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Abstract

We experimentally demonstrate an optical time-domain reflectometry system with 50 cm

spatial resolution, capable of measuring the onset of polarization dependency of orthogonal-pump four-
wave mixing systems in the saturation regime. Close agreement with theoretical predictions is observed.
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Introduction

Four-wave mixing (FWM) processes, arising from
Kerr nonlinearity in optical fibers, have enabled
the demonstration of a large number of all-
optical signal processing devices, such as wave-
length convertersl!)| phase-sensitive amplifiers!,
amplitude and phase regeneratorsBl¥l,  There
are two main approaches to achieve polarisa-
tion insensitive operation - polarisation diver-
sity schemes and orthogonal pumping in non-
degenerate FWM. In both of these approaches,
residual birefringence in the nonlinear medium
can lead to a polarisation dependent gain (PDG),
degrading system performance. Although this
effect can be mitigated in polarisation diversity
schemes through the use of polarisation main-
taining highly nonlinear fibre (HNLF), this option
is not available in the orthogonal pump technique,
wherein phase matching must be achieved on or-
thogonal polarisations at the same time. As such,
studying the complex interplay between FWM and
birefringence is essential if we are to perfect our
control and understanding of such systems. By
its nature, birefringence in lowly birefringent fibres
varies along the length of the fibre in a stochas-
tic process that is challenging both to measure
and to model with accuracy. Ideally, a distance re-
solved measurement of the FWM process would
help to understand the impact of birefringence
and determine the accuracy of modelling. The
use of optical time-domain reflectometry (OTDR)
systems based on Rayleigh scattering is one so-
lution to this problem, thanks to the possibility of
measuring the spatial evolution of signals without
disturbing the nonlinear processes.

The first use of OTDR to perform distributed
FWM measurements in optical fibers was per-
formed by Ravet et al®. They studied the impact
of dispersion in degenerate FWM in a dispersion-
shifted fiber. More recently, a distributed mea-

surement of forward Brillouin scattering involving
FWM processes was carried out in an 8 km-long
single mode fiber for Brillouin-based fiber sen-
sorsl®l. However, to the best of our knowledge,
the orthogonally pumped FWM scheme and the
dependence of its PDG on birefringence is yet to
be explored.

In this work, we used an OTDR system to
measure the Rayleigh back-scattered light of the
phase conjugated idler generated by a forward
FWM process. We initially validated the system
by measuring the evolution of Rayleigh backscat-
tered idler power in a dual, co-polarised pump
scheme. The experimental results were com-
pared with numerical simulations to confirm the
accuracy of the modelling used. We then inves-
tigated the PDG in the orthogonal-pump FWM
scheme, how it varies with the input signal’s state

Fig. 1: OTDR-based orthogonal-pump FWM system setup;
HNLF (L =500 m; vy =11 W~ . km~!; 82=0.06 ps/nm/km;
B3=0.0035 ps/nm?2 /km; a=1.44 dB/km)



of polarization (SOP) and, in particular, how the
onset of saturation affects PDG. Our results show
that the onset of saturation depends upon the sig-
nal SOP and that saturation itself leads to strong
increase in PDG.

Experimental setup

The experimental setup used for the distributed
measurement of the phase conjugated idler gen-
erated in the orthogonal-pump FWM process is
shown in Fig. 1. The signal generation stage was
designed for polarisation stability and high ASE
rejection, whilst the detection system has been
designed to maximise sensitivity to the weakly
Rayleigh backscattered light. Two continuous-
wave (CW) laser sources, denoted as P1 and
P2 in Fig. 1 (at wavelengths 1546.21 nm and
1552.61 nm), were used as the two pumps of the
nonlinear process. To delay the onset of stim-
ulated Brillouin scattering and reduce coherent
Rayleigh noise (i.e. interference of backscattered
light from different parts of pulse)” in the HNLF,
the linewidths of the two pumps were broadened
through phase modulation. Two phase modu-
lators were used for this purpose, which were
driven by an 8 Gs/s, 2'° — 1-bit pseudo-random
binary sequence (PRBS), generated from an arbi-
trary waveform generator (AWG) to obtain around
7 Ghz bandwidth. A polarisation beam splitter
(PBS) was used to ensure the polarisation states
of the two pumps were orthogonal when launched
into the HNLF. The signal in the FWM process
was generated by a narrow linewidth laser (\ =
1548.8 nm), carved into a pulse train of 5 ns wide
pulses with a repetition period of 15 us. This
pulse duration enabled us to obtain OTDR traces
with an approximately 50 cm spatial resolution.
A programmable polarisation controller (PC) en-
abled measurements to be taken on each one
of 64 different SOPs for the input signal. The
signal was coupled together with the pumps in
the HNLF by means of a 70:30 coupler. The
Rayleigh backscattered light from the HNLF was
then sent to a polarization scrambler (PS) (to re-
move any polarisation-dependent effects from the
EDFA that followed), through a fibre Bragg grating
(FBG) filter to reject the Rayleigh back-scattered
light due to propagation of pump and signal. The
filtered idler light was then amplified using an
EDFA (to improve receiver sensitivity) before un-
dergoing a final stage of filtering (to reject ASE
from the EDFA), after which it was detected by a
photodiode with transimpedence amplifier. A sys-

tematic description for all the optical components
used in the signal pulse generation and receiving
stages can be found in Refl®.
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Fig. 2: Dual co-polarised pump FWM system; Measured
maximum (solid trace in blue) and minimum (solid trace in
red). Simulated maximum (dashed line in blue) and minimum
(dashed line in red); total pump power: 952.2 mW; Peak
signal power: 70.8 mW

Results and Discussion

The coupled Nonlinear Schrédinger Equation (C-
NLSE) model® was used to compare all the pre-
sented measurement results with numerical sim-
ulations by considering fibre parameters from the
HNLF datasheet (reported in the caption of Fig.
1). Fibre birefringence was modelled using the
Random Modulus Model (RMM)9 that allows
fibores to be modelled with a birefringence that
varies randomly along their length, determined by
two parameters: the beat length L, and the corre-
lation length L.. Since we are studying the trend
of measured results, L, and L. were chosen to
be 10 m and 100 m, which is a small perturbation
for this fiber.

To confirm the correct functioning of the mea-
suring system and the system’s ability to mea-
sure sufficiently large PDG, we initially config-
ured the system into the dual co-polarised pump
scheme, which required only small modifications
to be made to the system setup in Fig. 1. By
varying the signal SOP, we measured both the
case where the signal was co-polarised with the
pumps (maximum conversion efficiency) and the
case where it was orthogonal to the pumps (mini-
mum conversion efficiency). As expected (Fig. 2),
this latter SOP results in a strong suppression of
the idler power, with a PDG of 13 dB measured
about the peaks of the curves. A good agree-
ment between experimental measurements and
numerical simulation was found.

Finally, we used the system setup shown in Fig.
1 to perform a distributed characterization of the
orthogonal-pump FWM system. Three different
pump power levels (total pump power of 374 mW,
574 mW and 1105 mW, respectively) were used
to measure the polarisation dependency of the



idler as the signal SOP was varied. The resultant
curves show that both the saturated idler power
and the distance along the fibre at which satu-
ration is reached vary with signal SOP. We can,
therefore identify the curves with 1) the maximum
saturated idler power, 2) the minimum saturated
idler power and 3) the earliest onset of saturation
along the fibre length for different pump power
levels. This procedure was carried out for both
the experimental measurements and the numeri-
cal results and good agreement can be seen be-
tween them for all three pump power cases stud-
ied. It needs to be noted that traces with the
same color in Fig.3(a-c) have the same input sig-
nal SOP.

The simulation indicates that saturation occurs
soonest when the signal has a SOP that is 45°
relative to the two orthogonal pumps. Therefore,
in the experiment, we identify the curve that satu-
rates the soonest as possessing this 45° relative
polarisation. Amongst the results are traces with
differing shapes, breadth and flatness, evidence
of a rich variation which could be exploited for
other purposes, such as improved squeezing per-
formance in saturation based amplitude limiters.

In Fig. 3(d), a plot of PDG as it evolves along
the length of the fibre is presented, obtained by
taking the difference between the maximum and
minimum idler power measurement values from
the 64 polarisation states. These data show
that saturation of the FWM process is associated
with an increase in PDG and should therefore be
avoided for most applications. As expected, as
pump power increases, the onset of saturation is
met earlier in the fibre and hence PDG begins
to grow sooner. The numerical simulations pre-
dicted the same onset distance as the experimen-
tal results, further supporting the modelling. The
discrepancy between numerical and experimental
plots before 200 m is attributed to the low SNR at
the beginning of the fiber, which limits the lowest
measurable PDG value to around 1.5 dB.

Conclusions

We demonstrated an OTDR-based characterisa-
tion of an orthogonal-pump FWM system, ca-
pable of measuring the polarisation dependency
of a Rayleigh backscattered idler. The satura-
tion regime for the idler power was investigated
considering different pump power levels and in-
put signal SOPs. A good matching between nu-
merical simulations and experimental results was
found considering the extreme cases of maxi-
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Fig. 3: Measured and simulated minimum (solid trace and
dashed line in red), maximum (solid trace and dashed line in
blue) and earliest (solid trace and dashed line in green) idler
saturation curves of using (a) 374 mW, (b) 574 mW and (c)
1105 mW total pump power; The input signal peak power is

fixed at 108mW; (d) Measured (solid trace) and simulated

PDG (dashed line) evolution curve for three different total

pump power levels shown in the legend

mum, minimum and earliest saturation curves.
This system would help us to avoid saturation
when designing wavelength converters and also
help us to exploit it when designing saturation
based amplitude limiter. Moreover, we believe
that the confirmation of the model’s reliability and
the performance of the measurement scheme will
allow further in-depth study into the complex ef-
fect that birefringence has on FWM systems.
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