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Abstract

We propose and numerically demonstrate two simple methods for reduction of the crosstalk caused by four-wave mixing between the
pump and the wavelength-division multiplexed channels in single-pump fiber optical parametric amplifier. The first one is based on a
proper tuning of the WDM system from the pump wavelength and the second one uses the Stokes side rather than the anti-Stokes side

in the gain band.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Crosstalk due to four-wave mixing (FWM) in fiber
optical parametric amplifiers (FOPA) is a crucial issue
for wavelength-division multiplexing (WDM) systems. It
has been recently identified experimentally as a main
cause of system degradation and power penalty in FOPA
driven by one or two-pump waves [1-7]. In both cases,
the origin of FWM-induced crosstalk is twofold. First,
unwanted frequencies arising from channel-channel para-
metric FWM (CC) are efficiently generated because of the
low group-velocity dispersion and high nonlinearity of the
fiber used in FOPAs [1-6]. Second, there is an additional
source of crosstalk resulting from strong pump-channel
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(PC) parametric FWM interactions [7]. The impact of this
crosstalk on system degradation has already been identi-
fied in the framework of single-pump fiber parametric
amplifiers for wavelength band conversion in a multi-span
configuration [8]. However, it has not been yet considered
in detail with realistic intensity modulated signals in the
case of a single-span FOPA configuration. The purpose
of this work is to show, by a numerical analysis, that this
PC crosstalk can be significant with respect to classical
CC crosstalk and that it can be easily reduced by properly
tuning the WDM system allocation with respect to the
pump frequency. In addition, we point out that the over-
all crosstalk is less important on the Stokes side of the
FOPA.

This paper is organized as follows: in Section 2 we inves-
tigate the PC crosstalk through simple phase-matching
considerations which are verified in Section 3 by numerical
simulations of a realistic WDM system amplified by a sin-
gle-pump fiber optical parametric amplifier. We then dis-
cuss our results in Section 4 and give our conclusions.
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2. Pump-channel crosstalk

In FOPAs, WDM channels are generally located near
the pump frequency to benefit from the whole gain band.
Consequently, in case of WDM signals, there exists a PC
crosstalk which results from FWM interaction involving
the high-power pump wave [7]. These interactions are sche-
matically sketched in Fig. 1. We consider here an equally-
spaced WDM system made up of N signals propagating in
a single-pump FOPA. The channel spacing and the fre-
quency detuning between the first channel and the pump
are denoted Aw and AQ, respectively. Let us consider the
FWM interaction between the pump, the nth channel and
the (# — 1)th one that leads to the generation of a parasitic
wave located at e} according to energy conservation rela-
tion: wp + @, = @, —l—copJr . It can be generalized to the
interaction between the pump, the nth channel and the
(n £ k)th channel which creates a crosstalk located at
wp = k X Aw by the relation
(op £k x Aw) + (AQ + (n F k) x Aw)

(1)

It is worth noting that parasitic waves whose frequencies
correspond to the first term of the second member of Eq.
(1) are always spaced from the pump by k times the chan-
nel-channel spacing (Aw), with k an integer. Under these
conditions, parasitic frequencies arising from the whole
PC FWM crosstalk are generated not only next to the
pump but also close to the WDM signals. From Eq. (1)
we can distinguish two extreme cases which depend on
the WDM system allocation from the pump frequency
(AQ): either AQ is a multiple of Aw or an odd multiple of
half of Aw. When AQ = mAw with m an integer, parasitic
PC FWM frequencies are perfectly superimposed with
input WDM channels and then induce maximum crosstalk.
On the other hand, by choosing the pump-channel spacing
as odd multiples of the channel spacing, that is,
AQ = (2m + 1)/2 - Aw, parasitic PC FWM frequencies are
created in between the channels and do not interfere with
them [8]. Therefore, for reducing the overall crosstalk in
WDM-FOPA, a simple way consists in adjusting the
pump—channel detuning to (2m + 1)/2 - Acw. Nonetheless,
the overall crosstalk will not be totally suppressed because
the CC-FWM still remains significant [9].
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Fig. 1. Schematic of the pump channel FWM-induced crosstalk in single
pump FOPA.

3. Amplification of 64 NRZ Channels

We investigated this PC crosstalk by using the Split-Step
Fourier method to numerically integrate the following non-
linear Schrédinger equation which governs FOPA [10] :
o, o’4 ¥4 1,04

1 .
a ﬁZ ot 2 6ﬁ3 87:3 24ﬁ4 or 4 l'})'A|2A (2)

where A(z, 7) is the electric field amplitude, = the time ex-
pressed in a reference frame moving at the group velocity
of the light, £, (m=2,....4) the mth dispersion coeffi-
cients and y the nonlinear coeflicient. We used typical
FOPA parameters based on highly nonlinear dispersion-
shifted fibers: fo(wp) =0s>m™!, f3=0.6%x10"% & m™!
(Dg=0.037 psnm 2 km™), f,=-285x10"%" s*m™!,
y=18W 'km ™, L=300m, Ap=1550nm and P=
500 mW. We consider the amplification of 64 non-return
to zero (NRZ) data modulation format at a bit rate of
R =10 Gbits/s, with 50 GHz channel spacing (Aw) and
—20 dBm mean power per channel. The NRZ data streams
of each channel are independent and randomly generated.
The cw pump is phase modulated at 3 GHz with a PRBS
sequence with rise time and fall time of 90 ps in order to
get a realistic configuration. With these typical parameters,
the gain bandwidth is about 40 nm and the maximum gain
reaches 17 dB, as shown in Fig. 2. Fig. 3a and b represent a
zoom on the input (grey) and output (black) WDM signals
spectrum. As it can be seen, we clearly see parasitic waves
resulting from both PC and CC FWM processes on the
output spectrum. Fig. 3a corresponds to a multiple of
AQ =10.75 THz (i.e., 15 % 50 GHz) and, as explained previ-
ously, we see that parasitic waves nearby WDM channels
(black arrows) are spectrally shifted from the first channel
by mAw. They originate from both PC FWM and CC
FWM. They clearly appear in between the first WDM
channel and the pump on the output spectrum but they
are also generated onto the WDM channels, which suffers
from both crosstalk sources. On the other hand, we show
in Fig. 3b the case of an odd multiple of half of
AQ =0.775 THz (i.e.,15.5 X 50 GHz). The parasitic waves
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Fig. 2. Parametric gain band.
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Fig. 3. Zoom on the input (grey) and output (black) spectrum of 64 NRZ signals at 10 Gbits/s: (a) for AQ =15 x Aw and (b) for AQ= 155X Aw.

induced by PC FWM are now shifted by (2m + 1)/2 - Aw
from the first channel (white arrows) and thus, fall in be-
tween two channels. In this case the crosstalk, i.e., parasitic
waves generated on the input channel, is reduced to the CC
FWM process only (black arrows). Some spurious har-
monics are still visible in the spectral range bounded by
the first WDM channel and the pump [4]. Hence, by simply
looking at the output spectrum we see that parasitic waves
originating from PC FWM can either be generated onto
the WDM channels (Fig. 3a) leading to maximum cross-
talk, or just in between (Fig. 3b). In this latter case, they
cannot interfere with the WDM channels and therefore,
crosstalk must be lower. Moreover, total suppression of
these parasitic FWM sidebands can be achieved by using
a Fabry-Pérot filter that matches the WDM channel spac-
ing, as suggested in Ref. [8]. To quantify the crosstalk, we
measured the eye diagram aperture of each channel versus
AQ. We used the Q' quality factor as a criterion [11]. Eye
diagrams were obtained by modeling a realistic receiver
as in Ref. [12] and we naturally take Q' =1 for a perfect
eye opening as a reference. Then, the overall crosstalk for
the 64 WDM amplified system is assessed by averaging

the 64 Q' values (Q'). We performed numerical simulations
for pump-channel spacing AQ ranging from 0.75 THz to
1 THz with 5 GHz steps and for WDM signals located
either on the Stokes or on the anti-Stokes side of the pump.
Each simulation is performed with WDM channels carry-
ing a random NRZ data stream. The results of our numer-
ical simulations are illustrated in Fig. 4. As it can be seen,

O evolves in a sinusoidal way with a 50 GHz (i.e., Aw)

period, with maximum values of (/ (best eye diagram) all
located around AQ = (2m + 1)/2 - Ao (vertical dotted lines)
and minimum ones located around AQ =mAw. Similar
qualitative behavior is observed whenever the WDM
signals are launched on the Stokes or anti-Stokes sides of
the pump. Our results confirm that the pump-channel
spacing AQ has indeed a strong impact on the overall cross-
talk of WDM signals. It is worth noting that the improve-
ment obtained by choosing the best pump-channel spacing
depends on the input power signals. Indeed, beating
process is more efficient as the waves become stronger, so
the improvement increases with input signal power and/
or FOPA gain. Therefore, choosing the pump-channel
spacing as AQ = (2m +1)/2- Aw is a useful tool to mini-
mize the crosstalk induced by PC FWM.

In addition, Fig. 4 shows that (0 is always larger for
WDM signals located on the Stokes side rather than on
the anti-Stokes side of the FOPA spectrum. First, this
asymmetry cannot be attribute to CC-FWM since the
absolute dispersion value is the same on both sides of the
FOPA spectrum (f>(wp) = 0). It could be intuitively due
to stimulated Raman scattering but we do not include it
in our simulations. Actually, this asymmetry also results
from the PC crosstalk. To get better insight, phase-match-
ing between the four waves of PC-FWM process must be
considered. It can be expressed as [13]:

i = fylwc) x (Awg — Awp) +yPo (3)

where @c is the central frequency between the pump and
the nth channel, f>(wc) is the value of second order disper-
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Fig. 4. @ versus the pump channel spacing AQ, for 64 WDM signals located on the Stokes (circles) and anti-Stokes (crosses) side of the FOPA

spectrum, respectively. Dotted lines correspond to AQ = (2m +1)/2 - Aw.
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Fig. 5. Scheme illustrating the phase-matched pump channel FWM crosstalk on the anti-Stokes side of FOPA. Second-order dispersion is plotted in

dashed gray line.

sion at wc, Awmg is the spectral detuning between the nth
channel and the central frequency, Awp is the one between
the pump and wc, and Py is the sum of the pump power
and of the nth channel power. Let us now consider as an
example the non-degenerate FWM process depicted in
Fig. 5 where interaction of the pump, the nth and the
(n —3)th channel generates the wj" sideband for
AQ =mAw. From Eq. (3), we deduce that phase-matched
interactions (x = 0} which correspond to the strongest
crosstalk can occur when f,(wc) X (Aws — Awd) < 0. If
fis{ldc) > 0 (case illustrated in Fig. 5, i.e., when signals
are launched on the anti-Stokes side of the pump), perfect
phase matching is thus fulfilled when (Aw? — Awd) < 0. We
see in Fig. 5 that it involves WDM channels located in be-
tween the pump and the #th channel. On the other hand, if
fir(wc) <0, ie., for signals on the Stokes side, perfect
phase-matching is achieved for waves located outside the
spectral region bounded by the pump and the nth channel.
However, in this latter case, perfect phase-matched spectral
bands are very narrow [13]. We can deduce that the impact
of this PC FWM process is much less efficient in compari-
son with the case where fy{wc)> 0. Consequently PC
FWM is enhanced when the WDM signals are launched
on the anti-Stokes side of the pump. As an example, we
plotted in Fig.6 the phase mismatch x between the pump
and the 64th channel for both the anti-Stokes (solid line)
and the Stokes sides (dashed line) of the FOPA. As it can
be seen, phase-matching can be satisfied for the anti-stokes
side only of the FOPA spectrum.

Note that we did not develop a full analytical study of
the whole FWM interactions because it involves 65 coupled
equations. Nevertheless, our simple considerations allow us
to clearly explain the numerical results presented on Figs. 3
and 4.

4. Discussion
We must stress that our conclusions go beyond the

FOPA configuration under study. In most FOPAs, the
wavelength spacing between the pump and the zero disper-

o e

Phase mismatch x (cm™)

0 5 10 15 20 25 30 35 40
Wavelength shift (nm)

Fig. 6. Phase mismatch x of Eq. (3) between the pump and the 64th
channel for both the Stokes (dashed line) and the anti-Stokes (solid line)
sides of the FOPA spectrum.

sion wavelength of the fiber is of the order of a few tenths
of nanometers (i.e., a few tens of Gigahertz) [1-4]. This
value is negligible in comparison with the spectral shift
between the pump and the first WDM channel. Therefore,
the group-velocity dispersion undergone by the WDM
channels is always positive (negative) for signals launched
on the anti-Stokes (Stokes) side of the FOPA. PC-FWM
phase-matched processes (Eq. (2)) depend on the group-
velocity dispersion value at wc. Therefore, similar phase-
matched PC-FWM processes are expected to appear in
typical FOPA configurations. Lower crosstalk values for
signals launched on the Stokes side of the pump are thus,
a general behaviour of single-pump FOPAs.

Though a study of FOPAs driven by two-pump waves is
out of the scope of this paper, we can infer from the present
study that the first and the last WDM signal must be also
located at AQ = (2m + 1) X Aw/2 from each pump, respec-
tively. Indeed similar pump-channel interactions take place
with each pump.
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5. Conclusions

In this paper we have investigated through simple con-
siderations and numerical simulations the crosstalk due
to four-wave mixing between equally-spaced WDM signals
in single-pump FOPAs. We have numerically demon-
strated that crosstalk can be reduced by properly tuning
the WDM signal allocation with respect to the pump wave-
length. We have also shown that crosstalk is also reduced
when signals are located on the Stokes side of the pump
frequency because of the absence of phase-matching. We
believe that our conclusions can be useful as overall rules
for designing future high-performance fiber optical para-
metric amplifiers in view of WDM applications.
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