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Abstract: We characterize in-span signal power asymmetry in random distributed feedback
ultralong Raman laser-amplified WDM transmission and numerically optimize fiber span length
and operating band to achieve the lowest inter-span signal power asymmetry between transmitted
and optically conjugated channels in systems relying upon mid-link optical conjugation to combat
fiber nonlinear impairments.
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1. Introduction

The nonlinear-Shannon limit sets a cap to the maximum capacity in single mode optical
fibers [1,2]. Several techniques have been proposed over the years to compensate or partially
mitigate fiber nonlinear effects, such as pre-shaping and in-line nonlinearity management [3—6],
dispersion engineered transmission systems with optical phase conjugation (OPC) [7, 8] or
digital compensation through techniques such as back-propagation [6, 9, 10]. Amongst these
options, mid-link [11] or transmitter-based [12] OPC has proven to be one of the most promising,
enabling real time compensation of all deterministic (signal x signal) nonlinear impairments [13]
in systems similar to those already installed. However, the degree of nonlinear compensation
using mid-link OPC without the addition of dispersion engineering depends on the symmetry
match of the conjugated and transmitted signal power evolution in the fiber. Meaningful signal
power symmetry improvement over standard fibers has been demonstrated in fiber-optic links
with Raman-based distributed amplification, with the additional advantage of an improved noise
performance. A simple approach to improve performance in mid-link OPC-assisted systems
while retaining a periodic span structure lies in reducing signal power asymmetry within the
periodic spans themselves, while ensuring a low impact of noise and non-deterministic nonlinear
impairments in the overall transmission link. This approach assumes in-span signal evolution to
be the same before and after conjugation, which will be valid only for small frequency shifts of
the conjugated signal. It has been demonstrated that a novel half-open-cavity random distributed
feedback (DFB) Raman laser amplifier with bidirectional 2"¢ order pumping [14—16] can reduce
in-span asymmetry with respect to its middle point and shows the highest level of in-span
symmetry achieved up to date [17,18].

Here, in order to investigate the best practical Raman-based link design for OPC, we take into
account for the first time the potential impact of conjugated signal frequency shift on inter-span
asymmetry between transmitted and conjugated channels in multi wavelength transmission
(WDM), considering 5 different frequency sections across the C-band (192 - 195.775 THz). Each
section consists of two WDM grids (original and conjugated) of 20 channels with a 25 GHz
spacing that are simulated independently. We also show the optimized single channel in-span
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signal power asymmetry variation due to wavelength dependent Raman gain and attenuation at

different frequencies and span lengths.

2. Amplification setup

Raman Pump >
1366 nm

RX Raman Pump
1366 nm

Random distributed
@ feedback FBG
—~ [
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Fig. 1. Schematic design of random DFB Raman laser amplifier.

In our search for an optimal setup for WDM transmission with an OPC we consider random
DFB Raman fiber laser amplifier [14, 15] as it shows the best in-span asymmetry performance
comparing with other Raman amplification schemes [17, 18]. The schematic design is shown in
Fig. 1. To form a distributed 2"¢ order random DFB Raman laser amplifier, fully depolarized
Raman fiber laser pumps are downshifted in wavelength by two Stokes with respect to the
frequency of the signal. High reflectivity (99%) FBG centered at 1455 nm with a 200 GHz
bandwidth was deployed at the end of the transmission line to reflect Stokes-shifted light from
the backward pump at 1366 nm and form a random DFB lasing [19] at the frequency specified
by the wavelength of the FBG acting as a first order pump that amplified the signal in the
C-band. The advantage of this model is that the gain bandwidth and profile can be modified
by selecting appropriate FBG [20] rather than deploying a seed at different wavelength. The
lack of an FBG on the side of the forward pump reduces the RIN transfer [21] from the forward
pump to the Stokes-shifted light at 1455 nm at the cost of a reduction in the power efficiency
conversion in comparison to the 1% order Raman and URFL amplification schemes. This is
particularly important, as forward-pumping RIN transfer from inherently noisy high-power
pumps can seriously hinder data transmission [22-24].

As was shown in [18], for the proposed amplificatipon setup and with up to 42 channels
located in the C-band, in-span asymmetry is pretty much independent of input signal power as
long as the power per channel is below 0 dBm. Unless otherwise stated, the channel power used
in our simulations was -5 dBm.

3. Wavelength dependent in-span asymmetry

To show wavelength dependent in-span asymmetry we numerically obtain the average power
profiles of a single channel sweeping the wavelength across the 30 nm C-band (1531 - 1561 nm)
with a 25 GHz step. Our broadband amplification model includes not only cascaded amplification,
but also takes into account residual Raman gain from the primary pump at 1366 nm to the signal
in the C-band, pump depletion from both pumps to the lower order pumps and signal components,
double Rayleigh scattering and amplified spontaneous emission noise for each of the signals.
The full description of the extended model used as well as parameters (attenuation curve at
different frequencies, Rayleigh backscattering and Raman gain coefficients) for standard SMF-28
fiber used in the simulations can be found in [15]. The in-span signal power asymmetry was
determined as in [26]:

Jo1PG) —PL=2)ldz
Jy? Pz)dz

Asymmetry = 100 (1)

where L is the span length and P represents average signal power evolution within the span.
The simulated span length ranged from 50 - 70 km. The pumps were optimized to give 0 dBm
net gain and the lowest in-span asymmetry at each distance. Pump powers will depend on the
fiber type, more specifically on the combination of three factors: Raman gain coefficient and the
attenuation coefficients at the pumping wavelength and the wavelength of the FBG used, however,
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the optimal forward pump power will remain constant and the pumps ratio will be driven mainly
by increasing backward pump needed to recover the signal at the end of the span. In Fig. 2(a)
we plot the forward pump power split (% forward to total pump power) at the central frequency
(1546 nm) and the forward and backward pump powers versus span length. With longer spans
the optimal forward pump is almost constant whereas the backward pump increases. The signal
at different frequency with the combination of the Raman gain will experience different effective
loss, hence the ratio pumps ratio will vary, respectively. This is illustrated in Fig. 2(b) where we

plot pump ratios at 50, 60 and 70 km versus frequency.
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Fig. 2. Dependence of asymmetry, measured at 1545 nm in a 60 km span, on the forward
pump power split.

In Fig. 3 we compare the experimentally measured asymmetry vs. forward pump power split to
the simulated predictions for a signal wavelength of 1545 nm in a 60 km span. The discrepancies
between the measured and simulated results can be attributed to noisy experimental power
profiles as well as a minor Raman gain and attenuation coefficients mismatch (for consistency
with previous simulations we used standard values for SMF-28 fiber rather than measured
coefficients).
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Fig. 3. Asymmetry dependence on the forward pump power split measured at the central
wavelength at 1545 nm in a 60 km span.
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Fig. 4. In-span signal power asymmetry of a single channel at given frequency for different
span lengths (a) and corresponding OSNR (b).

Higher order Raman amplification can push the gain further into the span [25] allowing better
control over average power distribution of the signal. With fixed fiber parameters, a second
order random DFB Raman amplifier will have controllable asymmetry only up to a certain
maximum length, beyond which gain in the two halves of the span can not be balanced. To
reduce asymmetry with longer span lengths would require, for example, to devise spans with
lower attenuation in their second half.
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In Fig. 4 we show the lowest in-span asymmetry of a single channel and its corresponding
OSNR at a given frequency for each distance considered. With longer spans, the in-span asym-
metry variation of a single channel across the residual grid is more pronounced. This variation
is mainly due to Raman gain coefficient that is lower at the residual frequencies. The flattest
asymmetry response and lowest overall in-span asymmetry excursion, calculated as the difference
between the asymmetry of the best and worst performing channels across the simulated band,
was found at 58 km span length (Fig. 5), for which the asymmetry variation was less than 0.4 %.

The optimization of the link for the wide-band WDM data transmission is important as the
performance of an OPC is directly related to the symmetry of the transmitted and conjugated
channel. Span lengths below 62 km offer the lowest in-span asymmetry as well as asymmetry
excursion across the measured band (solid curves in Fig. 4[a]), hence further optimization for
WDM transmission was performed in that region.
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Fig. 5. Asymmetry excursion of the power profiles within a span between the best and the
worst performing channel across C-band (1531-1561 nm). Results are based on Fig. 4(a).

4. DWDM transmission with a mid-link OPC

In DWDM transmission with a mid-link OPC we independently simulate the power evolution
of the original channels and their conjugated copies, that are shifted in frequency. The channel
count was set to 20, with a 25 GHz spacing. We assumed 300 GHz spacing for the optical phase
conjugator. The grid was then downshifted in wavelength by 500 GHz until the 30 nm band
(1531 - 1561 nm) was fully covered. A diagram depicting the simulated frequency sections is
shown in Fig. 6.
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Fig. 6. Frequency sections of transmitted and conjugated channels.

The asymmetry between transmitted and conjugated channels (inter-span asymmetry) was
calculated through a modified version of the previously used in-span asymmetry formula ( [26])
that accounts for the different signal power evolution in the two channels:

Jo'|P1(z) = Po(L—2) dz "

Asymmetry = I ({‘ )

100 )
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where L is the span length, P; and P, represents average signal power evolution of the transmitted

and conjugated channels, respectively.
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Fig. 7. Optimized asymmetry between transmitted and conjugated WDM channels at differ-
ent frequency sections. The X axes refers to frequencies of the transmitted WDM grid.

Each section of the band was optimized to the channel that gave the best overall asymmetry
performance: the grid was simulated to give 0 dB net gain for the first channel, then the rest of
the channels were simulated with the same pump power, next we optimized the grid to a second
channel and so on. The same logic was applied to the conjugated copy and finally we compared
the asymmetry between original and conjugated channels with all possible combinations. The
optimized results with the lowest achievable asymmetry in each section for the distances from 50
to 62 km links is shown in Fig. 7. Due to the frequency dependence of the attenuation and Raman
gain coefficient profiles, the asymmetry in the residual windows (I and II) is most pronounced.
This is also valid for single channel in-span asymmetry as shown in Fig. 4(a). As a result, the
symmetry between transmitted and conjugated channels is greatest for the sections with the best
in-span symmetry. Asymmetries below 4% are found to be achievable for all frequency sections
from 193 - 195.775 THz (window III, IV, V and VI) at all span lengths considered.

Comparing the results from Fig. 7 we can notice the importance of span length optimization
for wide band WDM transmission with OPC. A span length difference of only 4 km can lead
to a strong performance decrease in nonlinear compensation using OPC due to the associated
increase in asymmetry.

5. Conclusion

We have evaluated, for the first time, the signal power asymmetry between transmitted and
conjugated channels in a WDM transmission in Raman-amplified systems with mid-link OPC.
We have shown that for the chosen typical fiber-based OPC characteristics and a 20-channel, 25
GHz-spaced grid, a 56 km span length provides the most suitable solution that gives the best
asymmetry performance, with values below 3% across most of the C-band. In terms of optimal
channel location, the spectral window starting in 193.5 THz (window IV) offers the best possible
performance for all span lengths studied.
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