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1. Introduction

Fiber optic parametric amplifiers (FOPAS) have the potéfdaranoiseless amplification of optical signals when oper-
ated in phase-sensitive (PS) mode [1]. One possible impi&tien of PS amplification is the copier-PSA architecture,
consisting of two cascaded FOPAs. The first FOPA, the copaks as a phase-insensitive amplifier (PIA) generating
a phase conjugated copy of the signal at the idler wavelahgttugh four-wave mixing (FWM). The second FOPA,
having both signal and idler at input, acts as a phase-gsenainplifier (PSA).

By inserting a lossy link between the copier and the PSA stlieen shown theoretically [2] and experimentally [3]
that up to a 6 dB noise figure (NF) improvement can be obtainetpared to conventional PIA-based amplification
schemes, e.g. an erbium-doped fiber amplifier (EDFA)-basbdmse. One of the challenges in implementing the
copier-PSA scheme in a transmission link is pump recovaryamplification of the highly attenuated pump. Optical
injection-locking (IL) is known to have regenerative faats, in particular amplitude squeezing [4], which makes it a
promising component in a scheme for achieving pump recaweaycopier-PSA amplified link.

In this paper we demonstrate and characterize, the use afr lhump recovery in a copier-PSA amplified system
for the first time. We compare bit error rate (BER) perfornafar a PSA-based scheme with PIA- and EDFA-based
systems showing a sensitivity advantage for the PSA-basstdra. For characterization we measured the operation
limits for the pump recovery system with and without IL and #tandard deviation of the pump amplitude and phase
before and after IL.

2. Experimental setup

A typical copier-PSA amplified link consists of four basiobks: copier, transmission link (in our experiment em-
ulated by a loss element), mid-stage, and PSA. After idleeggion in the copier, the lossy optical link serves to
de-correlate noise on the signal and idler waves [2]. The-stade is used for both control of the relative phases,
polarizations and amplitudes of the pump, signal, and idkares and also for recovery of the pump power loss. The
waves from the mid-stage are then launched into the PSA.stage

The experimental setup used for characterizing the pumgvesy is illustrated in Fig. 1. A 10 Gbaud differential
quadrature phase-shift keyed (DQPSK) signdl<2 pseudo-random bit sequence (PRBS)) was modulated onto a
wave at 1545.7 nm with an IQ modulator. A pump wave at 1554. Wwas phase modulated with 100 and 300 MHz
sinusoids to suppress stimulated Brillouin scatteringgsiB the parametric amplifiers, broadening the pump FWHM
bandwidth to 0.8 GHz. After amplification to 7 W the pump wambined with the signal using a wavelength-division
multiplexer (WDM).

The copier consisted of Al-doped highly non-linear fiber (HRY, providing a net gain of 1 dB, generating an almost
power balanced signal/idler pair at the output. After theieg the waves were fed into the mid-stage where they were
split into two branches.

In the mid-stage signal/idler branch, an optical proce@Simisar WaveShaper) was used for filtering, power equal-
ization and attenuation (emulating link loss). The prooesgas also used to selectively block the idler allowing
switching between PS- and PI-mode. An optical delay linecimed the optical path length of the signal/idler and
pump branches. In the mid-stage pump branch, link loss wadated with a variable optical attenuator (VOA),
VOAL. The pump wave was then pre-amplified using EDFA1 andréll by a 2 nm band-pass filter. For IL-based
pump recovery the injected power was controlled using VOA@ the polarization of the injected wave was tuned
using a polarization controller (PC), PC1, in order to ofitierpump transfer through the IL process. The IL recovered
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Fig. 1: Experimental setup used for characterization @atipn-locking-based pump recovery in a PSA amplified liéronyms are explained in
the text.

pump was then amplified te 33 dBm with EDFA2 and filtered. The relative phase betweenmsignal and idler was
kept stable using a piezo-electric transducer (PZT)-bfisedstretcher that was part of a phase-locked loop (PLL).

The final parametric amplifier was implemented with stretc@e-doped HNLF, with equal signal and idler power
launched at input in PS-mode. The gain of the parametricifierph both PI- and PS-mode was varied by controlling
input pump power to this stage. PCs were used to align thesnzafre the copier and PSA/PIA.

For the phase and amplitude measurements a coherent detegiasurement setup was connected at port 1. When
performing the measurements, the pump EDFA power was reldarne the pump phase modulation was turned off.
The standard deviation of the phase and amplitude was meshasia function of the pump optical signal to noise ratio
(OSNR) after EDFAL (monitor A) which was varied by tuning VOA

For the BER measurements the received power was measureschébnB. The pre-amplifier gain was kept at
22 dB and the received power was varied using the opticalgssmr. The EDFA pre-amplifier was a low-noise pre-
amplifier (JDS Uniphase OAB 1550). For the PIA-case, onlysigeal and pump were coupled into HNLF2, and for
the PSA-case both signal, idler, and pump were coupled. Tdramplifier output was passed through a filter and then
into the receiver (RX), based on interferometer-baseeéwifitial detection, and the BER measurement system.

3. Results and discussion

Measured BER versus received power (signal power at moB)tc plotted in Fig. 2(a). We compared the PSA pre-
amplifier with the PIA pre-amplifier, both with and without Ih the pump recovery, with the EDFA pre-amplifier.
The PSA and PIA pre-amplifiers were compared at three and iffi@reht pump OSNRs at monitor A for the case
with and without IL, respectively, to characterize the pumgovery.

Fig. 2(a) shows a large performance penalty when decre#n@SNR from 48 dB (0 dBm at EDFAL input) to 30
dB (-18 dBm at EDFA1 input) in the case without IL, both for A\ and PSA case. However, when IL is used there
is no obvious penalty when reducing the OSNR from 48 dB dowi8tdB (-30 dBm at EDFAL input).

In Fig. 2(b) we plotQ factor penalty against pump OSNR into the IL stage (monifpierring Q from measured
BER. The penalty is relative to th@ factor at highest pump OSNR for each system. When using Ilhénpump
recovery system, the required IL input OSNR @factor penalty< 1 dB is reduced from- 37 dB without IL to~ 8
dB with IL. With IL the penalty starts to increase at arounddB3of pump OSNR at monitor A.

Fig. 2(a) also shows that both the PSA and PIA pre-amplifiegivers demonstrate higher sensitivity than the
EDFA pre-amplified receiver when IL-based pump recoverysisdu At BER= 10° there is a 5.1 dB sensitivity
improvement of the PSA case compared to the EDFA case anddB0s@nsitivity improvement with the PIA over
the EDFA. Fig. 2(a) also shows that there is a 4.2 dB sensitiifference between the PSA case and PIA case.
Considering the theoretical 6 dB lower NF for a PSA amplifigstem compared to a PIA amplified system [2] the
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Fig. 2: (a) Measured BER versus received signal power (moi} comparing PSA and PIA pre-amplified receivers with artheut IL in the
pump recovery with an EDFA pre-amplified receiver. Measumeis done at different pump OSNR at monitor A, as given in dégend. (b) Q
factor penalty versus pump OSNR at monitor A comparing th& 881 PIA case with and without IL. Penalty is relative to @éactor at highest
pump OSNR for each system. (c) Measured amplitude standaietn over meawp/up and phase standard deviatiop versus pump OSNR
at monitor A. Both amplitude and phase were measured at port 1
difference may be expected to be higher. However, the diffeg is the same both with and without IL indicating that
there is no significant penalty caused by the IL procesd.itsel

The pump phase standard deviatmyiand amplitude standard deviation over meapiLi; at port 1 is plotted in Fig.
2(c). We see that IL suppresses the amplitude noise and te sxt@nt also the phase noise. The reduction of amplitude
noise is primarily due to amplitude squeezing. The phassen@iduction is attributed the finite locking bandwidth of
the IL laser effectively filtering the broadband ASE noisenfrEDFAL, reducing both phase and amplitude noise. For
each measurement pointin Fig. 2(c) VOAL1 and PC1 were tuneddore good transfer of the pump phase modulation,
as when optimized for minimum BER, although the measures&ate done with the modulation turned off.

4. Conclusions

An IL-based pump recovery system for PSA-amplified links asn proposed and studied experimentally. Recovery
of a 0.8 GHz FWHM bandwidth pump with overall pump amplificatiof 63 dB, from -30 dBm to 33 dBm, is shown
to have negligible penalty when measuring BER of 10 Gbaud 8K)Bignals transmitted through a copier-PSA
amplified system. Coherent measurements show that amplitide squeezing and filtering in the IL-process explains
the superior performance of IL-based compared to non-kellaecovery. The benefit of using PSA-amplification
compared to PIA-amplification in an amplified receiver agement is demonstrated by a 4.2 dB sensitivity advantage.
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