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Abstract—This letter presents an efficient method for testing
the efficiency of modulation techniques for countering the effects
of intrachannel four-wave mixing by calculating the sum of all
the contributors at a given resonance position (the position af-
fected by the surrounding pulses). In addition to this method, we
are proposing a modulation technique that shows a significant

-factor improvement of up to 7.5 dB (depending on the number
of spans and the phase sequence implemented) over the uncoded
return-to-zero ON–OFF keying. Although the implementation of
this phase modulation technique is simple, it is still very efficient
in extending the nonlinearity tolerance and enhancing the perfor-
mance of a high-speed optical transmission system.

Index Terms—Communication system nonlinearities, forward-
error correction (FEC), low-density parity-check (LDPC) codes,
modulation coding, optical communications, optical Kerr effect.

I. INTRODUCTION

I N HIGH bit-rate return-to-zero ON–OFF keying (RZ-OOK)
systems operating at 40 Gb/s and above, intrachannel four-

wave mixing (IFWM) and intrachannel cross-phase modula-
tion (IXPM) are dominant limiting factors affecting the per-
formance of a high-speed optical transmission system [1]–[5].
Ghost pulses, induced by IFWM, are the result of the interac-
tions of bits (in dispersion-managed systems) satisfying the res-
onant condition [5]. These interactions cause energy transfers
among the pulses resulting in the creation of a spurious pulse in
a zero-bit position.

The existing techniques for mitigating this phenomenon
previously included: 1) better modulation formats [2]–[4], 2)
constrained (line or modulation) coding [5]–[7], 3) equalization
[8], [9], 4) optical phase conjugation [10], and 5) finding a
proper dispersion mapping [11]. As the creation of ghost pulses
is a phase-sensitive effect, the aim for the first approach is
to remove short-term phase coherence. Constrained coding
prevents the occurrence of most troublesome sequences (the
sequences which have a combination of 1’s and 0’s that rise
up the ghost pulse formation) during the encoding process.
The linear equalization techniques cannot be used to tackle
the nonlinear effects, while the Viterbi equalizer [9] provides
the hard decision only, preventing therefore the soft iterative
[turbo/low-density parity check (LDPC)] decoding. We have
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recently shown [5], [9] that the intrachannel nonlinearities
can successfully be suppressed by using either combined
constrained and forward-error correction (FEC) coding [5]
or combined FEC and nonlinear intersymbol interference
cancellation based on Bose–Cocke–Jelinek–Raviv algorithm
operating a trellis dynamic model of the channel [9]. However,
the complexity of those two techniques may be too high for
today’s available high-speed electronics.

In [5], we have shown that proper choice of initial pulse
phases may result in the cancellation of different contributions
of ghost pulse creation in bit being in “resonance” (the zero bit
position affected by IFWM). The pseudoternary constrained
code proposed in [5] is successful in suppression of IFWM,
however, it reduces the code rate down to 0.9.

In this letter, we present an efficient method for suppression
of IFWM by choosing the initial pulse phases in such a way
to minimize the effect of different ghost-pulse contributors at
the zero-bit position being in “resonance” instead of canceling
them, without reducing the code rate. We define the new figure
of merit for assessing the influence of IFWM, and use it to se-
lect a better modulation format among several ones depending
on information content. The numerical example combines
the method by Gill et al. in [12] ( ) and the technique by
Zou et al. in [2] ( ). basically assigns alternating phases
of difference to the bits in the original sequence such as

, while applies a fixed eight-bit phase
pattern to the sequence. In our IFWM cancellation approach,
the information is transmitted by presence or absence of a pulse
(OOK), and the parasite phase modulation is used as a means
to disturb the phase coherence of the bits being involved in
the ghost pulse creation process. The presented modulation
technique significantly outperforms and in terms of both

-factor and bit-error rate (BER). ( -factor improvement over
is up to 2 dB.) The proposed phase modulation combined

with an advanced FEC scheme based on LDPC codes provides
excellent coding gains.

II. DESCRIPTION OF AN IFWM CANCELLATION SCHEME

It was shown in [5] and that proper choice of initial phases
may result in suppression of IFWM. The IFWM will be sup-
pressed in any subsequence of length , if
the following complex ghost-pulse constraint is satisfied: for all
integers such that (
and not necessarily distinct), choose the initial phases , ,
and such that their contribution cancel each other at resonant
position , i.e.,

(1)
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Fig. 1. Parameter jSj versus the information content, denoted in decimal rep-
resentation, for different modulation techniques: (a) G and Z , (b) the regular
RZ-OOK.

where the summation is done over all
triples for which . Satisfying this constraint
is hard to achieve, without sacrificing the code rate (e.g., [5]).
Notice that constraint (1) has also to be satisfied in any two
successive subsequences of length as well. So, the idea be-
hind our proposal is to select a simple almost fixed-phase pat-
tern sequence minimizing summation in (1), and to provide a

-factor improvement over 6.5 dB which is provided by .
The parameter in (1) may be used as a figure of merit of

a particular modulation format. We may observe a particular
zero bit position in a sequence of length , and calculate for
different information content. In Fig. 1, the parameter versus
the information content, given in decimal representation (the
binary sequence of length is represented as an integer),
is compared for three different modulation formats. Only the
combinations ranging from 190 to 240 with middle bit being
zero are observed; this range has been chosen to demonstrate
the general case where results in a smaller and some cases
where minimizes . In Fig. 1, is compared against and
RZ-OOK.

However, other modulation techniques such as the alternate
mark inversion (AMI), might perform better for some specific
bit sequences such as the bit sequence “010101010”. AMI and
similarly duobinary formats assign optical phases to the pulses
so that different contributions to ghost pulse creation cancel
each other at resonant bit position. Moreover in some other
cases, might even outperform such as the bit sequence
“111101111” which is considered to be the most troublesome
bit sequence in terms of ghost pulse generation. Taking the two
bit sequences mentioned above, and testing the summation
at the middle bit, the results show that for “010101010”

and for “111101111” for , AMI,
, and RZ-OOK, respectively. After all, for a pseudorandom

binary sequence (PRBS) input performs better that the other
techniques.

These observations lead us to a conclusion to combine with
to form a new phase modulation scheme that further mini-

mizes the sum . The combination mainly depends on finding
which scheme among the two gives out the least sum for a
specific 8-bit block of the data sequence and assign it to the bits
in the original sequence. The parameter is precalculated be-
fore transmission starts, and the results are stored in a lookup
table. Notice that only subsequences for which outperforms

are to be stored. Since the general trend is that in most of the
cases is better then , the length of the lookup table is reason-
able short for high-speed implementation. Similar to and ,

TABLE I
FIBER PARAMETERS

Fig. 2. Eye diagrams (at the output of optical filter) after 35 spans. The columns
from left to right: (1) PRBS input using described dispersion map with precom-
pensation of �800 ps/nm, (2) troublesome input using the same parameters,
and (3) PRBS input with precompensation of �1600 ps/nm. The rows: (R)
RZ-OOK, (Z) Zou’s technique, (G) Gill’s technique, (C) proposed technique,
and (D) RZ-DPSK.

the proposed modulation technique requires an additional phase
modulator, compared to regular RZ-OOK transmitter.

III. NUMERICAL RESULTS

The simulations were run on a realistic dispersion-managed
40-Gb/s single-channel system, and dispersion map is given in
[5, Fig. 6]. The span length is set to km, and each
span consists of km of fiber followed by km of

fiber. Precompensation of 800 ps/nm and corresponding
postcompensation are also applied. The parameters of and

fibers are as given in Table I. RZ modulation format of a
duty cycle of 33% is observed, and the launched power is set
to 0 dBm. Erbium-doped fiber amplifiers with noise figure of
5 dB are deployed after every fiber section, the bandwidth of
optical filter is set to and the bandwidth of electrical filter
to , with being the bit rate (40 Gb/s). This dispersion
map is selected in such a way that IXPM is low, and IFWM is
the predominant effect.

Fig. 2 shows the eye diagrams after 35 spans for two inputs:
a regular PRBS input of order 15, and an input that focuses
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Fig. 3. Q-factor improvement over the RZ-OOK for (a) PRBS input, and
(b) troublesome input.

(a) (b)

Fig. 4. BER for different modulation formats for (a) uncoded case, and
(b) LDPC coded case.

on the most troublesome blocks observing different modulation
schemes of the same length as the PRBS. It is obvious that the
eye diagram for the RZ-OOK is highly disturbed, while the eye
diagram for proposed modulation format is wide open and the
eye diagram for shows a highly improved eye diagram com-
pared to the RZ-OOK yet not as good as the proposed modula-
tion. This is valid for both types of input. Since the troublesome
sequences in the PRBS sequences occur with certain probability,
the improvement in the PRBS case is lower.

The same simulator was run while changing the precompen-
sation to 1600 ps/nm, and the results are shown in Fig. 2. The
dispersion map from [11], with the same fiber parameters, was
also tested and the improvements were comparable to those of
the dispersion map described above.

Fig. 3 shows the -factor improvement over the RZ-OOK,
for , , RZ-DPSK, and the proposed modulation technique. It
can be noticed that format achieves the maximum improve-
ment of 7.5 dB, achieves an improvement of 3.8 dB, while
9 dB is achieved by the proposed modulation technique. The
RZ-DPSK with a balanced-receiver, although employing more
complicated receiver, performs worse than proposed modula-
tion technique and provides a maximum improvement of 8.5 dB.
The improvement for a troublesome input is better than that for
regular PRBS input, because for troublesome input was em-
ployed instead of resulting in better suppression of ghost-
pulse effect.

In Fig. 4(a), the proposed modulation technique is compared
against and in terms of BER, obtained by counting of er-
rors. As expected, the proposed modulation technique outper-
forms , and significantly outperforms .

In Fig. 4(b), the BER performance is shown when
LDPC(8547,6922) code of girth-8 (the length of shortest

cycle in corresponding bipartite graph), designed as described
in [9], is employed in simulations. This LDPC code has a rate
of 0.81, the number of information bits is 6922, and the code-
word length is 8547. Significant performance improvement
over LDPC coded RZ-OOK is obtained, with coding gains
comparable to that reported in [5] but with lower complexity.
To generate the numerical results in Fig. 4, the sequence of
length is transmitted many times over whole trans-
mission systems for different numbers of spans in the range
of 10–60, and different amplified spontaneous emission noise
realizations. Notice that for the proposed modulation technique
supplemented with LDPC code, we were not able to count any
errors for number of spans up to 60. Notice that the simulation
results reported here are in very good agreement with VPI
TransmissionMaker.

IV. CONCLUSION

In this letter, the novel figure of merit suitable for testing the
influence of IFWM was introduced. Using this figure of merit,
the novel modulation technique that selects better modulation
format among several ones for sequences being in resonance
was proposed. With minimal modifications applied to Gill’s
method, the method presented herein can result in up to 2-dB
improvement in -factor.

The system performance can be further improved by using
more than two different modulation formats, at the expense of
increased complexity.
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