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Abstract We experimentally show that phase-sensitively preamplified links have higher spectral effi-
ciency than using conventional amplifiers at low signal-to-noise ratios. At 10 Gbaud, 4QAM modulation
provides the best spectral efficiency at received powers below -59.7 dBm and 16-QAM from -59.7 dBm

to -55.2 dBm. ©2022 The Author(s)

Introduction

Phase-sensitive amplifiers (PSAs) are interesting
due to their quantum-limited noise figure (NF) of
0 dB compared to 3 dB for phase-insensitive am-
plifiers (PIAs)l!), i.e., PSAs can amplify signals
without any additional noise. They are based on
coherent superposition in parametric amplifiers
and have been implemented using materials with
x@B or GBI With ¥ materials, PSAs with
NF of 1.0 dB have been demonstrated¥), whereas
a NF of 1.1 dB has been achieved® in x(*) ma-
terials. Depending on the number of additional
signal copies in different wavelengths required for
the phase-sensitive (PS) process, PSAs are cate-
gorized into one-, two-, and four-mode PSAsPHel,
The most widely used are the two-mode PSAs
as they can amplify multiple wavelength chan-
nelstH7-B) independent of signal modulation for-
mat'®. An additional conjugated copy of the
signal called the idler is needed, and the opti-
cal bandwidth required is twice that of the one-
mode PSAs or the phase-insensitive amplifiers
(P1As). Therefore, the two-mode PSA’s spectral
efficiency (SE) is half that of the PIA at very high
SNR.

Two-mode PSAs can be implemented using
a copier-PSA schemell. The copier and PSA
are here realized using highly-nonlinear fibers
(HNLFs) known as fiber-optic parametric ampli-
fiers (FOPAs). FOPAs are based on the x® non-
linearity, and the amplification is achieved through
the process of four-wave mixing (FWM). The
copier is used to generate the conjugated copy of
the signal called the idler. The transmission link is
sandwiched in between the copier and the PSA.
The generated idler is co-propagated with the sig-
nal in the transmission span. PSAs perform co-
herent superposition of the signal and idler along
with parametric amplification. This provides 6 dB
improved sensitivity compared to PIAsi®! and also

reduces the transmission span nonlinear impair-
ment in the signal. PSAs are capable of mitigating
both SPMI&) and XPMLUS!,

The requirement of an additional copy of the
signal for the PS operation in the two-mode PSA
reduces the SE. However, it has been shown inl'4
that at low received powers or low signal-to-noise
ratios (SNRs), PSAs have higher SE compared
to PIAs. Moreover, in™ it was shown that the
best SE could be achieved using 4QAM modula-
tion format. Here, we study PIA and PSA fiber
links experimentally with different modulation for-
mats at low received powers. A 10 Gbaud signal
is used, and the launch power is set to -10 dBm
into the fiber span for linear regime operation.
We show that there is a regime where the PSA
with 16QAM modulation format has the highest
SE. Below -59.7 dBm, the PSA using 4QAM has
the highest SE, and from -59.7 to -55.2 dBm, the
SE of PSA with 16QAM is the highest. Above
-55.2 dBm, the PIA is the most spectrally efficient.

Spectral efficiency of PIA and PSA links

The SE of the PIA and PSA links are theoret-
ically calculated for different SNRs and plotted
in Fig[T] (a). Assuming that the occupied band-
width is equal to the symbol rate, the SE can
be obtained from Shannon capacity as SEpja =
log(1 + SN Rpja) for the PIA. The SE for the PSA
is given by SEpsa = 3log(1 + 4SNRpia). The
factor of the half comes from the additional band-
width occupied by the idler and the SNR is four
times higher compared to the PIA due to the co-
herent addition of signal and idler in the PSA. The
PIA and PSA curves cross at SNRpa = 3 dB.
Therefore, below SN Rpja = 3 dB, PSAs are spec-
trally more efficient than PlAs. On the right yaxis,
the ratio of SEpsa and SFEpja is plotted. At high
SN Rpa, the ratio converges to 0.5 and at low val-
ues, it approaches two. So, the SFEpsa can be
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twice that of the PIA at very low SNRs.

Specific modulation formats are used to trans-
mit information in real systems. In Fig. (1| (b), the
spectral efficiency using different coherent modu-
lation formats in PIA and PSA links are plotted for
different SNRs. At low received powers or low
SNRs, to achieve error-free operation, forward-
error correction (FEC) is used. Achievable infor-
mation rates such as mutual information and gen-
eralized mutual information (GMI) are shown to
be good performance metrics taking into account
the overhead from FECU'®. GMI is usually used to
predict the post-FEC BER and provides the max-
imum information bit that can be transmitted per
symbol over a memoryless additive white Gaus-
sian noise (AWGN) channel with bit-wise decod-
ing™”). For modulation formats such as 4, 16, 64
and 256QAM, a varying amount of noise is added
to the Gray-coded symbols, or the SNR is swept,
and the GMI is calculated. The calculated GMI
corresponds to the SE in PIA links. A 6 dB higher
SNR is considered, and the GMI is divided by two
to account for the idler when calculating the SE
for PSA links. PSA links employing 4QAM have
the highest SE when SNRpa < -3.5dB. For
-3.5dB < SNRpia < 3dB, PSA links deploying
16QAM are the most spectrally efficient. PIA links
are more spectrally efficient than PSA links when
SN Rpia > 3 dB.

Experimental setup

To study PIA and PSA links at low received pow-
ers, an experimental setup is built as in Fig.
Two fiber lasers of linewidths <100 Hz operating
at 1550.1 nm and 1554.1 nm are used as signal
carrier and pump, respectively. The signal is ob-
tained by modulating the carrier with an 1Q mod-
ulator (IQM) driven by an amplified electrical sig-
nal. The electrical signal is made of 10 Gbaud,
4QAM or 16QAM symbols digitally shaped with
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Fig. 1: (a) Theoretical spectral efficiency (SE) at different signal-to-noise ratios (SNRs) for phase-insensitively amplified (PIA)

and phase-sensitively amplified (PSA) links. The ratio of theoretical SE of PSA to SE of PIA on the right yaxis.
(b) Simulated SE at different SNRs for PIA and PSA links with coherent modulation formats.

30

a root-raised cosine filter of 10% roll-off from an
arbitrary waveform generator (AWG). The signal
is combined with a high power pump and then
launched into the copier. The copier generates
a conjugated copy of the signal (the idler). After
the copier, signal and idler are separated from the
pump. The separated signal and idler are power
balanced using a WaveShaper (WS) and set to
the required launch power P;y before transmis-
sion through a link consisting of an EDFA and
a variable optical attenuator (VOA). Another VOA
is used to attenuate the pump, so that FWM be-
tween the signal, idler and pump is avoided. The
transmission span is an 80 km standard single-
mode fiber (SSMF), dispersion compensated us-
ing two fiber-Bragg gratings based dispersion-
compensating modules (DCMS), one before and
one after the span. After the DCM, the signal and
idler are again separated from the weak pump.
The pump recovery stage consists of optical in-
jection locking (OIL) to obtain a strong, high qual-
ity pump from the weak tone. The signal and idler
are split to compensate for polarization and timing
misalignment as well as power imbalance caused
by the transmission, before recombining. A VOA
is used to set the required received power (Pry).
After the VOA, the signal and idler are combined
with the pump and fed to the PIA/PSA. A phase-
locked loop (PLL) is used to achieve PS opera-
tion using a small part of the PSA output as the
feedback signal. The PSA output signal is then
filtered, amplified and sent to the coherent re-
ceiver. A narrow linewidth local oscillator (LO) is
required to recover signals at low received pow-
ers. Here, the LO is obtained by injection lock-
ing to one of the frequency lines at 1550.1 nm of
an electro-optic (EO) frequency comb pumped at
1554.1 nm. The measured signal is processed
using offline digital-signal processing (DSP) and
the BER and GMI are calculated. For phase-
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Fig. 2: (a) Experimental setup used to study the phase-insensitively amplified (PIA) and phase-sensitively amplified (PSA) links
at low received powers: AWG - Arbitrary waveform generator, RF AMP - Radio-frequency amplifier, IQM - 1Q modulator, PC -
Polarization controller, EDFA - Erbium-doped fiber amplifier, WDM - Wavelength-division-multiplexing coupler, WS - WaveShaper,
DCM - Dispersion compensation module, VOA - Variable optical attenuator, SSMF - Standard single-mode fiber, PMF -
Polarization-maintaining fiber, RF - Radio-frequency cable, BPF - bandpass filter, DL -Delay line, RF CLOCK - Radio-frequency
clock, EO COMB - Electro-optic frequency comb, PM - Phase modulator, IM - Intensity modulator
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Fig. 3: Experimentally measured bit-error rate (a) and generalized mutual information (b) for phase-insensitively amplified (PIA)
and phase-sensitively amplified (PSA) links at various received signal power with 10 Gbaud, 4QAM and 16QAM modulation
formats.

insensitive operation, the idler is blocked in the
WS. The gain and the NF of the PSA are ap-
proximately 22 dB and 1.2 dB, respectively. PIA
gain is 16 dB. Pry is measured at the input of the
PIA/PSA. Only the signal power is taken into ac-
count for Py and Pry.

Results and discussions

P is set to -10 dBm to avoid nonlinear impair-
ments in the transmission span. Pry is swept, and
the BER and GMI are measured for PIA and PSA
links employing 4QAM and 16QAM signals.

Fig. [B[a) shows the measured BER for different
Prx. At BER = 1072, for both 4QAM and 16QAM
signals, approximately 5.9 dB sensitivity improve-
ment is obtained when using PSAs compared
to PIAs. The additional penalty apart from the
NF is around 0.4 dB for both PIA and PSA links
with 4QAM. Signals with pre-FEC BERSs as large
as 23.3% and 32.8% are recovered for 4QAM
and 16QAM, respectively, enabled by the small
linewidth of the signal and LO lasers.

The SE is plotted against the Prx for PIA and
PSA links utilizing 4QAM and 16QAM in Fig.
(b). The SE of PIA links is equal to the mea-
sured GMI. For PSA links, the GMI is divided by

a factor of two to account for the idler. For Prx
below -59.7 dBm, PSAs employing 4QAM mod-
ulation have the highest SE. 16QAM with PSA
is more spectrally efficient for Prx between -59.7
and -55.2 dBm. Above -55.2 dBm, PIA links have
the highest SE.

The good agreement between experiments and
simulation is an evidence that the AWGN model
is a good approximation of the channel in the low
power regime.

Conclusions

We have shown theoretically and experimentally
that at low-received signal powers or low SNRs,
PSAs are more spectrally efficient than PlAs.
PSA links with 4QAM and 16QAM modulation
formats have the highest spectral efficiency for
received powers below -59.7 dBm and -59.7 to
-55.2 dBm, respectively, in linear transmission
systems.
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