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Abstract: We quantify the maximum transmission reach for phase-insensitive amplifier (PTIA)
and phase-sensitive amplifier (PSA) links with different modulation formats and show that the
maximum transmission reach increase (MTRI) when using PSAs compared to PIAs is enhanced
for higher-order modulation formats. The higher-order modulation formats are more susceptible
to smaller phase rotations from nonlinearities, and PSAs are efficient in mitigating these smaller
phase distortions. Numerical simulations were performed for single- and multi-span PIA and
PSA links with single and multiple wavelength channels. We obtain a significant enhancement in
the MTRI with PSAs compared to PIAs when using higher-order modulation formats for both the
single- and multi-channel systems in single- and multi-span links. We verify the enhancement
with a single-span, single-channel system experiment. We also demonstrate, for the first time,
a 64-QAM modulation format fiber transmission in phase-sensitively amplified link, with a
13.3-dB maximum allowable span loss increase compared to a phase-insensitively amplified link.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The transmission reach in optical communication systems is fundamentally limited by the noise
added by the optical amplifiers. In systems with linear transmission medium, the noise limitation
can be overcome by simply increasing the power. However, in fiber-optic communication systems,
nonlinear distortions caused by the Kerr effect in the fiber at high powers limit the maximum
power that can be launched into the fiber and thus the reach [1,2]. The nonlinear distortions are,
to some extent, deterministic, and several techniques have been used to mitigate these nonlinear
distortions. Some digital techniques widely studied are digital back-propagation (DBP) [3,4]
and nonlinear Fourier transform (NFT) [5]. In DBP, the signal is virtually back-propagated after
detection to compensate for dispersion and nonlinearities. A nonlinear spectrum is transmitted to
make the Kerr effect beneficial rather than detrimental in the NFT. Phase-conjugated twin waves
(PCTWs) [6,7] is one other technique in which the signal and conjugated copy of the signal
known as idler are propagated together through the optical fiber experiencing correlated nonlinear
distortions. After detection, the nonlinear distortions are canceled by coherently combining the
signal and idler in the digital domain at the receiver. All-optical techniques include the optical
phase conjugations (OPCs) [8,9] and phase-sensitive amplifiers (PSAs) [10]. In OPCs, the signal
is phase conjugated at the center of the span, also known as mid-span spectral inversion, to
reverse the effects of even order dispersion and nonlinearities.

PSAs based on the copier-PSA scheme [11] are very similar to PCTWs. The copier is used
to generate the idler. The signal and idler copropagate in the transmission span, where they
experience correlated nonlinear distortions. A highly nonlinear medium acts as the PSA after the
span. Through the process of parametric amplification, the signal and idler are added coherently
in the optical domain with frequency and phase locking, enabling nonlinearity mitigation. The
coherent addition of the optical fields also provides a 0-dB quantum-limited noise figure (NF)
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compared to a 3-dB NF for phase-insensitive amplifiers (PIAs) [12]. Therefore, copier-PSAs are
capable of mitigating nonlinearities while simultaneously amplifying the signal without adding
excess noise. However, the drawback is that PSAs require a conjugated copy of the signal, which
reduces the spectral efficiency. Copier-PSAs can be implemented using two-mode (different
signal and idler frequencies) parametric amplifiers [13,14] in @ platforms based on four-wave
mixing (FWM). In y® media, cascaded second-order nonlinear effects can be used to implement
copier-PSAs [15]. A copier-PSA using highly nonlinear fibers (HNLFs), which is a y® nonlinear
medium, has been demonstrated to have a low NF of 1.1 dB [16]. PSAs, in general, are capable
of amplifying only single-polarization (SP) signals. However, dual-polarization (DP) signals can
be amplified with either polarization-diverse PSAs [17,18] or vector PSAs [19,20].

In a single-channel fiber-optic communication link, the nonlinear distortions are mainly caused
by signal-to-signal interaction within the same channel known as self-phase modulation (SPM).
Both SPM and cross-phase modulation (XPM) contribute to the nonlinear phase distortions in
multi-channel fiber systems. The XPM is caused by the signal-to-signal interactions between two
different channels. XPM is the dominant nonlinear effect when having multiple channels at lower
baud rates [21], considering only single-polarization signals and dispersion-managed links. PSAs
are capable of mitigating both the SPM [10] and XPM [22]. Though the legacy optical fiber
communication links are spanwise dispersion managed, the introduction of coherent detection
and the advancement in the digital signal processing (DSP) in recent times lead to compensating
dispersion digitally after detection. The possibility of digital dispersion compensation after
detection removed the need for inline spanwise optical dispersion compensation modules in
the fiber links. Moreover, the negative impact of the nonlinear effects on system performance
can be reduced by not having inline spanwise dispersion compensation modules. Therefore,
the dispersion-unmanaged (DU) links are interesting while studying the limits imposed by
nonlinearities in a multi-span scenario.

Under certain assumptions, the best achievable spectral efficiency of optical transmission links
is given by the Shannon-Hartley theorem [23] known as the Shannon limit. By using M-quadrature
amplitude modulation (M-QAM) and increasing the M, i.e., using higher-order modulation
formats, the spectral efficiency can be pushed towards the Shannon limit. However, higher-order
modulation formats are more susceptible to noise. In addition, small phase rotations can result in
more errors for higher-order modulation formats. Moreover, the maximum transmission reach at
optimal launch power depends on the nonlinearity in the system, and the amount of nonlinearity
that the system can tolerate. Phase-sensitively amplified fiber transmission links utilizing the
copier-PSA scheme with 4-QAM [24,25], and 16-QAM [26-28] signals have been experimentally
demonstrated. However, there is no study comparing the maximum transmission reach increase
(MTRI) when using PSAs instead of PIAs for different modulation formats. This study aims to
fill that void.

In this paper, we show that the MTRI is enhanced when using PSAs instead of PIAs with
higher-order modulation formats numerically for single- and three-channel systems in single-
and multi-span links. Simulations were performed for a single- and three-channel, single- and
multi-span PIA and PSA links using 4-, 16-, 64-, and 256-QAM. For both single- and multi-span
links, MTRI enhancement with higher-order modulation formats was obtained. We also verify the
MTRI enhancement with higher-order modulation formats experimentally with the single-span,
single-channel system, which was already reported in [29]. We measure the maximum allowable
span loss (MASL) increase for 4-, 16-, and 64-QAM modulation formats as 7.7, 10.8, and 13.3
dB, respectively. To the best of our knowledge, for the first time, we demonstrate a single-channel
64-QAM modulation format transmission over a single span of fiber with PSAs as a preamplifier.
The enhancement in the MTRI for higher-order modulation formats is due to the effective
mitigation of smaller nonlinear distortions in PSAs [10] as higher-order modulation formats are
more susceptible to smaller phase rotations. The transmission reach corresponding to BER of
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2x1073 was considered for the simulations and experiments as the forward error correction (FEC)
can reduce a BER of 2x1073 to 1072 [30] with ~7% overhead.

This paper is organized as follows: in section 2, the copier-PSA link’s working principle is
elaborated, showing how copier-PSAs can mitigate nonlinearities while simultaneously providing
low-noise amplification. The numerical simulation for both single- and multi-span PIA and PSA
links with 4-, 16-, 64-, and 256-QAM are included in section 3, validating the enhancement in
the MTRI when using PSAs compared to PIAs. In section 4, the enhancement is experimentally
verified with a single-channel, single-span experiment. Section 5 contains the discussion on the
results, and the paper is concluded in section 6.

2. Phase-sensitive parametric optical amplifiers and nonlinearity mitigation

In this study, we use HNLFs as the highly nonlinear media for implementing copier-PSAs.
Parametric amplification can be achieved in the HNLFs through the process of FWM based on
x® nonlinearities. An illustration of the copier-PSA transmission system is shown in Fig. 1.
First, the high power pump at frequency wp, is combined with the data signal of frequency
ws and fed into the copier. In the copier through the process of degenerate pump FWM, a
new wave called the idler is generated at frequency w; = 2w, — ws, which is the conjugated
copy of the signal. The generated idler has the exact phase and frequency relationship with the
pump and signal to achieve phase-sensitive operation in the second HNLF. The pump, signal,
and idler are copropagated in the span. The signal and idler experience correlated nonlinear
distortions in the transmission span. The high power pump is attenuated before being launched
into the span to avoid nonlinear effects in the transmission fiber, i.e., FWM between pump,
signal, and idler. The weak pump is used as the pilot to regenerate the high power pump required
for phase-sensitive operation in the PSA through optical injection locking [31,32] at the pump
recovery. At the PSA input, the signal and the idler symbols need to overlap temporally, which
requires dispersion compensation. Therefore, copier-PSA transmission spans must be dispersion
managed. Also, a phase-locked loop (PLL) is required to lock the pump, signal, and idler waves
to achieve phase-sensitive operation. In the PSA, the degenerate pump FWM performs the
coherent superposition of the signal and idler apart from parametric amplification, which enables
transmission span nonlinearity mitigation. After the PSA, the signal is filtered and sent to the
receiver.

Pump

w

[

Fig. 1. A simple illustration of a copier-PSA transmission system with the optical spectrum
at different points: HNLF - Highly nonlinear fiber, SSMF - Standard single-mode fiber, BPF
- Optical bandpass filter.

The coherent superposition of the signal and idler fields also increases the gain by four
times of that of the phase-insensitive parametric amplifiers, i.e., PIAs. This leads to low-noise
amplification with a theoretical NF of 0 dB [12,16]. At given low launch powers, i.e., in the
linear regime, low-noise amplification leads to a 6-dB sensitivity improvement when using PSAs
compared to PIAs in single-span PSA links and four times longer reach in multi-span links
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for arbitrary modulation formats. The principle 6-dB sensitivity improvement in single-span
PSA fiber links have been demonstrated with single [10,24] and multiple [22,33] channels. In
multi-span links, four times higher reach has been obtained for PSAs compared to PIAs in single-
[25,27] and multi-channel [34] systems. For a single-channel and single-span system, a signal
launch power increase when using PSAs compared to PIAs of 3 dB was estimated with 4-QAM
in [35] from nonlinearity mitigation. A 12-dB increase in the MASL was expected in [10] for
16-QAM from nonlinearity mitigation and low-noise amplification.

The complex fields of the signal and idler after the copier are Es and Ej, respectively where
Ey = Eg. If we neglect dispersion, the nonlinear effects can be modeled as power-dependent
phase rotations, 6. The power-dependent phase rotations are made from constant nonlinear
phase shift caused by the average signal power, 66nLps = 'yﬁsLeﬂ, and the nonlinear distortions
caused by the time-varying fluctuations in the optical power of the signal around its average value,
86(t) = yLe(Ps — Ps(1)), where y is the fiber nonlinear coefficient, Ps is the average signal power
and L is the effective length. These fluctuations can be caused by noise and multiple amplitude
levels in the signal. For modulation formats with a single-amplitude level, the noise is the only
source of nonlinear distortions, as in the case of 4-QAM. For higher-order modulation formats,
the different amplitude levels along with the noise lead to nonlinear distortions. Also, the higher
amplitude signal experiences stronger phase distortion compared to the lower amplitude signals.
The constant nonlinear phase shift can be removed by using a carrier phase recovery algorithm
in the digital signal processing (DSP) at the receiver, but the nonlinear distortions cannot be
removed. Coherent superposition can remove the constant nonlinear phase shift, thanks to the
phase-locked loop (PLL) and reduce the nonlinear distortions on the signal [6]. Therefore, we
neglect the constant nonlinear phase shift in this analysis. If the signal and idler experience
the same power-dependent phase rotations, the nonlinear distortions on the signal and idler are
mostly anti-correlated. The signal and idler electric fields after propagation in the transmission
span with zero dispersion can be written as

Eg = Esexp(—jo6),
E| = Erexp(—j66) = Ejexp(—js6).
Coherent addition takes place in the PSA and the signal field after the PSA is given by
EISJSA = ES + (Ei)* = 2Egcos(56).

Note that the phase fluctuation is absent. PSA reduces the signal field by the cosine of the
nonlinearity induced phase distortion, converting them to amplitude distortions,

6A = 2Es[1 — cos(66)].

On Taylor expanding the above equation, the amplitude distortions become proportional to the
square of the nonlinear distortion,

2
SA ~ 2Es[1 — (1 - @)] = Es(66)°.

For smaller phase distortions, the amplitude distortions caused by the PSAs are also small,
showing that PSAs are more effective in mitigating smaller nonlinear phase distortions. For
considerable nonlinear phase distortions, substantial amplitude distortions are produced. Also,
the different nonlinear phase distortions are converted to various amplitude distortions leading to
nonlinear phase-distortion based gain and NF for the PSA [10].

To illustrate the nonlinearity mitigation dependence on the modulation formats when using
PSAs, we performed a numerical study with the error-vector magnitude (EVM). Root-raised
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cosine (RRC) shaped 10-GBaud symbols with a roll-off of 10% were transmitted as the signal
in an 80-km dispersionless fiber. The signal-to-noise ratio (SNR) at the fiber input was set to
values which correspond to BER = 10" for different modulation formats, and the launch power
was varied. No additional noise was added in this study. The signal EVM was calculated after
propagation in the fiber and plotted versus the launch power with solid lines and circles in Fig. 2
(left). Red, blue, green, and yellow colors represent 4-, 16-, 64-, and 256-QAM, respectively.
At low launch powers (linear regime), the EVMs remained constant. As the launch power was
increased (nonlinear regime), the EVMs also increased due to the penalties from nonlinearities.
As we move higher in modulation formats, the increase in EVMs arises for lower powers,
indicating that the higher-order modulation format is more susceptible to nonlinear distortions.
The conjugated copy of the signal was also propagated in an identical fiber as the signal. Coherent
superposition of the signal and idler were performed to emulate nonlinearity mitigation in PSAs,
and then the signal EVM was calculated. The dotted lines and squares represent the signal EVM
after coherent superposition. For the same modulation format, the signal EVM after coherent
superposition increases at higher launch powers compared to the signal after propagation due
to nonlinearity mitigation. The shaded area corresponds to the less than 1-dB EVM penalty
compared to the EVM in the linear regime between the after propagation and after coherent
superposition curves. The effectiveness of nonlinearity mitigation is thus given by the shaded
region. The increase in the shaded area with higher-order modulation formats suggests that the
PSAs can more effectively mitigate penalties caused by nonlinearities in higher-order modulation
formats. The constellation diagrams after propagation and after coherent superposition are shown
in the top and bottom rows, respectively, in Fig. 2 (right) for different modulation formats. The
highest launch powers after coherent superposition with ~0.5-dB EVM penalty were chosen
for the different modulation formats. The constellations after propagation and after coherent
superposition are shown for 4-, 16-, 64-, and 256-QAM from left to right in Fig. 2 (right). We can
see that the nonlinear distortions depend on the amplitude levels. The outermost constellation
points with the highest amplitudes have the largest nonlinear distortion and vice versa. The
nonlinearity mitigation in PSAs is evident when comparing the constellations after propagation
and after coherent superposition. Moreover, zero fiber dispersion was assumed in the above study.
In real optical fiber communication links, the dispersion should also be considered to account for
the temporal changes in the pulse shape on propagation.

a 4-QAM 16-QAM 64-QAM  256-QAM
i 13 dBm 11 dBm 9 dBm 7 dBm

—— After'propagatio'n
=& After CS (PSA)

4-QAM

EVM (dB)

-20 -10 0 10
Launch power per channel (dBm)

Fig. 2. Left: EVM versus the launch power for different modulation formats after propagation
in the fiber with zero dispersion and after coherent superposition (CS). Right: Constellation
diagrams after propagation (top) and after CS (bottom) for different modulation formats and
launch powers.
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3. Numerical investigation

3.1.  Simulation model

To study the modulation-format dependence on the MTRI when using PSAs compared to PIAs,
numerical simulations of nonlinear propagation in fibers were performed using MATLAB. The
simulation model is shown in Fig. 3. Fiber transmission systems with single and three channels
in a single- and multi-span link utilizing single-polarization 4-QAM, 16-QAM, 64-QAM, and
256-QAM 10-GBaud signals were studied. Each channel contained 2'® symbols generated from
random data and was shaped with RRC filters of 10% roll-off. The symbols were upsampled to 16
samples per symbol for a single-channel system and 32 samples per symbol for the three-channel
system before combining. The back-to-back (B2B) SNR was set to 37 dB by adding additive
white Gaussian noise (AWGN) to model the experimental transmitter imperfections. The channels
were separated by 12.5 GHz in the three-channel system. The required launch powers were set
with the booster EDFA, which had an NF of 4 dB. The idler was obtained by perfect conjugation
of the signal after the booster EDFA. The transmission span was a 80 km standard single-mode
fiber (SSMF) with the fiber loss parameter, @ = 0.2 dB/km, the dispersion parameter, D = 16
ps/nm/km, and the nonlinear coefficient y = 1.3 rad/W/km. The propagation in the SSMF was
modelled using the split-step Fourier method based on the scalar nonlinear Schrédinger equation
(NLSE) [36]. In the experimental implementation of the PSA, the signal and idler were separated
by 8 nm. Therefore, the signal and idler were propagated separately in two different split-step
solvers as there will not be significant nonlinear XPM interactions between them due to the
walk-off. However, for multi-span links in some cases, the XPM interactions between the signal
and idler might not be negligible and should be accounted for by copropagating the signal and
idler in the same split-step solver. Also, we assumed that the fiber parameters are not wavelength
dependent, and the same fiber parameters were used for both the signal and idler split-step solvers
for simplicity. As mentioned above, the copier-PSA transmission link should be dispersion
managed (DM). Two ideal dispersion compensation modules (DCMs) with @ = 0 and y = 0, one
before and one after the span were used to do dispersion pre- and post-compensation. The ratio
of the pre- and post-dispersion compensation was optimized for all PIAs and PSAs numerically
for the best link performance. The optimization of the pre- and post-dispersion compensation
ratio is critical for PSA links compared to PIA links. For the single-channel system, the optimum
ratio of pre- to post-dispersion compensation was found to be 24.8% whereas it was 16.3% in the
case of the three-channel system for all the modulation formats in the PSA case. Two variable
optical attenuators (VOA) were used, one for the signal and the other for the idler to induce any
additional loss if needed. Phase noise in the lasers were assumed to be zero.

X Nspans

NF = 4 dB PIA

EDFA  Signal SSMF

NF = 4 dB [X]
v (ocm ) @

=

>
[Coni(x)] SSMF
: © ~
Idler [X"] NF=1dB PSA

Fig. 3. Simulation model for the single- and multi-span phase-insensitive amplifier (PIA)
and phase-sensitive amplifier (PSA) links with single and multiple channels: Tx - Transmitter,
EDFA - Erbium-doped fiber amplifier, DCM - Dispersion compensation module, SSMF -
Standard single-mode fiber, VOA - Variable optical attenuator, RX - Receiver.
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The signal was amplified after propagation in the span by an EDFA with an NF of 4 dB for PIA.
For the PSAs, the signal and idler were separately amplified by two EDFAs with an NF of 1 dB.
After amplification, the signal and idler were combined coherently similar to the PSA emulations
in the previous works [10,34]. Then, only the signal was sent to the receiver for detection
and DSP. In the electrical domain, after matched filtering, the signal was downsampled to 2
samples per symbol. For the three-channel system, the channels were electrically demultiplexed
with brick wall filters before downsampling. In the case of the 4-QAM, a constant modulus
algorithm (CMA) was used for equalization, whereas for higher-order modulation formats,
decision-directed-least-means-squared (DD-LMS) algorithm was used along with CMA for
preconvergence. After equalization, the symbols were downsampled to one sample per symbol.
Then, the Viterbi-Viterbi phase recovery algorithm was used for carrier phase recovery to
compensate for the constant nonlinear phase shift for PIAs. The symbols were then demapped to
bits, and the BER was calculated comparing the received bits to the transmitted bits.

Assuming that the signal after propagation in 80-km SSMF is too weak for significant nonlinear
interactions, the VOA was used to emulate additional losses that would be caused by the SSMF
for longer single-span links. For multi-span links, the attenuation in the VOA was set to zero and
the section in the dotted box was repeated for each span. Also, the nonlinear phase noise was
present in the simulations due to the inline amplifier noise. For dispersion-unmanaged (DU) PIA
links, D was set to zero in the DCMs, and the dispersion was compensated in the digital domain
after detection using electrical dispersion compensation (EDC). The launch power (Pin) and the
received power (Prx) correspond to only the signal powers.

3.2. Simulation results

The launch power (P1n) was swept, and the transmission reach was measured in terms of allowable
span loss in single-span links and length of SSMF traversed in multi-span links. For each of the
P in the single-span link, the minimum received power (Prx) to reach a BER of 2x1073 called
the sensitivity, was obtained. The required Prx was set using the VOA emulating the additional
span loss. Then, the allowable span loss was calculated from the difference between the Py and
sensitivity.

The Py is plotted versus the allowable span loss with one and three channels in Fig. 4(a)
and 4(b), respectively using PIAs and PSAs as preamplifiers for different modulation formats.
Increasing the P, the allowable span loss increases as the sensitivity remains the same. As the
nonlinearities start to dominate, a penalty is added to the sensitivity. Then, the allowable span
loss starts to decrease with increasing Piy. The MASL can be obtained corresponding to the
optimum launch power (OLP) for the PIAs and PSAs. PSAs have higher MASL than PIAs due
to low-noise amplification and nonlinearity mitigation. The OLP increase was calculated from
the difference between the OLP of the PSA and PIA. The difference between the MASL in the
PSA and PIA lead to the MASL increase. The OLP increase and the MASL increase are marked
in the corresponding subfigures in Fig. 5 for single- and three-channel systems. Also, Table 1
contains the summary of the single-span link with one and three channels. The nonlinearities
are dominated by SPM for a single-channel system, whereas XPM is the predominant one in
the three-channel system. The minimum span loss of 16 dB from the 80 km SSMF and the
XPM made it impossible to observe the PIA in the linear regime for 256-QAM when using
three channels at BER = 2x1073. Therefore, single-span 256-QAM three-channel study is not
included in this work. At -5 dBm Py, for all the 7 cases, comparing the allowable span loss
of PSA and PIA, an allowable span increase of 6 dB is obtained. This confirms the low-noise
amplification in the linear regime [16]. For all the modulation formats with one and three
channels, low noise amplification contributes 6 dB to the MASL increase, and the remaining
is dictated by nonlinearity mitigation, which is evident from the OLP increase. Therefore, the
MASL increase and OLP increase is enhanced for both the single- and multi-channel systems
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when using higher-order modulation formats in single-span links due to better nonlinearity
mitigation.

Table 1. Summary for the single-span link simulations: PIA - Phase-insensitive amplifier, PSA -
Phase-sensitive amplifier, OLP - Optimum launch power, MASL - Maximum allowable span loss,
OLP increase = OLPPSA — OLPpja, MASL increase = MASLPSA —MASLpja.

Channels Modulation PIA PSA . orp  MASL
format MASL OLP MASL increase (dB)  increase (dB)
OLP (dBm) (dB) (dBm) (dB)

4-QAM 10.5 57.9 12.5 66.4 2.0 8.5

1 16-QAM 7.0 46.9 10.5 571 35 10.2

64-QAM 35 37.2 9.0 494 5.5 12.2

256-QAM 0.0 259 7.5 40.3 7.5 14.4

4-QAM 5.5 53.0 8.0 61.5 2.5 8.5

3 (center) 16-QAM 1.5 41.7 5.5 52.3 4.0 10.6

64-QAM -2.0 313 4.0 43.3 6.0 12.0

4-QAM 6.5 53.6 8.5 62.0 2.0 8.4

3 (edge) 16-QAM 2.5 422 6.5 52.8 4.0 10.6

64-QAM -1.0 31.9 4.5 44 5.5 12.1

For the multi-span links, PIA links without inline dispersion compensation were also studied.
The dispersion was not compensated for each span but instead was accumulated and compensated
electrically after detection. PIAs without spanwise dispersion compensation are labelled as
DU-PIA links in this work. The transmission reach versus Py for different modulation formats
when using PSAs, PIAs, and DU-PIAs with single and three channels is plotted in Fig. 6(a) and
6(b), respectively. Through interpolation, the transmission reach was obtained in the distance
transversed for BER = 2x1073. The optimum launch power (OLP) and maximum transmission

Table 2. Summary for the multi-span link simulations: PIA - Phase-insensitive amplifier, DU-PIA -
Dispersion-unmanaged PIA, PSA - Phase-sensitive amplifier, MTRI - Maximum transmission reach

increase
Channels Modulation format Maximum transmission reach (km) MTRI
PIA DU-PIA PSA PSA/PIA PSA/DU-PIA

4-QAM 9736 14432 64968 6.7 4.5
1 16-QAM 2870 3477 33112 11.5 9.5
64-QAM 921 940 14968 16.3 15.9
4-QAM 5545 13936 23776 4.3 1.7
3 (center) 16-QAM 1574 3219 7252 4.6 23
64-QAM 470 702 2202 4.7 3.1
4-QAM 6090 13640 26920 4.4 2.0
3 (edge) 16-QAM 1670 3166 8104 49 2.6
64-QAM 504 749 2502 5.0 33

reach obtained from the different configurations of multi-span links are summarized in Table 2.
PSAs have higher maximum transmission reach than PIAs and DU-PIAs due to low-noise
amplification and nonlinearity mitigation. In the DU-PIA links, as dispersion is not compensated
spanwise, less nonlinear penalties are induced. Therefore, DU-PIAs have higher maximum
transmission reach than PIAs and higher optimum launch powers compared to the PIA or PSA
links. The MTRI was calculated from the ratio of the transmission reach for PSA and PIA
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(b) Three-channel system - The blue lines with circle markers and the red lines with diamond markers
correspond to phase-insensitive amplifier (PIA) and phase-sensitive amplifier (PSA) links, respectively.
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Fig. 4. Simulation results - Allowable span loss versus the launch power, Ppy for the
single-span links.
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green lines with square markers correspond to phase-insensitive amplifier (PIA), phase-sensitive amplifier
(PSA), and dispersion-unmanaged (DU) PIA links, respectively. The dotted lines represent the edge
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16-QAM, and the bottom for 64-QAM. The vertical lines with arrows indicate the maximum transmission
reach increase (MTRI).

Fig. 5. Simulation results - Transmission reach versus the launch power, Py for the
multi-span links.
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diagrams at optimum launch powers for PIAs and PSAs with different modulation formats.
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or DU-PIA link. The MTRI for PSAs compared to PIAs or DU-PIAs are also marked in the
subfigures of Fig. 7 for different modulation formats. For the PIA, only a few spans were
propagated before reaching BER of 2x10~3 with a 256-QAM signal. Therefore, the 256-QAM
modulation format is not included in the multi-span study. Also, for the multi-span links, the
MTRI is enhanced when using PSAs compared to PIAs with higher-order modulation formats
due to nonlinearity mitigation.

4. Experiments
4.1. Experimental setup

A proof-of-concept experiment was performed to verify the transmission reach increase depen-
dence on modulation formats in PSA links. An experimental setup as shown in Fig. 6 was
used. An external cavity laser (ECL) set at 1550.1nm was used as the signal source, modulated
at 10 GBaud using an IQ modulator (IQM) driven by the amplified electrical signals from an
arbitrary waveform generator (AWG). The electrical signal was made of 2'> randomly generated
symbols, which were shaped electrically with an RRC filter of 0.1 roll-off. For 16-QAM and
64-QAM modulation formats, the electrical signal included 4-QAM pilots for assisting digital
signal processing (DSP) at the receiver leading to an additional overhead of 6.2%. A high power
pump at 1554.1 nm of around 28 dBm was combined with the signal and fed into the first HNLF
(the copier). Any further increase of pump power leads to penalties in the signal performance
from stimulated Brillouin scattering (SBS). The copier produced an idler at 1558.1 nm, which
is a conjugated copy of the signal through the process of four-wave mixing (FWM). A strained
HNLF of 150 m was used as the copier.

After the copier, the pump was separated from the signal and idler waves. The signal and
idler waves were power balanced using a waveshaper (WS) for the PSA. For phase-insensitive
operation, the idler was blocked in the WS. After the WS, a tunable fiber-Bragg grating (FBG)
based dispersion compensation module (DCM) was used for dispersion pre-compensation. A
low-noise EDFA was used to amplify the signal and idler followed by a variable optical attenuator
(VOA) to set the required launch power, Py into the transmission span. The strong pump was
attenuated to about 1 dBm to avoid nonlinearities in the transmission span. The attenuated
pump, along with the signal and idler were copropagated in the span. An 80-km standard
single-mode fiber (SSMF) was used as the transmission span. Another FBG based DCM was
used for dispersion post-compensation. At high launch powers, the signal and idler experiences
correlated nonlinear distortions. The two tunable DCMS were used to set the required pre- and
post-dispersion compensation for better nonlinearity mitigation in the PSA. The weak pump was
separated from the signal and idler and regenerated for phase-sensitive amplification with optical
injection locking. The path-length-matching fibers and variable-delay line (VDL) were used to
temporally realign the signal and idler compensating for the group delay difference. Another
VOA was used after the retiming stage to set the received power, Prx at the preamplifier input.
The second HNLF acts as the PIA/PSA. The pump power into the second HNLF was set around
30 dBm, limited by the SBS threshold. The second HNLF consisted of four different spools
of strained HNLF with a total length of about 600 m. These spools were spliced together with
isolators in between to suppress the SBS. A piezoelectric transducer (PZT) with a phase-locked
loop (PLL) was used to stabilize the PSA as well as to maximize the PSA output signal power. A
40-kHz tone from the PLL was used to dither the pump with the help of the PZT. The dithering
tone was transferred from the pump to the signal in the PSA. After the PSA, the 40-kHz tone was
recovered from the signal and was used as the feedback to the PLL. The PSA had a gain of 22
dB compared to 16 dB for the PIA, simultaneously providing 6-dB improvement in the signal
NF [16] and mitigating Kerr nonlinearities at high launch power. The pre- and post-dispersion
compensation was optimized for best performance for all the configurations experimentally. For
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the PSA, the optimized ratio of pre- to post-dispersion compensation was 26.7% for all the
modulation formats.

After the PSA, the signal was filtered and sent to the receiver, where the BER was calculated.
At the receiver, the QAMpy package [37] was used for DSP. The sensitivity, i.e., the Prx required,
was measured at BER = 2x1073. The Py and Prx correspond to only the signal powers at the
span input and preamplifier input, respectively.

4.2. Experimental results

For 4-, 16-, and 64-QAM, Py was varied, and the sensitivity was measured. The allowable
span loss was calculated from the difference between the Py and sensitivity, similar to the
simulations. The allowable span loss is plotted versus the PN for both the PIA and PSA in Fig. 7
for different modulation formats. The top-left, top-right, and bottom figures correspond to 4-,
16-, and 64-QAM, respectively. Similar trends to the simulation results were observed. The
experimental results are also summarized in Table 3. In the case of the 4- and 16-QAM, we
obtain the allowable span loss increase using PSA to be around 6 dB compared to PIA in the
linear regime at low launch powers. Due to SNR limitations, it was not possible to measure
64-QAM in the linear regime. The 6-dB improvement comes from the low-noise amplification
of the PSA [16]. From low-noise amplification and nonlinearity mitigation, we obtain the MASL
increase of 7.7, 10.8, and 13.3 dB for 4-, 16-, and 64-QAM, respectively. It can be seen that
the experimental results confirm the simulation results of MASL increase enhancement in the
single-span and single-channel experiment.

Table 3. Summary for the single-span link experiments: PIA - Phase-insensitive amplifier, PSA -
Phase-sensitive amplifier, OLP - Optimum launch power, MASL - Maximum allowable span loss,
OLP increase = OLPpgp — OLPpja, MASL increase = MASLpgp — MASLpja.

Modulation PIA PSA oLP MASL
format OLP MASL OLP MASL increase (dB) increase (dB)
(dBm) (dB) (dBm) (dB)
4-QAM 14.0 60.7 16.0 68.4 2.0 7.7
16-QAM 8.0 46.1 11.0 56.9 3.0 10.8
64-QAM 0.0 29.9 9.0 43.2 9.0 13.3

The constellation points at optimum launch powers for both the PIAs and the PSAs corre-
sponding to a BER of around 2x10~2 are shown in the insets of Fig. 7. The nonlinear distortions
can be seen in the constellation diagrams of the PIAs. For higher-order modulation formats, the
outer constellation points with higher amplitude levels experience larger nonlinearity-induced
shifts compared to the inner points. The nonlinear distortions are absent in the constellation
diagrams of the PSAs verifying nonlinearity mitigation.

5. Discussion

The phase rotations or distortions caused by nonlinearities depends on the field amplitudes.
In the case of higher-order QAM modulation formats, the different amplitude levels undergo
different nonlinear phase rotations. Also, in the higher-order modulation formats, smaller phase
distortions can result in higher BER. The coherent addition of the signal and idler fields at the PSA
converts these phase rotations to amplitude distortions. The enhancement in the transmission
reach increase when using the PSAs compared to the PIAs for higher-order modulation formats
can be attributed to the effective mitigation of smaller nonlinear phase distortions by the PSA.
In the experiments, after propagation in the transmission span, the signal and idler waves were
separated from the weak pump wave. The additional span loss was added by the VOA after the
retiming stage only to the signal and idler waves. The weak pump wave took an alternate path,
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and the pump power into the optical injection locking was kept constant. However, in a real
system, the additional span loss will also affect the weak pump. There will be a need to recover
the pump wave for the PSA from low powers. Recently, optical injection locking was used to
recover the pump for the PSA from input powers of -72 dBm [38]. However, doing so will added
some penalty to the sensitivity, which in turn will slightly affect the MASL.

In the three-channel system, XPM is the dominant nonlinear effect. PSAs are less effective
in mitigating XPM compared to SPM [22]. This is evident from the low MTRI for both
the center and edge channels in the multi-span links compared to the single-channel system.
However, the transmission reach can be further improved by using modified Volterra nonlinear
equalizer (VNLE) in PSA links [28], which, however, is outside the scope of this work. In
polarization-division multiplexed systems, cross-polarization modulation (XpolM) is one other
dominant nonlinear effect [39], and further work will be needed to establish how well it can be
mitigated by PSAs.

The nonlinear distortions experienced by the pulses in the optical fiber also depends on their
shape. In this work, RRC pulses were used. Simulations were also performed with non-return-to-
zero (NRZ) pulses for a single-span and single-channel system. The MTRI, when using the PSA
compared to PIA, was found to be higher for NRZ pulses than RRC for all modulation formats.

The MTRI obtained in the case of the PSAs is at the expense of half the spectral efficiency.
The spectral efficiency of PIA/DU-PIA links with 4-QAM is 2 bits/s/Hz and is the same as that
of PSA links with a 16-QAM signal. In single-channel, multi-span simulations, when using the
16-QAM modulation format with PSAs, the maximum transmission reach can be extended 229%
and 340% compared to DU-PIAs and PIAs with 4-QAM signal for the same spectral efficiency.
A similar study was performed for PCTWs experimentally in [7]. However, the DP-16-QAM
phase-conjugated twin waves (PCTWs) performed worse than the DP-4-QAM PIA with spectral
efficiency of 4 bits/s/Hz due to higher implementation penalties for DP-16-QAM.

In the single-span and single-channel system, the MASL increase was enhanced with higher-
order modulation formats in experiments similar to the simulations. However, due to the increasing
implementation penalties and subsequent higher nonlinear phase noise [40] for higher-order
modulation formats in the experiments, we believe that a higher MASL increase was obtained
for higher-order modulation formats compared to the simulations. For the multi-span links,
comparing the 4-QAM [25] and 16-QAM [27] experiments, the transmission reach increase for
16-QAM was lower compared to 4-QAM, which is contradictory to our simulation results. This
can be attributed to improper working of the PLL in case of the multi-level modulation format in
the loop [28] and needs further investigation.

6. Conclusion

Using a higher-order modulation format enhances the transmission reach increase with PSAs
compared to PIAs due to the susceptibility of the higher-order modulation formats to small
nonlinear distortions and PSA’s effectiveness in mitigating these small nonlinear distortions. This
has been validated for single- and three-channel systems in single- and multi-span links using
MATLAB simulations. A single-channel, single-span experiment with 4-, 16-, and 64-QAM
were performed to verify the transmission reach increase enhancement dependence on modulation
formats. For the first time, we show a 64-QAM signal transmitted over a phase-sensitively
amplified single-span fiber link. The optimum launch powers are increased by 2, 3, and 8 dB
in the case of the PSAs for 4- 16-, and 64-QAM, respectively, compared to PIAs verifying
nonlinearity mitigation. We also measure the maximum allowable span loss increase to be
7.7, 10.8, and 13.3 dB for 4-, 16-, and 64-QAM respectively from low-noise amplification and
nonlinearity compensation.
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