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All-Optical Regeneration Based on Phase-Sensitive
Nondegenerate Four-Wave Mixing in Optical Fibers

Alexandros Fragkos, Adonis Bogris, and Dimitris Syvridis

Abstract—An optical regeneration scheme based on nondegen-
erate phase-sensitive amplification in highly nonlinear fibers is nu-
merically investigated. The proposed regenerator exhibits signifi-
cant amplitude and phase noise suppression properties and elim-
inates the need for precise phase and frequency locking with the
input return-to-zero differential phase-shift keying signal.

Index Terms—Phase modulation, phase-sensitive amplification,
return-to-zero to nonreturn-to-zero (RZ-to-NRZ) optical conver-
sion.

I. INTRODUCTION

DVANCED modulation formats such as differential

phase-shift keying (DPSK) currently emerge as an alter-
native to on—off keying (OOK) for long-haul transmission. The
superiority of DPSK is based on two fundamental advantages:
The first one originates from the balanced detection of DPSK
signals which offers a 3-dB improvement in receiver sensitivity
over direct detection of OOK. The second one is its enhanced
tolerance to fiber nonlinearities and basically to interchannel
cross-phase modulation (XPM), although nonlinear phase noise
is the major limitation for its performance.

The potential for commercial deployment of DPSK-based
modulation formats has triggered worldwide the research ac-
tivity on the optical manipulation of signals modulated in phase.
As far as the optical regeneration is concerned, there have been
proposed various ideas based on nonlinear amplifying loop mir-
rors (NALMs) [1], phase insensitive limiters [2], and phase sen-
sitive amplifiers (PSAs) [3]. However, the phase-preserving lim-
iters can only prevent the nonlinear phase noise build-up and
cannot remove the accumulated phase noise. Among the pro-
posed schemes, phase-sensitive amplification emerges as one of
the most powerful processing tools acting directly at the phase
of the optical field. Although PSA has the ability to perfectly
squeeze the noise impairing the phase, its practical implemen-
tation is very challenging and has to take care of the precise
locking of the frequencies and phases of the interacting waves
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Fig. 1. Block diagram of the all-optical DPSK regenerator. DI: Delay interfer-
ometer; OBPF: optical bandpass filter; PCE: phase control element.

in advance. The regeneration experiments of [3] provided the
proof of principle of amplitude and phase regeneration in inter-
ferometric and four-wave mixing (FWM)-based PSAs, but are
far from being practical solutions, because the pump and the
signal originated from the same laser and the phase modulation
was applied after the phase locking process. Only very recently,
a phase-sensitive amplifier utilizing injection locking and FWM
was successfully demonstrated as the first back box regenerator
based on a degenerate PSA [4]. The regenerator presented in [4]
is mostly suitable for nonreturn-to-zero (NRZ)-DPSK signals as
the locking process is based on injection locking a local laser
with a constant envelope signal. In this letter, we propose a re-
turn-to-zero (RZ)-DPSK regenerator scheme (Fig. 1) based on a
nondegenerate PSA. The proposed scheme embodies two novel
approaches in comparison with the up to date reported PSA
techniques. It relies on the nondegenerate FWM-based phase-
sensitive amplification which has the potential to offer multi-
wavelength amplification and it eliminates the need for precise
frequency and phase locking with the input signal.

II. PRINCIPLE OF OPERATION

The scheme consists of three different units (Fig. 1). The first
unit prepares an auxiliary signal and an idler through a typical
single-pump FWM process in a highly nonlinear fiber (HNLF).
The first unit is a typical fiber-optic parametric phase insensitive
amplifier (PIA). The auxiliary signal of the FWM process is a
typical clock of Gaussian pulses (the typical amplitude pattern
of RZ-DPSK signals) with repetition rate equal to the bit-rate
of the degraded input. By using the first FWM module, we ob-
tain three frequency and phase-locked waves whereas signal
and idler are two identical RZ clocks. The data of the input
RZ-DPSK signal must be loaded on the phase of both auxiliary
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signal and idler with the same polarity. The latter is a prerequi-
site in order for both signal and idler to experience phase-sen-
sitive amplification accompanied with phase noise squeezing as
it will be explained later on.

The second unit undertakes the input signal data transfer onto
the phase of the auxiliary signal and its idler. Initially, the second
unit of the regenerator carries out the conversion of the signal
phase information to amplitude. The incoming RZ-DPSK signal
(As) passes through a delay interferometer (DI) which demod-
ulates it to return an RZ-OOK bit stream. The next step in-
cludes the conversion of the RZ-OOK to an NRZ bit sequence
as the typical RZ-DPSK modulation format encloses NRZ phase
modulation pattern. This step is accomplished with the use of a
second XPM stage where the RZ-OOK bit stream is combined
with a continuous wave (CW) (A1) [5]. The RZ phase modu-
lation transferred to \; leads to red and blue shifts of the fre-
quency of the CW. This wave is then filtered with a narrow band-
width optical bandpass filter centered at its wavelength which
converts the CW to NRZ pulses. The NRZ bit stream is an in-
versed replica of the RZ-OOK stream [5]. At the final step, the
NRZ-OOK copy of the input signal, the auxiliary signal and the
idler are coupled into a second XPM module (HNLF) in order
to complete the transfer of the NRZ pulses to the phase of the
RZ clocks. The power of the NRZ-OOK bit stream must be
properly adjusted—taking into account the nonlinear medium
parameters—in order to obtain a phase difference equal to 7
between the two phase states of the auxiliary signal and its cor-
responding idler. After this process, auxiliary signal and idler
are transformed to two identical, phase and frequency-locked
RZ-DPSK waveforms.

The third unit embodies the phase sensitive amplification of
the two RZ-DPSK waves. The carriers of the auxiliary signal,
the idler, and the pump are advance locked (unit 1 task) with
their phase relation dictated by ¢, + ¢; — 2¢, = constant,
where ¢, ¢;, and ¢, are the phases of the auxiliary signal, the
idler, and the pump. The data are applied to signal and idler
with the same polarity after the phase-locking process (sim-
ilar to [3]) utilizing unit 2 and the phase relation changes to
¢s + Pa + i + da — 2¢, = constant 4 2¢4, where ¢q is
the data modulation term. The previous relation shows that gain
maxima occur at ¢4 values that are multiples of 7 equivalently
to the degenerate case [3]. In order to acquire the maximum
gain at the two states of “0” and “n” of the phase modulation,
one phase control element should track the relative phase. A
piezo-electric transducer could play the role of a dynamic phase
controller in a typical experiment [3]. At gain maxima, both
RZ-DPSK waveforms will exhibit a significant reduction of the
phase noise and wide-open final RZ-DPSK eye-diagrams. The
phase noise squeezing capability of the PSA is dependent on
the gain properties. The experiments of [3] and [4] have shown
that PSA gain ratios greater than 15 dB are sufficient in order to
provide the quantization of the output phase noise. The device
could be exploited in a three fold manner working either as an
in line amplifier-regenerator or a preamplifier at the detection
level (the output is the auxiliary signal) or even as a wavelength
converter-regenerator (the output is the regenerated idler).

III. RESULTS AND DISCUSSION

The nonlinear medium in this work is a typical HNLF. The
HNLF transmission is simulated by numerically solving the
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nonlinear Schrodinger equation (NLSE) with the use of the
split-step Fourier (SSF) method. The model accounts for up to
the fourth-order dispersion. Moreover, in order to encounter the
phase noise of all the waves participating in the scheme, and to
highlight the independence of the proposed scheme on the input
signal phase and frequency, rate equation model for the sim-
ulation of semiconductor lasers has been utilized [6]. Typical
arbitrary semiconductor lasers with linewidth equal to 500 kHz
and relative intensity noise of —140 dB/Hz are considered. The
auxiliary signal is a train of Gaussian pulses with pulsewidth
equal to 6.25 ps and repetition rate equal to 40 GHz. The wave-
lengths of pump (A2), CW (A1), and signal (\s) are chosen
to be equal to 1556, 1525, and 1536 nm, respectively. For the
RZ-to-NRZ optical conversion, a 1-km-long HNLF (HNLF1)
with nonlinear parameter v = 12 W' - km ™', fiber losses
a = 0.7 dB/km, zero dispersion wavelength A\g = 1540 nm and
dispersion slope dD/d\ = 0.03 ps/nm” /km was considered.
Unitl and unit3 of the scheme rely on a 500-m-long HNLF
(HNLF3, HNLF4) with A9 = 1555 nm. The pump power in
each stage is equal to 27 dBm providing small signal gain
equal to 18 and 24 dB for unitl and unit3, respectively. The
fiber considered for the NRZ-OOK to RZ-DPSK conversion
is 350 m long (HNLF2) with A\¢ = 1555 nm. The EDFAs
are modeled as constant gain amplifiers that induce additive
Gaussian noise with noise figure equal to 5 dB. Each EDFA
is accompanied by an optical bandpass Gaussian filter with
160-GHz 3-dB bandwidth. The output of the DI is amplified
to 26.9 dBm and coupled with a 25.72-dBm CW for the
RZ-to-NRZ conversion. At the output of the format conversion
unit the CW is filtered by a bandpass optical filter with 40-GHz
3-dB bandwidth.

Initially, the distortion of the amplitude and phase char-
acteristics of the RZ-DPSK input was carried out by
simulating its fiber transmission through an 800-km-long
transmission link. The link consists of typical single-mode
fibers (LSMF = 40 km, aAsMF = 0.22 dB/km, YSMF =
1.3W™ 1t km™, 3 = —20 ps2/km) and dispersion-com-
pensating fibers (Lpcr = 40 km, apcrp = 0.27 dB/km,
yoor = 4.5 WL km™', B, = 20 ps?/km) and optipcal
amplifiers with noise figure equal to 5 dB which are placed
periodically every 80 km. The mean power of the RZ-DPSK
signal at the input of the link was 0 dBm. Fig. 2(a) shows the
original output of the DI (RZ-DPSK to RZ-OOK conversion)
which shows the noise impaired signal and Fig. 2(b) shows the
result of the RZ-to-NRZ conversion. The subsequent eye-di-
agram in Fig. 2(c) corresponds to the phase content of the
auxiliary signal after the XPM interaction between the signal,
the idler, and the NRZ replica of the input RZ-DPSK. The
power of the NRZ (mean power equal to 22.7 dBm) and the
fiber length and nonlinearity (350 m, 12 W~ - km™") are prop-
erly selected so as to convert the NRZ amplitude modulation
into an NRZ phase modulation with modulation depth equal to
m, through the XPM process. The eye-diagram of Fig. 2(d) is
the phase content of the auxiliary signal after the PSA process.
Eye-diagrams and histograms for level “1” (level “0” is similar)
in Fig. 3 for a heavily impaired signal show the remarkable
noise squeezing performance of the saturated PSA.

Depending on the auxiliary signal power, the PSA can op-
erate either in the linear or in the saturation regime. The regen-
erator performance is investigated at both regimes for different
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Fig. 2. (a) Eye-diagrams of the RZ-OOK signal after DI, (b) NRZ after format

conversion at unit 2, (c) auxiliary signal phase before regeneration, and (d) after
regeneration.
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Fig. 3. (a) Eye-diagrams before, (b) after regeneration, and (c) corresponding
histograms.
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Fig. 4. (a) Output electrical SNR as a function of the input SNR and (b) output
versus input phase standard deviation. Solid black lines correspond to the satu-
ration regime while dashed red lines correspond to the linear regime.

noise levels of the initial signal. In this analysis, the signal dis-
tortion is simulated by adding white Gaussian noise of vari-
able levels at the signal field (linear phase noise). The noise
performance is quantified through the estimation of the elec-
trical signal-to-noise ratio (SNR) of the RZ clocks and the stan-
dard deviation of the phase noise at the input and the output of
the black box regenerator. The general impression derived from
Fig. 4 is that the saturation regime outperforms linear regime in
the amplitude regeneration, while the linear regime is slightly
advantageous in terms of phase noise suppression. This was ex-
perimentally verified in [3]. However, it must be noted that at
the input of the PSA (unit 3), the auxiliary signal and its corre-
sponding idler are phase modulated signals with minor intensity
noise because the RZ clocks are prepared locally at unit 1. Due
to the format conversions, the noise is impairing only their phase
content. Therefore, the output SNR of the RZ clocks is expected
to be high in both linear and saturation regimes and limited by
the SNR of the clocks generated at unit 1 (~32 dB in our setup).
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The fact that the output SNR is worse in the linear regime is at-
tributed to phase to amplitude conversions taking place inside
the unsaturated PSA. Hence, part of the phase noise is trans-
ferred to the amplitude of the output RZ-DPSK. This effect is
less evident in the saturation regime, as the gain is almost flat-
tened close to its maximum value, hence different signal phases
experience almost the same phase sensitive gain for a wide range
of phase values [3]. The fact that the inputs of the PSA are sub-
jected only to phase noise is another advantage of this approach.
The research activity worldwide has shown that the PSA is ca-
pable of handling more efficiently the phase noise instead of
the amplitude noise of a data stream [3], [4]. Hence, in order to
fully exploit the regenerative properties of a PSA, it is desirable
to transfer the amplitude noise of the input signal to its phase.
The proposed scheme achieves so through the successive format
conversions.

IV. CONCLUSION

An optical regenerator based on a nondegenerate phase-sen-
sitive amplifier has been proposed as an alternative solution
with no need for cumbersome phase locking circuitry. The
proposed scheme exploits the phase and frequency locking
properties of FWM, the modulation format conversion poten-
tial of XPM, and the phase regeneration properties of PSAs.
All the processes described in this letter were based on highly
nonlinear fibers. A more practical scenario should incorporate
short length semiconductor devices so as to prevent the loss
of phase locking between signal, idler, and the pump. The
RZ-to-NRZ conversion could be easily implemented in a
semiconductor optical amplifier (SOA) [7] and the subsequent
section of NRZ-OOK to RZ-DPSK conversion can be imple-
mented in SOA Mach—Zehnder interferometers [8]. Future
work will evaluate the same scheme with SOA-based devices
for the implementation of the second unit.
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