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Fibre optic communication systems have traditionajl carried data using binary (on-off)
encoding of the light amplitude. However, next gemation systems will exploit both the
amplitude and phase of the optical carrier to achiee higher spectral efficiencies and thus
higher overall data capacities?. Although this approach requires highly complex
transmitters and receivers, the increased capacitgnd many further practical benefits that
accrue from a full knowledge of the amplitude and pase of the optical-field, more than
outweigh this additional hardware complexity and ca greatly simplify optical network
design. However, use of the complex optical-fieldwgs rise to a new dominant limitation to
system performance, namely nonlinear phase noise A device for removal of this noise
therefore becomes of great technical importance. éte we report the development of the
first practical (‘black-box’) all-optical regenerator capable of removing both phase and
amplitude noise from binary phase-encoded opticalmmmunication signals.

Nonlinear phase noise arises from nonlinear intenas mainly due to Kerr nonlinearfty,
These interactions depend on the amplitude andephaise evolution of all signals transmitted
within the fibre and may inflict serious impairmenh modern telecommunication systems,
where many individual wavelength channels are trattsd simultaneously. Each channel is also
degraded by other sources of amplitude/phase rgeserated within the transmission line
including amplified spontaneous emission from agdtiamplifiers, quantum noise, and noise
originating from other components. An ideal regat@r would suppress noise in both the
signal’s amplitude and phase and this would bring@fold impact: (i) it would regenerate the
noisy signal allowing for further transmission arward signal processing and, (ii) if installed
within the transmission link, it would help to supgs the seed noise that causes nonlinear signal
phase noise to build up in the first plate

Regenerators of optical signals are based on eketronic or all-optical signal processing and
both these approaches have their advocates. Hieztvrased regeneration requires optical-to-
electrical-to-optical data conversion. High dati isignals can be regenerated by exploiting well
established electronic-based parallel data prawgdschniques. All-optical regeneration allows
far more straightforward serial (rather than paifalisignal processing without the need of
optical-to-electrical-to-optical data conversionowever, practically implementing this using
existing technology is extremely challenging. It weorth mentioning that besides optical
communications, the successful development of &opéical version of an amplitude/phase
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regenerator would be beneficial within many othietds. As an example, all-optical logic
operations on phase-encoded signals would rechisdunctionality; phase regeneration can be
viewed as a form of analog-to-digital conversiarggesting potential applications also. Coupled
with the fact that phase-sensitive amplifiers tloatns the core of our regenerator can have sub-
quantum limit noise figurés the device discussed here may find applicatiensjiantum
communication$ free space ultra-long haul communication (e.terisatellite communications)
and in metrology

To date most work on all-optical regeneration fesi$ed on amplitude regeneratibh. A
plausible approach towards the regeneration ofgzeasoded signals is thus to adopt a phase-to-
amplitude format conversion and then to apply amgé regeneratidh before converting back
to a phase-encoded signal. Besides being rathepleamthe initial format conversion may
further degrade the already-noisy signal. In addijtibecause such schemes operate on the
intensity rather than directly on the electric diebf the demodulated signal they have
significantly lower tolerance to phase-noise. Asbasequence direct removal of phase noise is
far more desirable.

Phase regeneration can be implemented by explothegphase-squeezing capability of
phase-sensitive amplifiers (PSAJ® Amplitude regeneration can be simultaneouslyqraréd
by operating the amplifier in the saturated redfmighe principle of operation is shown in Fig.
1. In a phase-insensitive amplifier, such as anuerlmoped fibre amplifier (Fig. 1a), the in-
phase and quadrature signal components experielecgidal gain, and as a result the field
amplitude is amplified with the phase unaffectecowidver, in PSAs, the two quadrature
components are amplified differently (Fig. 1b). Feaample, in a PSA based on degenerate four
wave mixing (FWMJ>, the in-phase component of the electric field exmees a gaig, while
the quadrature component experiences a de-ampbicédy 14 (Fig. 1b). Subsequently, the
output phase of the amplified signal is more clpsdigned towards the amplifier’s in-phase
axis, Fig. 1b. This effect, known as ‘phase squegzis inherently suitable for the regeneration
of binary phase-encoded signals, as the ‘phaseegqdedata bits have a phase of Ompr
depending on the input signal.

PSA can be achieved in fibre using interferometanfigurations based on nonlinear optical
loop mirrors®* or using FWM processEsimplemented in either single or dual-pump
configurations. A candidate for such a processigederate FWM, as shown in Fig. 1c. Proof-
of-concept experiments on PSA based regeneratiardata rate of 10 Gbit/s have recently been
demonstrated. The challenge in realizing a practical systens lie the fact that the phase
relationship between the pump(s) and the data lscarder needs to be stabilized at the PSA
input. In all FWM based PSA regeneration demorisinatreported to date, all of the phase-
locked carriers required were generated prior foairting data modulation. This is unsuitable for
use in a real transmission system where only th&a daot the pumps) are transmitted.
Consequently, to realize ‘black-box’ operation, gomeans to recover the carrier from a carrier-
less and noisy Phase Shift Keyed (PSK) signal anghtise-lock it to the necessary pumps is
required. Furthermore, the previously reported destrations of simultaneous amplitude and
phaseregeneration rely on high-frequency electro-optimdmation to generate multiple phase-
coherent beams to be used as signal and pdmpdich limits the signal regeneration
bandwidths to a few-tens of GHz.



Our approact? provides amplitude and phase regeneration in @rigte PSA, however the
pumps are generated and phase-locked locally, iagablack-box' operatiorfirst, we tap the
data signal and send it to the Carrier RecoveryfPtase Locking unit, see Fig. 2. In this
subsystem, we mix Pump 1 (a free-running laserh whte data and generate an idler wave
through a degenerate FWM process in a highly nealtirfibre (HNLF). The idler phase,,, ,

fulfills the relation:

¢idler =2 |ﬁdata - ¢Pumn' (1)

which brings two important features: it is self pedocked to the data and the other pump and it
does not contain the data pattern, due to therfadttwo between the input and output phase of
data and the idler phase (the data bits have aepfa® [logic ‘0] or 1t [logic ‘1)) *". However,
FWM in an optical fibre is an ultra-fast processl dnus noise present on the data is transferred
to the idler manifesting itself as spectral broadgmf the otherwise narrow-linewidth CW idler.
The noise can then be eliminated by using a narmaowlfiltering mechanism, such as laser
injection locking. We inject the idler into a semmnductor slave laser and set the injected power
to a level at which the signal carrier is trackédraquencies of up to a few 100s of M#iz
without sensitivity to the higher frequency phasésa. Subsequently, we combine the original
data stream with the two phase-locked pumps and #em to the PSA operated in saturation
for simultaneous phase and amplitude regeneration.

The phase regeneration performance was first cteised using constellation analySig°
which provides a very visual representation of ithes phase and amplitude noise are affected.
Typical data, with the transmitter operating atG@lfit/s (the maximum operating bit-rate of our
constellation analyzer), is shown in Fig.3. Theeregyator is, however, bit-rate transparent and
thus it is believed that any conclusions drawnGaGbit/s also hold for 40 Gbit/s or higher date-
rates. In fact switching between 10 and 40 Gbidsndt require any configuration change. The
results show that the phase-noise was squeezdtelggenerator to the original (back-to-back)
level without degrading the signal amplitude even dxtreme differential phase-distortion of
+80 deg (peak-to-peak), see Fig. 3.

The regenerator performance was then assessedGiigd using eye diagrams and bit error
ratio (BER) measurements for various levels of phady, amplitude-only and simultaneous
amplitude/phase perturbations. The key resultssaramarized in Fig. 4 showing results for
phase-only perturbations for £30 deg and 50 deg. #a), amplitude-only perturbations for
+25% and £50% (Fig. 4b) and amplitude and phaséugEtions when the lower levels of
amplitude and phase perturbations were then simediasly applied (Fig. 4c). Note that the
higher levels of the amplitude and phase noise whosen to be very close to the regenerator
limit (over this limit the BER curves are no longgraight lines), as shown in Fig. 4b (green
triangles).

The regenerator restores the BER performance tddbk-to-back level even for relatively
high levels of noise (with noise in the phase, até, or both) that otherwise result in a BER
power penalty of more than 10 dB (at a BER df)18ee Fig. 4. In fact, the BER performance is
actually improved for modest noise levels as comgban the back-to-back case, which we
believe to be due to a slightly non-optimal trartganiconfiguration.



The transition to phase-encoded optical commurmnatirequires new strategies to cope with
phase-related noise. The device presented heretldimddresses this issue by removing the
phase-noise of phase-encoded signals (performitrgfadt all-optical 1-bit analog-to-digital
real-time conversion) while also restoring the algamplitude. The device was shown to operate
on 40 Gbit/s signals; however it should operatenath higher data rates, limited only by the
available pump wavelength separation and dispersaoirol within the nonlinear fibre used.
Our device can also be used as a basic buildingkblor regenerators of multilevel phase-
encoded signals — for example, a regenerator fadgyle-phase-shift-keyed signals (QPSK)
that incorporates two BPSK regenerator blocks wasently theoretically propos
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Methods

The 40 Gbit/s non-return-to-zero (NRZ) differentiddase shift keyed (DPSK) data were generated w@simayrow
linewidth Continuous Wave (CW) fibre laser (a Rdager from NP Photonics, USA) and a LiNpRach-Zehnder
modulator symmetrically driven around zero transinis with 2-1 pseudo-random bit sequence (PRBS) data
pattern. In order to independently emulate thecedfef phase and amplitude noise, the signal waiseiumodulated
in a deterministic fashion using two independendutators: (i) phase modulator driven at a frequesfcy20 GHz
and (ii) amplitude modulator driven at frequency-4fGHz (both modulators are shown in Fig. 2). Wegnitude
of the amplitude and phase perturbations was déedrby varying the corresponding modulation degthemulate
different noise levels allowing independent contobélthe phase and amplitude noise levels, respbgtivi he
distorted signal was then launched into the ‘blaok: regenerator.

The local pump laser inside the ‘black-box’ regare (CW Pump 1, Fig. 2) was a single-frequenayave:
linewidth laser (Orbits Lightwave, USA) with a nedllinewidth below 1 kHz and an output power 00X@W - its
frequency was 200 GHz offset from the data sigaaier frequency.

The slave laser was a discrete mode semicondiastef” (Eblana Photonics, Ireland) with an output powler o
10 mW and a natural linewidth below 300 kHz. Thedted power was close to -30 dBm.

In the ‘black-box’ regenerator (Fig. 2), a smaloportion of the signal was initially tapped off facilitate the
frequency and phase-locking of the two pumps, wbitturs in two steps. Firstly, the tapped signa méxed in a
germano-silicate HNLF with the narrow linewidth Qégéer (Pump 1) to parametrically generate an igbare that
served as the seed for the second pump. The tote¢rpinto the HNLF was ~17 dBm. The length, disjoers
nonlinear coefficient and attenuation of the HNLRErey 500 m, -0.09 ps/nm/km, 11.5%n™ and 0.8 dB/km,
respectively. Note that due to the phase erasaeeps, the binary data modulation was not traresfeir the idler.
Then, the weak idler wave was filtered and injedted a (slave) semiconductor laser (Pump 2) bynmae# a
multiplexer® % At this stage Pump 1 and Pump 2 were phase-lock#e signal and could serve as pumps in the
degenerate PSA (PSA 1). They were then coupledhtegeith the data signal and the three signalewenplified
to a total power of ~34 dBm, before being launciméd an alumino-silicate HNLF for phase regeneratia strain
gradient was applied to the alumino-silicate filieorder to increase its Stimulated Brillouin Segttg (SBS)
threshold to ~29.5 dBm (per CW line) thereby avaidihe need for any active SBS suppression. TheFHBhgth,
dispersion, polarization mode dispersion, nonlineaefficient and attenuation of the fibre were 177
-0.13 ps/nm/km, 0.11 pskii, 7.1 W'km* and 15 dB/km, respectivelyThe relative powers of the pumps and
signals were adjusted for optimal regenerationguerénce. The total power at the HNLF input was &3nd
Amplitude regeneration requires operation of théAR& saturation (requiring relatively high inpugsal power
with respect to the pumps, while phase regeneragquires a high ratio between the maximum gain ded
amplification that may be obtained for high pumpveos. We found that launching 30 dBm per pump @&hdBm
of signal power resulted in optimum overall perfame of the regenerator. These settings corresfot® dB
pump to signal power ratio and gave a 20 dB diffeeebetween the maximum gain and de-amplificatidwerw
measured with no data on the signal. Any slow {ddb) relative phase drifts between the interactimyes picked



up due to acoustic and thermal effects present frithe PSA (e.g., in the first HNLF that genesétee seed to the
second pump laser) were compensated for by a mnesetracking scheme (shown as a box in Fig. Bjs Bub-
system consisted of a second PSA (‘tracking PS8A R) that had signal and pumps relative phaseeshify1v2
at its input. Consequently, while maintaining PSAtthe maximum phase-sensitive gain for optimgéneration,
PSA 2 was kept at the largest phase-sensitive glaipe, which provides the best tracking performa(ing
generation of largest error signal). This erromaigwas sent to an electrical phase-lock loop tuettrolled a
piezoelectric-based fibre stretcher located inptlip path.

The constellation analysis was performed using ldyme coherent detection followed by a real timeadat
analysis (using a 20 GHz real-time oscilloscopenffbektronix providing 50 GSamplesf$y° The local oscillator
used in the measurement was obtained by tappingig¢imal laser before the encoding modulator. Frbesé
measurements, bit-to-bit phase-changes were ctdduland the corresponding DPSK constellation diagra
generated as shown in Fig. 3. Note that for thesasnrements, the data rate was adjusted to 1& @hd/the phase
modulator used to degrade the signal was driveid &Hz.
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B) Phase sensitive amplifier

A) Phase insensitive amplifier
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Figure 1: A phase insensitive amplifier maintaihe signal phase (A), while the PSA acts to
squeeze the phase. One possible implementationR8Aais through a degenerate four wave
mixing process (C) — the PSA only maximally amphlfithe signal when the phase of the signal
is O ormtrelative to the phase of the pumps (in-phase commis), and maximally attenuates the
signal when this phase®2 or 372. (Quadrature components).
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Figure 2: Experimental set-up consisting of the @dz PSK data transmitter, a stage that
emulates the amplitude and phase noise (which gesvihe possibility to add these emulated
noise components separately or simultaneously)ta@degenerator that has data as its only
input (making it ‘black-box’ style). The ‘black-bbgonsists of two principle units — the first one
serves to provide noise-suppressed phase synchtiomof the two pumps with the data signal,
the second one is a PSA operated in saturatiorpérdrms amplitude and phase regeneration.



Regenerator Input, Output: No added noise Regenerator Input, Output: High noise level

Figure 3: Demodulated eye diagrams after balanagdction and differential constellation

diagrams (showing bit-to-bit phase changes) atripat/output of the regenerator measured at
10 Gbit/s.



A) Phase noise added only
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Figure 4 BER curves (measured using single-sidediver detection after a 1-bit delay line
interferometer) and corresponding eye diagrams gared using a dual-port optical sampling
oscilloscope after the 1-bit delay line interferdene when phase-only (a), amplitude-only (b)
and both amplitude and phase (c) noise is addéteanput of the system. The performance at
the regenerator input and output is shown as ciratel triangles, respectively (no noise: black;
lower level of amplitude or phase noise: red; higleeel of amplitude or phase noise: green;

IN, OUT
Noise OFF

ma 1

IN,
AM Noise level 1
+

FM Noise level 1

OUT,
AM Noise level 1 |
+

FM Noise level 1

-26 -24 -22 -20 -18 -16 -14

Received power, dBm

combined (lower level) amplitude and phase noiges)o



