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Abstract We experimentally demonstrate all-optical wavelength conversion with efficiency above -5 dB
from any wavelength to any other wavelength across a whole of the C band by employing two narrow-
linewidth pumps in Al-doped HNLF. ©2022 The Author(s)

Introduction
Wavelength conversion especially conversion
from an arbitrary wavelength to a desired wave-
length over a broad-bandwidth is essential to op-
timize the network cost and efficiency. It pro-
vides increase in reach of multi-band optical net-
worksl!). A Raman-assisted wavelength conver-
sion over broad band was shown inl2h8l with con-
version efficiency greater than 0 dB in HNLF. A
80 nm arbitrary wavelength conversion using par-
tially degenerate pump in ZD-DS HNLF was pre-
sented inl. Flexible wavelength conversion us-
ing dispersion flattened fibers were reported be-
forel®h However, such fiber has low nonlin-
ear coefficient, which adversely affects the con-
version efficiency. A two-stage cascaded FWM
in low-dispersion slope HNLF was used for arbi-
trary wavelength conversion over 30 nml® and a
guard-band-less and polarization-insensitive tun-
able wavelength conversion”). Thus wisely se-
lecting the pump wavelength in the zero disper-
sion wavelength (Azp) of the highly nonlinear
fiber (HNLF) to satisfy the phase-matching con-
dition among the signal, idler and pump waves!®)
or using two-stage cascaded FWM using HNLF©!
were in general used for efficient conversion.
In all these demonstrations the flexibility of all-
optical wavelength conversion is limited by the
tunability of the pump wavelength with respect to
the signal and idler wavelengths around the Azp.
Another limiting factor in standard HNLF is
stimulated Brillouin scattering (SBS) which sets
an upper limit in the amount of pump power which
can be launched®. The maximum conversion
efficiency which can be achieved in silica fibers
without SBS mitigation is below -10dB®. Phase
dithering of the pump is one of the methods to
increase the SBS threshold!'®. However, phase
dithering is not a good choice for many of the
applications. Applying strain gradient along the
length of the fiberl!! is another method to in-

crease the SBS threshold. But, straining the fiber
can reduce the fiber life time and also it inflicts
a large dispersion variation and thus significantly
reduces operation bandwidth’?. Recently, alu-
minium doping in the core of HNLF was proved to
be the best choice to suppress the SBS and such
a fiber with reduced loss was presented inl™3.
Aluminium doping raises the refractive index and
lowers the acoustic index and thus hindering the
SBS to build up. Such Al- doped fibers were used
in phase regeneration using FWM based PSAs
and in generation of high repetition rate short-
pulsest!#h15),

In this work we use two pumps to double
the total pump power without inducing SBS and
thus significantly improve conversion efficiency
(above -5 dB) using an Al-doped HNLF. A com-
bination of wavelength shifts and phase conju-
gations enables any-to-any wavelength conver-
sion across 36nm range (within the range 1535.5
to 1571.5nm) whilst adjusting pump wavelengths
within 20nm range. Also, this scheme requires
only a single FWM-stage without any guard bands
due to flexibility enabled by employing two pumps.

Principle and Experimental setup
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Fig. 1: Schematic of any-to-any wavelength conversion with
in a signal bandwidth of B

One of the key challenges to enable any-to-any
wavelength conversion is to facilitate pump am-
plification across the required pump wavelength
tuning range. Operation of high power EDFAs
required for pump amplification is typically lim-
ited to ~20nm wavelength range. Therefore, we
have developed a novel concept to allow any-
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Fig. 2: Experimental setup to measure SBS and conversion efficiency of AOWC

to-any wavelength conversion across the signal
bandwidth B, whilst restricting the required pump
wavelength range tunability to the bandwidth of
B/2.

The idea is to employ one of two types of
wavelength conversion depending on the required
wavelength conversion. One type is the phase
conjugating wavelength conversion where the
output signal frequency is symmetric with the
input signal frequency around the average fre-
quency of pumps (f;1 at Fig. [I), which only
requires a single sign reversal in the coherent
receiver to correct for its phase conjugation!’®.
Another type is frequency shift where the out-
put signal frequency is different from the input
signal frequency by the difference between the
pump frequencies (fr2 and f;3 at Fig. [1). Then,
any translation of signal frequency by up to B/2
can be performed by frequency shifts facilitated
by two pumps which frequencies are adjusted
within a range of B/2. Any translation by more
than B/2 can be performed by phase conjugat-
ing wavelength conversion where average central
frequency of the two pumps is adjusted within the
range [B/4;3B/4] which is again B/2 wide.

We perform an experiment to verify this con-
cept and measure conversion efficiencies for both
phase conjugating and frequency shifting copies
of wavelength conversions. According to our pro-
posal it is possible to perform any-to-any wave-
length conversion of the signal across the whole
of C band (1528-1568nm) by adjusting pump’s
wavelengths within the range 1538-1558nm. Al-
though high-power EDFAs operating across such
a range can be sourced, the high power EDFA
available to us had operation wavelength range of
1546-1566nm. Therefore, we set the lowest avail-
able pump wavelength of 1546nm (represented
by black arrow in Fig. near to the center fre-
quency f, of the signal band). Other pump is then
scan over the range of 1547-1566nm (red arrow
in Fig.|1) in step of 1nm to get the required wave-
length conversion combinations with in the signal-

band.

Fig. [2| shows the experimental setup for an
arbitrary wavelength converter. The setup con-
tains two tunable laser sources (TLS) for two
pumps which are combined using a 3 dB coupler
to amplify using a high power EDFA to provide
enough pump power required for efficient wave-
length conversion. Another TLS which is tun-
able in the wavelength range of interest (1525.5-
1571.5 nm) is used as signal source and is cou-
pled with the pump sources through 90:10 cou-
pler. The polarization controllers (PCs) are used
to align the polarization of the laser sources so
that the nonlinear mixing happens efficiently in-
side HNLF. These combined three waves through
the 90% port of the coupler are fed to the Al-
doped HNLF through a circulator. A 52 m Al-
doped HNLF, with insertion loss less than 1 dB,
nonlinear co-efficient v of 8.8 W~tkm~!, low dis-
persion slope of 0.024 ps/nm?/km and with Azp
around 1543nm, is used as the converting non-
linear medium. An optical switch and OSA are
used to monitor the input (switch port-1), out-
put (port3) and reflected power (port 2) from the
HNLF via a calibrated set of 1% tap couplers.

Results and discussion

A pump-power of 34 dBm each and a signal
power of 3.6 dBm are used in the wavelength
converter stage, while the back-scattered power
is measured to be 35 dB down with respect to
pump power. This ensures that the pump pow-
ers used are well below the SBS-threshold of the
HNLF. The idlers considered here are f;;,the con-
jugates and f12& f13 the frequency shifted copies
to accomplish any-to-any wavelength conversion
in the entire signal bandwidth B as discussed in
Fig[1] We calculate conversion efficiency (n) as a
ratio between the output idler and the input sig-
nal powers corrected for the pump ASE noise:
n = ple=, where, Py, -the pump ASE noise
in the output idler, Pr -output idler power, Py, -
the signal in-band noise and the Pg,  -input signal
power at corresponding wavelengths.
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Fig. 3: Idler conversion efficiency vs. signal wavelength: A,1=1546 nm and X2 tuned with in 20 nm with respect to \,1 (< B/2
detuning) (a) I1, (b) I2, (c) I3, The dotted black line: = —5dB. The line color is coded such that the color varies from Indigo to
Red in the order of increasing pump2 wavelength, (d) contour plot showing any-to-any wavelength conversion

Fig.[3(a)-(c), shows the conversion efficiencies
of three idlers, f;1, fr2 and frs as a function of
signal wavelength for different A, . It can be seen
that most of the converted idlers are generated
with efficiency above -5 dB (those with n < —5
dB are shown in the shaded region). When the
pump2 is at 1566 nm (maximum detuning) and if
the signal is in the bandwidth edge (say 1525.5
or 1571.5nm in this experiment), idlers f;5 or fr3
at 1505.5 to 1591.5nm are generated, but are
outside of the signal band.

To analyse the results further, we do a contour-
plot as shown in Fig. [3(d), where x-axis is the
signal wavelength )\, y-axis the idler wavelength
A; and z-axis the corresponding efficiencies (7).
A red-dotted box is marked where the points
out-side of which are mostly with low efficiency
and are corresponding to the shaded region in
Fig. B[a)-(c). Any-to-any conversion achieved
over 36 nm (1535.5-1571.5nm) is shown inside
the red-solid box. Also, we can see that most
of the examined area inside the red-solid box is
covered by at least one idler with conversion ef-
ficiency over -5 dB. The narrow diagonal black-
strip can be neglected as it represents same to
same wavelength conversion where "conversion
is not needed”. It is reasonable to note that
the longest conversion from 1525.5nm to 1574nm
and from 1571.5 to 1522nm (marked in the red
circle in the diagonal corners of the red dot-box)

generated with conversion efficiency above -3 dB.
The white-strips with black-dotted lines indicate
the area where it was not possible to examine
as it requires phase-conjugating conversions with
pumps central frequency below 1546nm, which is
outside of the EDFA operation range. However,
those intermediate conversion potentially can be
filled by tuning pump1 wavelength below 1546nm
near to the Az p with a customized EDFA support-
ing those wavelength range which can further in-
crease the wavelength conversion bandwidth.

In summary, we demonstrate a novel concept
to enable broadband any-to-any wavelength con-
version employing two pumps, Al-doped HNLF
and two types of wavelength conversions. This
has allowed to achieve the full flexibility of the in-
put and output signal wavelengths across a wide
band, whilst tuning pump wavelength across only
half of this range. We have achieved conversion
efficiency >-5 dB for any-to-any wavelength con-
version across a 36nm range. This configuration
can enable a practical all-optical any-to-any wave-
length conversion in modern C-band communica-
tion systems.
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