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ABSTRACT

We investigate theoretically the benefits of usaligoptical phase regeneration in a long-haul fibptic link.
We simulate numerically the bit-error rate of a WDlgtical communication system over many fiber spaitis
periodic re-amplification and compare the resultamed with and without the use of a phase regd¢oeat half
the transmission distance. Our results suggest thgpending on the modulation format, a signifigant
improved performance by up to 1.5 orders of magieitcan be achieved.
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1. INTRODUCTION

All-optical phase regeneration of fiber optic commimation signals reduces the impact of phase noiskeiced
by, e.g., amplified spontaneous emission in theliiems or nonlinear self/cross-phase modulatioritef phase
shift keyed (PSK) symbols during transmission. Bgenerating at a distance prior to which few orenors
have occurred, the phase regenerated signal caecuéntly be transmitted further for the same tdreratio
(BER). All-optical phase regeneration has been atestrated for 2 [1,2] and 4 [3-5] phase levels &mnd
principle can be extended to higher level phasé khying formats [3,5] where greater spectral affincy is
offered. At high bit rates optical regeneration llas potential to work faster and consume less pdien
electronic compensation and its fiber-to-fiber matoffers simple network integration.

While the transfer function introduced in Refs.5Bis excellent at squeezing phases to desiredteitatfon
points, it suffers notable phase-to-amplitude nomeversion. Additional amplitude noise is unddsdigas it can
be converted back into phase noise during subséguepagation and it is not yet clear how much iotghis
has. Quite often optical regeneration is demoredrathen phase noise is much greater than amplitaide; in
some experiments the noise is artificially creaded its distribution biased to supply more phasisenthan
amplitude noise [2,4]. Such noise distributions aseful for demonstration purposes but are notistaal
representations of noise in modern-day fiber comoations when wavelength-division multiplexing (WDi4
employed [6]. With multiple channels and multipleusces of noise the distributions often appear atmo
Gaussian and the amplitude and phase noise caitrisuare comparable [7] even at 10 Gbit/s whenohl
crosstalk might be expected to be lower than aGh@t/s. It is thus imperative that optical regetiera is
demonstrated in a state-of-the-art communicatieesaio if it is to be championed as viable. Hegeiealistic
performance characterization in a WDM system is@néed showing existing optical phase regeneralésigns
can indeed reduce bit error ratios by more thaardar of magnitude.

2. ALL-OPTICAL PHASE REGENERATION

Here we achieve optical regeneration following Kada et al. [3]. Regeneration of a single carrieqfrency M-
phase level signal is achieved by judiciously carng the signal with an M-1 phase harmonic using-fwave
mixing (FWM) in a highly nonlinear fiber (HNLF) sion. The signal enters the HNLF together with two
pumps, one detuned in frequency-bgf relative to the signal and the otherMAf (Fig.1 a). At first, FWM
generates cascaded harmonics at integer multipldedrequency difference, with each harmonic yiag an
integer multiple of the signal phase due to phaatching. Eventually théM — 1) harmonic grows sufficiently
large that non-degenerate FWM between the two puthesharmonic and the signal combines the harmonic
with the signal realizing a staircase in the sigit@se transfer function (Fig.1 b, top). The stegfion maps all
input phase samples falling within the width of #tep to a single output phase, the height of tie; slbeit at
the expense of some variation in amplitude (Fig.bditom). By adjusting the pump powers we optintize
weightm of the harmonic in the following signal transfanétion of the HNLF:

Aoutei¢out < ei¢in + me_i(M—1)¢in’ (1)

whereA, ¢ andM are the signal amplitude, phase and integer phasstization level respectively. To decide
the optimal value fom the optimization process in Ref. [5] was used gaide and fine adjustments were made
accordingly following trial runs. Fig. 1 c) showsnaisy signal constellation diagram (in-phase anddgature
componentsbefore and after all-optical phase regeneratiodpthase noise has been reduced at the expense of a
small increase in amplitude noise.
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Fig. 1: a) Spectral setup shows FWM combing the harmanit signal. b) The output phase and amplitude kigaasfer
through the HNLF as a function of input phase. o Phase regeneration of a noisy QPSK signal (as@land quadrature
components).

3. FIBER CAPACITY SIMULATIONS

A generalized nonlinear Schrddinger equation [8pmporating nonlinear and dispersive interactioas wolved
numerically using a split-step Fourier method towgdate propagation over long-haul distandgaussian pulses
modulated with Gray-coded 4 (8) PSK data, wereueegy multiplexed over 39 (23) channels separated b
135 (175) GHz about a central wavelength ofi = 1555.6 nm, with a pulse repetition rate of
20 (13.33) GHz giving a channel bit-rate af0 Gbits/s . Once constructed, each channel was narrowbritt

at the transmitter using a super-Gaussian filteisttate the central spectral lobe. While thisadtices some
inter-symbol interference it ultimately reduces thieerror rate when the same narrow filter is usedle-
multiplex before the regenerator and again atéleeiver. This is mainly because it reduces powésinsignal-
to-noise ratio spectral regions allowing an inceeastotal average power and improved signal-ts@oatio.
For transmission, a standard single-mode commuaitafiber was used with single span lengts 100 km,
nonlinear coefficieny = 1.3 W™tkm™?, dispersionD = 16.18 ps/(km.nm) atl = 1555.6 nm, dispersion slope
S = —41.55 ps/(km.nm?) and lossz = 0.18 dB/km. After each span the average peak power was egstor
using amplification with & dB noise figure.

In various examples the phase regenerative sestisrsimulated in full by propagating the pumps arsihgle
frequency signal in a HNLF with length = 302 m, nonlinear coefficienty = 11 W™lkm™?!, dispersion
D = —0.8 ps/(km.nm) atl = 1555.6 nm, dispersion slop§ = 0.018 ps/(km.nm?) and losse = 0.2 dB/km.
Once the correct tuning of pump powers was achihadever, the result was indistinguishable fromt tha
achieved simply by using the analytic transfer fiort Consequently to save computation time theyéioa
transfer function (1) was used in bit error ragsts. At the mid-link point the individual frequgnchannels
were isolated and analytically regenerated and teenmbined for further propagation. After simuiatithe
remaining transmission distance electronic dispaerstompensation was performed before frequency de-
multiplexing, sampling and mean phase error caoeciThe phase samples were then converted intaryin
numbers and the bit errors counted.

4. SSIMULATION RESULTS

To calculate the bit error rati2Y = 128 symbols were propagated in each of the channelsach simulation
was repeated 20 times using different random igeguences. Consequently, combining all the datantheea
single error corresponded to a bit error ratie-afx 107> in both 4 and 8-PSK formats, which is to be coragar
with the 1 x 1073 bit error ratio required to enable forward errorrection (FEC). Using a supercomputer the
simulations were also repeated while sweeping peaial power.

4.1 QPSK

After propagating QPSK (i.e. 4-PSK) data ow5t00 km, the bit error ratio was measured as a function of
average input peak power (Fig.2 a). We comparecetteet of filtering and recombining the channeisl300

km having bypassed the phase regenerator, witarifij and phase regenerating at 1300 km. Without
regeneration the bit error rate approachesitkel0~3 FEC limit at the end of the link with a minimum REf
0.69 x 1073 at optimal input peak power -1.9 dBm. Regeneratatuces the minimum BER ®13 x 1072 at
-1.4 dBm. In the QPSK format there is a large amafimmplitude noise accompanying the phase naidettze
former remains uncorrected. Consequently, this #nga@ noise is subsequently converted into phasseno
during propagation and limits successful regengnati he phase regenerator design itself can alsh fauge
phase deviations to low amplitude, relative to thean, where symbols subsequently suffer worse Isigha
noise ratio and where they are easily phase mastlllay the symbols pushed to high power, nonethelass



overall improvement remains. Note that the distbbape of the noise distribution demonstratem#esl for
counting bit errors rather than fitting Gaussiastritbutions when using such a phase regenerator.
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Fig. 2: a) QPSK bit error ratio at 2700 km as a functafninput power without (black solid line, triangjeand with
regeneration at 1300 km (red dashed line, crosbgs}) Constellation diagrams mid-link (left colupand at the end (right
column), without (top row) and with (bottom row)ase regeneration once at 1300 km for input pealepoi) -1.4 dBm, ¢)
1 dBm; the left column is also indicative of beféi@p) and after (bottom) regeneration.

4.2 8-PSK

For comparison, we also simulated 8-PSK data ses1t2000 km. Again the BER was measured as a function
of average input peak power (Fig.3 a). The 8-PSknéd is less robust to noise than QPSK which resltice
propagation distance for a fixed BER. Without regration the BER approaches thex 103 FEC limit at the
end of the link with a minimum BER @56 x 103 at optimal input peak power 0.43 dBm. Regeneratinge

at 1000 km reduces the minimum BERA8 x 10~* at -0.43 dBm. Phase regeneration has had more of a
impact in this format as phase noise really doasidate here. Also, there is a slight reduction bage-to-
amplitude noise conversion in higher M-PSK fornmagshe harmonic weight required to achieve the optimal
phase transfer function, Eq. (1), decreases antk again, with smallem the amplitude variation reduces.
Conversely, the step of the phase transfer funcéitso reduces slightly for higher M which hindete t
regeneration of large phase errors. However, ovidratems the benefits of reduced amplitude viaraand
operating in a regime dominated by phase noiselendiase regeneration to have more of an impag8tRisK
than in QPSK.
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Fig. 3: a) 8-PSK bit error ratio as a function of inpotgr at a distance of 2000 km, without (black séiid, triangles) and
with regeneration at 1000 km (red dashed line,sg®)s b), c) Constellation diagrams mid-link (leftuemn) and at the end
(right column), without (top row) and with (bottoraw) phase regeneration for input powers b) 0 dBn8 dBm; the left

column is also indicative of before (top) and aftesttom) regeneration.



5. CONCLUSIONS

We have demonstrated that all-optical phase regtoaris capable of reducing the bit-error ratio8sPSK
signals by 1.5 orders of magnitude but that resnl@PSK are less impressive with a bit error ragiduction of
half an order of magnitude reported. Phase regéaerraas more of an impact in 8-PSK than in QPSkabee
phase noise is more dominant in 8-PSK while QPS#b auffers substantial amplitude noise which is
uncorrected and converts into phase noise. Resudst be improved if phase-to-amplitude noise cosiom
could be reduced during regeneration.

ACKNOWLEDGEMENTS

The authors acknowledge financial support by thi€. EEngineering and Physical Sciences Research dounc
(EPSRC) under grant no. EP/J012874/1. Simulaticere werformed using the University of Southamptadid
supercomputer.

REFERENCES

[1] K. Croussore,et al.: Demonstration of phase-regeneration of DPSK $igmmsed on phase-sensitive
amplification,Opt. Express, vol. 13, pp. 3945-3950, May 2005.

[2] R. Slavik, et al.: All-optical phase and amplitude regenerator fextrgeneration telecommunications
systemsNature Photon., vol. 4, pp. 690-695, Oct. 2010.

[3] J. Kakandegt al.: Multilevel quantization of optical phase in a ebeoherent parametric mixer architecture,
Nature Photon., vol. 5, pp. 748-752, Dec. 2011.

[4] J. Kakandeet al.: QPSK phase and amplitude regeneration at 56 Gimaaighovel idler-free non-degenerate
phase sensitive amplifieQFC/NFOEC 2011, Los Angeles, USA, March 2011, paper OMT4.

[5] J. Kakandeegt al.: All-optical processing of multi-level phase shittyed signalsDFC/NFOEC 2012, Los
Angeles, USA, March 2012, paper OW1l.3.

[6] P. Minzioni, et al.: Study of the Gordon—-Mollenauer Effect and of tbptical-phase-conjugation
compensation method in phase-modulated optical ammzation systems$EEE Photon. J., vol. 2, pp. 284-291,
June 2010.

[7] S.-Y. Kim, K. Kikuchi: 1,000-km transmission @0-Gbit/s QPSK-NRZ co-polarized DWDM signals with
spectral efficiency of 1 bit/s/Hz using coherentedon,OFC/NFOEC 2007, Anaheim, USA, March 2007,
paper OThS4.

[8] F. Poletti, P. Horak: Description of ultrasherilse propagation in multimode optical fibe¥sOpt. Soc. Am

B, vol. 25, pp. 1645-1654, Oct. 2008.



