalizers Ej of the overlap-save method are
extended to delayed single-tap equalizer Ex(z) with maximum
number of taps of N;. In Fig. 5, the idea of delayed signle-tap
equalizer is illustrated. To avoid any extra complexity, only
one tap e; is assumed to be active performing single-tap
phase equalization where the delay elements realize a sub-
band delay.

Due to the M /2-fold downsampling in the sub-band region,
only a coarse (quantized) approximation of the sub-band group
delay 7; can be achieved. Mathematically, each equalizer
reads as:

% (o@+41)

Ex(z) = /"9 (fi)z 2)

where the group delay quantization function Q(zx) is given
by, depending on whether N; is even (mid rise quantizer):

N; —1
2

3)

O(wx) = Sign(fk)min(

4
round Ttk +0.5)-0.5
T™M

or N; is odd (mid thread quantizer):

round (ﬂ)‘, Ni — 1). “)
™M 2

O(tr) = sign(rk)min(
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Fig. 4. Method of overlap and discard with 50% overlap realized as a nonmaximally decimated with trivial prototype filters DFT FB with sub-band equalizer

E(zM/ 2) for CD compensation.
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Fig. 5. Idea of a delayed single-tap equalizer. Only ¢ ; is active for the kth
sub-band with I = Q(zx) + (N; +2)/2. All other taps (e, for p # 1) are
zero.

In the special case of a single tap equalizer (N; =1), Ex =
HE])I (fx). The additional term e/7 2@ in Eq(2) is needed to
fulfill:

Ei(z = ej27TTfk) — HE])I(fk)e_jzﬂTcstfk,

where 7.5 is a frequency independent delay induced by the
sub-band processing and given by ¢ = N’TATM .

In brief, this equalizer can be interpreted as a sub-band
group delay filter with linear all-pass filtering of the CD in
each sub-band.

V. RESULTS

A 28 GBaud polarization division multiplexed (PDM) return
to zero (RZ) QPSK transmission with digital coherent receiver
applying two-fold oversampling with 56 GS/s is used to verify
our technique for CD equalization. Based on linear simula-
tions, the performance of the system with delayed single-tap
equalizer and the benchmark i.e. with a single-tap equalizer
have been evaluated for different N,, FFT sizes (i.e. differ-
ent M) and for compensating different CD values. System
parameters are B = 1/T = 28 GHz and A =1550 ps/nm.
For performance analysis, the required optical signal to noise
ratio (OSNR) to tolerate different CD values (accordingly
different fiber lengths) at a bit error ratio (BER) of 1073 is
chosen as the figure of merit. The DFT and the IDFT are
efficiently implemented with FFT and IFFT, respectively, by
choosing M as power of 2. With this linear simulation model
we want to demonstrate the capability of the linear equalizer.
It should be noted that on top of the demonstrated filtering
penalty, OSNR penalties resulting from the fiber attenuations
and the according optical amplification need to be added

Tk

- Eq.(3)forNt=2
‘_‘_Eq.(4)forNt=3’

group delay [samples]
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Fig. 6. Quantization of the group delay with an even and odd N;.

as well as penalties from non-linearity and implementation
constraints.

In Fig. 6, the quantization of the group delay Q(zx) for
even and odd number of taps N; is plotted for the case of
M = 512 and dispersion of 36,000 ps/nm. The difference
between the true group delay and the quantized group delay
causes a low value of residual CD in each sub-band, which
is compensated by a single-tap all-pass filtering function
realizing the according parabolic phase transfer function.

In a first set of simulations, ideal synchronization of timing
and carrier is assumed and only the delayed single-tap FD CD
compensation is applied. In Fig. 7, the required OSNR has
been plotted for different number of taps N; for the equalizer
per sub-band. The advantage of a delayed single-tap equalizer
can be clearly seen where significantly higher CD values are
compensated for the same FFT size when increasing N; as
long as Ny < M. The equalizer memory can be significantly
increased by the combination of the group delay elements and
the phase rotation. This is a clear benefit compared to a single
tap equalizer with only phase filtering. For a given maximum
N, a lower number of active taps is automatically applied at
low CD values. In other words, as CD increases, the number
of required taps for equalization increases linearly until the
maximum JN; is reached.
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CD equalizer. Advantage of a delayed-single tap equalizer.

The simulations in Fig. 8 show the required OSNR for the
same N; but at different FFT-size M. As a benchmark, we
choose the FFT size M = 1024 and N; = 1. Significant
smaller FFT sizes as compared to the benchmark for N; = 5 is
needed to tolerate the same CD value. For example, to tolerate
a CD value of 32,000 ps/nm, it is sufficient to have an FFT size
of 256 with N; = 5 taps with less than 1-dB OSNR penalty.
With M = 1024 and N, = 5, a negligible OSNR penalty is
observed even outperforming the benchmark.

Extending the signal processing by an 11-tap (7/2 tap
spacing) 2 x 2 multi-input multi-output (MIMO) time-domain
equalizer with blind convergence and acquisition by constant
modulus algorithm (CMA), Viterbi & Viterbi 4-th power
carrier phase estimation and carrier recovery (no differential
decoding) does not largely alter the results of Figs. 7 and 8. No
laser phase noise and no carrier frequency offset were assumed
in the simulation. In Fig. 9, the required OSNR is plotted
for the extended model including CD and PMD equalization
and phase recovery with M = 1024 and N, = 9, while still
assuming ideal synchronization. It is clearly seen that the
results are essentially the same. The linear increase of filtering
penalty up to 200 000 ps/nm results from the decomposition
of the signal into an increasing number of sub-bands. It results
from slight phase imperfections between adjacent sub-bands
after signal decomposition. Above 200 000 ps/nm the channel
memory starts to exceed the filter memory with the typical
rapid penalty accumulation. For an OSNR filtering penalty of
0.5 dB more than 240 000 ps/nm can be equalized which refers
to a trans-Pacific distance around 15000 km with standard
single-mode fiber.

VI. CONCLUSION

In this letter, FD CD compensation is proposed based on
a non-maximally decimated DFT FB with trivial prototype
filters and a delayed single-tap equalizer per sub-band. The
design of the delayed single-tap equalizer takes into account
the group delay due to the nature of the inverse of CD channel
in each sub-band. The well known overlap and discard method
with 50% overlap applied so far for CD compensation can be
as well interpreted as a non-maximally decimated FB with
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trivial prototype filters with a single tap equalizer per sub-
band. With our design larger CD values can be compensated
with a smaller FFT size by increasing the number of taps of
the equalizer in each sub-band as long as maximum number
of delay taps remains negligible as compared to the FFT size.
With our technique uncompensated trans-Pacific transmission
becomes feasible with digital CD compensation i.e. more than
240 000 ps/nm CD tolerance with only 0.5 dB OSNR filtering
penalty can be achieved by use of 1024 FFT.
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