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Abstract—In this paper, we investigate the properties of trans-
mission links amplified by phase-sensitive amplifiers (PSAs). Using
an analytic description, we explain the principles enabling im-
proved sensitivity compared to conventional links amplified by
phase-insensitive amplifiers (PIAs) and mitigation of nonlinear
transmission distortions. We demonstrate these features using nu-
merical simulations, and in particular, we show the possibility of
efficiently mitigating both self-phase modulation (SPM)-induced
distortions and nonlinear phase noise (NLPN) if the link disper-
sion map is optimized. The properties of the noise on signal and
idler are important and to enable NLPN mitigation, the noise must
be correlated at the link input. We investigate the role of the dis-
persion map in detail and show that in a link with standard single
mode fiber (SSMF) the optimum dispersion map for efficient non-
linearity mitigation corresponds to precompensation of an amount
equal to the effective loss length. Furthermore, we experimentally
demonstrate both improved sensitivity and mitigation of nonlinear-
ities in a 105 km PSA-amplified link transmitting 10 GBd 16-ary
quadrature amplitude modulation (16QAM) data. We measure a
combined effect allowing for more than 12 dB larger span loss in a
PSA-amplified link compared to a conventional PIA-amplified link
to reach the same bit error ratio (BER) of 1 x 10~3.

Index Terms—Fiber nonlinearity mitigation, fiber optical para-
metric amplifiers (FOPAs), optical amplifiers, optical fiber commu-
nication, phase-conjugated twin waves, phase-sensitive amplifiers
(PSAs).

I. INTRODUCTION

N fiber optical transmission systems, signal degradation due
I to amplifier noise and fiber nonlinearities limits the achiev-
able transmission distance and channel capacity [1]-[3]. Am-
plifier noise will accumulate throughout the link and degrade
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the optical signal-to-noise ratio (OSNR), while fiber nonlinear-
ities distort the signal through intra-channel and inter-channel
effects. Intra-channel effects include signal-signal interaction
resulting in self-phase modulation (SPM) and signal-noise in-
teraction giving rise to nonlinear phase noise (NLPN) [4]. In
the case of wavelength division multiplexing (WDM) transmis-
sion inter-channel effects will result in cross-phase modulation
(XPM), four-wave mixing (FWM), and additional NLPN.

The OSNR degradation due to amplifier noise can be reduced
by using low-noise optical amplifiers and for this reason phase-
sensitive amplifiers (PSAs) have recently attracted much interest
[5]. The quantum limited noise figure (NF) of PSAs is 0 dB [6],
which should be compared to conventional phase-insensitive
amplifiers (PIAs) such as erbium-doped fiber amplifiers (ED-
FAs), semiconductor optical amplifier, and Raman amplifiers
(RAs) with a 3 dB quantum limited NF [7]. Implemented as in-
line amplifiers in a transmission link using the so-called copier-
PSA scheme, PSAs are predicted to provide up to 6 dB link NF
improvement compared to using conventional PIAs [8].

Several methods have been proposed for mitigating nonlinear
transmission distortions such as mid-span optical phase conju-
gation (OPC) [9], and digital backward propagation (DBP) [10].
More recently it was shown that nonlinear distortions can also be
mitigated by co-propagating two phase-conjugated waves and
then coherently superimposing them at the receiver side, either
in digital signal processing (DSP) [11], [12], or all-optically
using a PSA [13], [14]. PSAs thus have the potential to be used
both for sensitivity improvements through low NF amplification
and mitigation of nonlinear transmission distortions.

PSAs can be realized using parametric gain in either y(?)
[15], or X(S) nonlinear materials [16]. In fiber optical paramet-
ric amplifiers (FOPAs) phase-sensitive (PS) parametric gain is
obtained through FWM where two pump waves (frequency de-
generate or nondegenerate) interact with a signal and an idler
wave. For the signal and idler the interaction can be modeled in
a lumped manner as a coherent addition of the signal and idler,
taken at the input to the PSA and shifted to oscillate at the same
frequency, with the gain provided by the pump(s).

Depending on how the frequencies of pump(s), signal, and
idler waves are chosen, different amplification schemes are pos-
sible. In the case of signal and idler being frequency degenerate
(the degenerate idler scheme) the signal will experience 0 dB NF
amplification in one quadrature and attenuation in the orthogo-
nal quadrature, squeezing the signal phase along the direction
of the amplified quadrature [6]. This scheme has successfully
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been used for amplification and regeneration of binary phase-
shift keying (BPSK) signals [17], [18]. However, the degener-
ate idler scheme is inherently single-channel, not modulation
format independent, and increasingly difficult to implement
with advanced modulation formats thus making it unsuitable
for transmission link applications aiming for high throughput.

Another possible scheme is the nondegenerate idler scheme
(signal and idler at different frequencies). This scheme is capable
of multi-channel amplification and, if the idler is a conjugated
copy of the signal and the noise on signal and idler is uncor-
related, 0 dB NF amplification, independent of the absolute
signal phase. The nondegenerate idler scheme is thus WDM-
compatible and capable of providing modulation format inde-
pendent noiseless amplification. The lowest NF that has been
demonstrated at high (> 10 dB) gain in a PSA implemented us-
ing a FOPA is 1.1 dB [8], significantly below the quantum lim-
ited 3 dB NF of conventional PIAs. Amplification of multi-level
modulation formats, such as 16-ary quadrature amplitude mod-
ulation (16QAM), has previously been demonstrated using non-
degenerate idler PSA schemes both in periodically poled lithium
niobate (PPLN)-based PSAs [19], and FOPA-based PSAs [20].

For the PSA gain to be stable over time, the set of waves at
the input must be frequency- and phase-locked. Furthermore,
to obtain amplification of both signal quadratures in a nonde-
generate idler PSA, the idler must be a conjugated copy of the
signal. A practical way to obtain a PSA with the required set of
waves at the input is to cascade two FOPAs [21]. The signal and
high-power pump are launched into the first FOPA whereby a
conjugated copy of the signal, frequency- and phase-locked to
the signal and pump, will be generated at the idler wavelength
through FWM. The second FOPA will then have the required
set of waves at its input and operate as a PSA. This scheme is
commonly referred to as the copier-PSA scheme.

It has previously been shown independently that PSA-
amplified transmission links implemented using the copier-PSA
scheme are capable of providing both improved sensitivity [22],
and nonlinearity mitigation [13], [14]. Using 16-ary quadrature
amplitude modulation (16QAM) transmission over a 105 km
PSA-amplified link, we recently demonstrated experimentally
that the combination of improved sensitivity and nonlinearity
mitigation provide PSA-amplified links a significant perfor-
mance advantage over conventional PIA-amplified links, allow-
ing more than 10 dB larger link loss to reach the same bit error
ratio (BER) of 1 x 1073 [20].

In this paper we extend the work in [20] by explaining the
principle behind the sensitivity improvement and nonlinearity
mitigation analytically using a transfer matrix description. We
also present extensive numerical simulations of a PSA-amplified
transmission link demonstrating the sensitivity improvement
and nonlinearity mitigation. Through our simulations we inves-
tigate and highlight the difference between having correlated
and uncorrelated noise on signal and idler at link input. Numer-
ical simulations are also used to study the impact of the link
dispersion map on the efficiency of the nonlinearity mitigation.
We also briefly discuss what can be expected in terms of sen-
sitivity improvement and nonlinearity mitigation in the case of
multi-span links and WDM systems.

The paper is organized as follows. In Section II we introduce
a transfer matrix based description of parametric amplifiers and
based on this description analytically explain both the princi-
ple enabling noiseless amplification, leading to improved sen-
sitivity, and cancellation of nonlinear transmission distortions
using PSAs. In Section III we present numerical simulations of
a single-span, single-channel PSA-amplified transmission link.
In the same section we also investigate how the efficiency of the
nonlinearity mitigation depends on the link dispersion map. In
Section IV we show experimental results on 16QAM transmis-
sion over a 105 km link, illustrating what can be accomplished
in terms of sensitivity and nonlinearity mitigation in a practi-
cal system. In Section V we discuss our results and finally in
Section VI we conclude the paper.

II. THEORY AND PRINCIPLE
A. Transfer Matrix Description

A general two-mode parametric process with signal gain and
no pump depletion can be described by the transfer matrix equa-

tion [23]
Bs| _|p v||A
Bl o

where A represent the input wave amplitudes, B represent the
output wave amplitudes, subscript s denote the signal and i de-
note the idler, superscript * represent the complex conjugate,
and p and v are complex transfer coefficients satisfying the re-
lation |u|? — |v|* = 1. The phase of y and v is such that the total
PSA signal gain is a function of cos(2¢, — ¢ — ¢;) where ¢,
is the pump phase, ¢, the signal phase, and ¢; the idler phase.
The exact form of i and v can be found in [24], but is not impor-
tant for the analysis presented here. We are contented knowing
that they depend on the pump power, the phase-matching, the
nonlinear interaction strength, and the polarization state.

To explore the capabilities of the two-mode parametric pro-
cess we will consider a few different input wave combinations.

1) A; = 0: With no idler present at the input (A; = 0) the
output waves are given by

B, = uA; and B; =vAL 2)

In this case the parametric gain is independent of the input signal
phase and the amplifier operates as a PIA. From the output wave
expressions we see that signal will be amplified by

|BS|2 _‘ |2
A2

and that the output idler will be a conjugated copy of the input
signal amplified by |v|*> = Gpra — 1. This process is exempli-
fied in Fig. 1(a) with Gpra = 8 and the phase of p and v equal
to zero.

2) A; = As: Withanidler present at the input the parametric
gain will depend on the input signal phase which makes the am-
plifier operate as a PSA. In practice this requires the interacting
waves to be phase-locked in order to obtain stable gain. The case
of the idler being a direct copy of the signal (4; = Ay) is inter-
esting since it will lead to squeezing of one signal quadrature.

3)

Gpia =
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Fig. 1. Tllustration of input (blue) and output (red) waves for a parametric am-

plifier with ||> = [v|> + 1 = 8 in the case of (a) phase-insensitive operation
(A; = 0), phase-sensitive operation with (b) A; = A, and (c) A; = Af.

In this case the output waves are
By = B = (p+ v)Re(As) + i(pp — v)Im(Ag). @)

Given that the transfer coefficients add constructively (this can
be accomplished by tuning the phase of the interacting waves
[24]) the real part of the input signal will be amplified by

Gpsare = (|| + [V])? = 2Gp1a — 1 +21/G31 — Gpia,
®)
while the imaginary part will be amplified by

1
Gpsamm = 2Gp1a —1—24/Gyy — Gpia = TR
PSA Re
(6)

This process is illustrated in Fig. 1(b). Squeezing will also be
obtained in the case of A; = — A, but with the output idler
being the conjugate of the output signal. A degenerate idler
PSA satisfies the condition A; = Ay and will thus give signal
squeezing.

3) A; = AZ: The case of the idler being a conjugated copy
of the signal (4; = AY) is of particular interest since this results
in amplification of both the in-phase and quadrature component
of the signal. The output waves are in this case expressed as

By = (p+v)A; and B = (u+v)A] )

Both signal quadratures will be amplified by

Gpsa = (|u + [V])* = 2Gp1a — 1 +24/G3, — Gpia,
®)
which in the limit of high gain (|u| = |v|) gives us Gpga =
4Gp1a, or in other words, the PSA gain is 6 dB higher than the
PIA gain. This case is illustrated in Fig. 1(c). If A; = — A then
both signal quadratures are attenuated.
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B. Sensitivity Improvement

Up to this point we have not considered noise accompanying
the signal and idler at the input of the amplifier. In the transfer
matrix description noise can easily be included by adding a
noise term n to the input waves

Bs H v As + N
EIR e )
where ng and n; is the noise associated with the signal and idler,
respectively.

We will first discuss the case of signal and idler input waves
being shot noise limited. This means that the noise accompany-
ing the input waves is uncorrelated vacuum fluctuations. Using
a semiclassical model [8], these fluctuations can be represented
by additive Gaussian noise that satisfies (n,,) = 0, (n,,,n;) = 0,
and (|n, [*) = hw,, /2 with m,l € {s,i} [23]. In the general
case the output waves are given by

B, = puAs + VA + png + vn (10)

and

B = vAL + pA;i + vnl + pn;. (11)

The uncorrelated input noise ng and n; will not add coherently, as
can be the case for signal and idler, but instead add incoherently
and thus experience a gain of

Gnoisc - |/~L‘2 + |I/|2 = 2(;PIA — 1. (12)

Given that the signal and idler input waves are shot noise limited
the output noise will be the same for all cases treated in the
previous subsection, i.e. the noise at the PIA output will be the
same as at the PSA output. We note that at high gain (Ju| =~
|v]) the noise associated with the output signal and idler will
be correlated and conjugated. This is of importance for the
possibility to mitigate NLPN using PSAs.
Based on the signal gain and noise gain for the PIA its NF
can be expressed as [24]
2Gpia — 1

NFpjp = ——7—,

13
Gpia (13)

which in the limit of high gain (Gpra > 1) takes the value 2
(3 dB). Similarly, the NF for the quadratures amplified by the
PSA (both in-phase and quadrature when A; = AY) is given by
[24]

NE 2Gpia — 1 2Gpia — 1
PSA — = )
Gpsa 2Gpia — 1+2\/G%’IA — Gpia

14
which takes the value 1/2 (=3 dB) in the limit of high gain. A
two-mode PSA can thus in theory provide 6 dB better sensitivity
than a PIA when the input is shot noise limited. However, the
improvement comes at the cost of occupying twice the band-
width (as both signal and idler waves are required at the input)
in addition to increased complexity. An alternative approach to
calculating the PSA NF is to consider the total power at the PSA
input, i.e. the sum of signal and idler power. In this case the NF
takes the value 1 (0 dB), as predicted in [6].
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TABLE I
SENSITIVITY ADVANTAGE (IN DECIBELS) FOR A TWO-CHANNEL PSA (SIGNAL
AND IDLER TRANSMITTED) RELATIVE TO A SINGLE-CHANNEL PIA (SIGNAL
TRANSMITTED), UNDER DIFFERENT NOISE CONDITIONS THE NOISE CAN
EITHER BE FROM VACUUM FLUCTUATIONS (SHOT NOISE) OR BE INPUT
(EXCESS) NOISE, AND THE LATTER CAN BE CORRELATED OR UNCORRELATED
BETWEEN THE SIGNAL AND IDLER.

Uncorrelated Correlated
Shot noise 6dB -
Excess noise 3dB 0dB

We will now briefly discuss the case of input noise at signal
and idler being dominated by incoming excess noise, as opposed
to vacuum fluctuations for a shot noise limited input. The ex-
cess noise could e.g. be spontaneous emission noise from other
amplifiers earlier in the system. If the excess noise on signal and
idler is uncorrelated, the sensitivity advantage for the PSA over
the PIA will be reduced from 6 dB to 3 dB [25]. The reason
for this is that the PIA only requires the signal to be present
at the input while the PSA requires both signal and idler to be
present, coupling twice the amount of noise to the output modes
compared to the PIA.

With correlated and conjugated excess noise at the input (n; =
n;) the noise will be amplified (or attenuated) with the same gain
as the signal in the PSA case while in the PIA case there will
be no difference compared to having uncorrelated noise since
only the noise associated with the signal wave is considered.
Correlated and conjugated excess noise at the input will thus
reduce the PSA sensitivity advantage by an additional 3 dB,
giving the same performance as the PIA but occupying twice the
bandwidth. The different cases discussed above are summarized
in Table I.

In the PIA-amplified link one could consider sending the
same signal at two wavelengths, so that the occupied bandwidth
is the same as for the PSA-amplified link. Adding the two waves
in the receiver after the PIA would result in a 3 dB sensitivity
improvement compared to sending just one signal [22]. To get
a sensitivity benefit from using PSAs compared to using PIAs
is it thus essential that the input is shot noise limited.

When using the copier-PSA scheme to obtain improved sen-
sitivity in a single-span link it is crucial that there is enough
attenuation between the copier and the PSA to attenuate the
correlated noise introduced by the copier below the level of the
vacuum fluctuations. In a transmission system the link is placed
between the copier and the PSA and the loss required for decor-
relating the noise is thus provided by the link loss itself. This loss
reduces overall link NF. However, since this loss is unavoidable
in a transmission system, a copier-PSA system can be used to
increase sensitivity without incurring additional penalties in a
long (> 50 km) fiber optic link.

C. Nonlinearity Cancellation

In the simplest model, fiber nonlinearities introduce a tempo-
ral phase distortion on the signal. This approximation is broadly
correct for short optical links carrying quadrature amplitude
modulation (QAM) modulated signals of limited complexity

Im
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Fig. 2. PSA properties in the limit of high gain. (a) Illustration of phase

rotation cancellation. (b) Signal gain reduction versus phase rotation. (c) NF
versus phase rotation assuming shot noise limited input and accounting only for
signal power at the PSA input.

(i.e. I6QAM and lower) [26]. In the following section we will
therefore consider the case when the signal and idler, satisfy-
ing A; = A, are rotated by an angle ¢ before being launched
into the PSA. By denoting the waves after the phase rotation by
primed variables we have

Al = Agexp(ig) and Al = Al exp(ig). (15)

At the output of the PSA we will in the limit of high gain have

Bl = 21/Gpiacos(¢)As and B! = 21/Gpiacos(p) AL
(16)
The phase rotation ¢ will thus be canceled at the cost of reduc-
ing the gain by a factor |cos(¢)|?. The cancellation process is
illustrated in Fig. 2(a) with the gain scaling versus phase rotation
plotted in Fig. 2(b). If the input is shot noise limited the gain
scaling will affect the NF which can be expressed as

_ 2Gpip — 1
Grsalcos(9)]*”

The PSA NF (only accounting for signal power at the PSA input)
versus phase rotation is plotted in Fig. 2(c). For moderate phase
rotations the impact on the NF is small. In particular we note
that for phase rotations < 15° the NF degradation is < 0.3 dB.

In a single-channel PSA-amplified transmission link (with
signal and idler widely spaced in frequency) intra-channel non-
linearities will dominate the nonlinear distortion. Due to signal-
signal interaction the signal and idler will experience a nonlinear
phase shift (from SPM) given by

NFpga (¢) (17)

L
QSNL(t,L):/ ~vP(t, z)dz, (18)
0
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where + is the nonlinear coefficient and P(¢, z) the signal power.
This expression can be approximated by

dNL = VP Legt,

where P is the launch power and L.g is the effective length
defined as L.y = [1 — exp(—al)]/a with « being the fiber
attenuation and L the link length. If the phase shift is identical
on both signal and idler waves it can be canceled according to
the above principle when the waves are launched into the PSA.
Although we expect the phase shift to be canceled independent
of the degree of rotation there will be some signal degradation
and distortion due to dependence of NF and gain on the phase
shift. For modulation formats with multiple amplitude levels
and large nonlinear phase shifts this might be visible through
different levels having different gain and noise performance
since ¢np, < P.

The signal and idler will also be distorted through signal-
noise interaction which will introduce NLPN. If the amplitude
noise on signal and idler is uncorrelated at the input of the
link, the NLPN at the two waves after transmission will also be
uncorrelated and thus add incoherently in the PSA. If, on the
other hand, the amplitude noise on the two waves is correlated
at the input, as can be achieved by generating the waves using
a PIA, then also the NLPN will be correlated and cancellation
can take place in the PSA analogous to the cancellation of an
SPM induced phase shift.

19)

D. Impact of Fiber Dispersion

The mitigation of nonlinearities through coherent summa-
tion of the signal and idler waves works best when the induced
phase distortions on signal and idler waves are correlated. As
such, the source of nonlinear phase distortion is important in the
operation of this system. In a single-span, single-channel link,
the main source of nonlinear distortions are from signal-signal
interaction. This source depends on how the signal evolves as
it propagates through the link. The two main effects are atten-
uation, which limits the length of fiber over which significant
nonlinear distortion occurs, and chromatic dispersion. Chro-
matic dispersion drives inter symbol interference (ISI) on both
the signal and idler waves, causing significant changes to the
instantaneous power of these waves, resulting in a nonlinearity
induced temporal distortion of the waves. However, as the sig-
nal and idler waves are phase conjugates, any phase modulated
signal carried on these waves will evolve differently, causing
uncorrelated nonlinear distortion on signal and idler. The dis-
persion map of the link thus becomes an important parameter in
this system. This effect was noted in [12], where the signal and
conjugate copy were transmitted on orthogonal polarizations in
a multi-span link and the coherent superposition calculated in
DSP after coherent detection. Assuming a symmetric link gain
profile they theoretically found that the optimal dispersion map,
leading to cancellation of first-order nonlinear distortions, was
a 50% pre-compensation and 50% post-compensation scheme
[12]. The transmission link considered in [12] differs from our
copier-PSA scheme in two important ways. First, [12] has sig-
nal and conjugate waves on two polarizations at the same wave-
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length, which produces a different non-linear propagation envi-
ronment to the copier-PSA scheme, where the signal and idler
are well separated in wavelength. Second, in [12], the coherent
superposition of waves happens only once at the end of the link,
whereas in a copier-PSA this operation happens on a span-by-
span basis. Due to these differences, we find that the balanced
dispersion map is not optimal for a copier-PSA system [14], and
so a new optimum configuration is sought.

III. NUMERICAL SIMULATIONS

Numerical simulations were carried out to demonstrate the
feasibility of improving sensitivity and mitigating intra-channel
nonlinearities by coherent superposition. In particular we study
the difference between having correlated and uncorrelated noise
on the signal and idler. To understand in what systems effec-
tive nonlinearity mitigation can be obtained we investigate the
impact of the dispersion map and modulation format.

A. System Model

The system model used for demonstrating mitigation of intra-
channel nonlinearities and sensitivity improvements is shown
in Fig. 3. A single-polarization 10 GBd 16QAM non-return-to-
zero (NRZ) signal with 20 samples per symbol was generated
using an IQ modulator with 28 GHz bandwidth (emulated by
a Gaussian filter). The signal contained 2> symbols of ran-
dom data with conventional Gray coded bit-to-symbol map-
ping. Noise was added either before splitting and conjugation
(the case of correlated noise on signal and idler) or after splitting
and conjugation (the case of uncorrelated noise on signal and
idler). The OSNR was set to 13 dB by adding additive white
Gaussian noise (AWGN) in order to get significant signal-noise
interaction in the link. The process of splitting and conjugating
mimics the copier in a copier-PSA scheme.

The transmission link consisted of 100 km standard single
mode fiber (SSMF) with idealized dispersion compensating
fiber (DCF) for dispersion compensation. The requirement for
the pre-compensation stage to induce negligible nonlinear dis-
tortion could be met by utilizing chirped fiber Bragg gratings for
the pre-compensation stage [27]. The link was fully dispersion
compensated but the ratio of pre- and post-compensation could
be varied. Propagation in the SSMF was modeled by solving
a single-polarization nonlinear Schrodinger equation using the
split-step Fourier method (SSFM). We include group velocity
dispersion, attenuation, and nonlinear phase terms, neglecting
Raman scattering and higher order dispersion. Dispersion com-
pensation was done in a single step neglecting attenuation and
nonlinearity. We modeled the signal and idler propagation as
independent based on the assumption that the signal-idler inter-
action is negligible in a single-channel system with signal and
idler separated by about 8 nm. Initial simulations showed that
the dominant effect leading to uncorrelated distortion on signal
and idler is the fact that one wave is conjugated, as opposed
to signal and idler propagating with different ;. In the results
presented below we used the same 3, for signal and idler prop-
agation for simplicity, thus ignoring higher-order dispersion.
The SSMF had o = 0.25dB/km, 3 = 17.4 ps/(nm - km), and
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mode fiber, DSP: digital signal processing.

v =1.5x 1073(W-km)~!. The link launch power was taken
at point Py, indicated in Fig. 3.

At the receiver end the idler was conjugated and added to
the signal. This function is analogous to what a PSA does in
the high-gain regime. The idler phase was rotated before begin
added to the signal to maximize the optical power after addition,
emulating the operation of the phase-locked loop (PLL) in an
experimental system [28]. This phase adjustment was constant
over all simulated symbols, mimicking the slow (kHz) response
of the PLL. Finally, we use typical DSP for 16QAM with an
equalizer based on decision directed least-mean square (DD-
LMS) where the blind search phase estimation was performed
within the DD-LMS loop [29].

B. Nonlinearity Mitigation and Sensitivity Improvement

In order to obtain optimal nonlinearity mitigation the disper-
sion map has to be optimized. By performing a parameter sweep
of the pre- to post-compensation ratio at high launch power (10
dBm) we found that the optimal dispersion map for our system,
transmitting a 10 GBd 16QAM signal over a 100 km long link
with o = 0.25 dB/km, is 20% pre-compensation and 80% post-
compensation. This dispersion map corresponds to an optimum
both in terms of absolute performance for the signal and idler
and in terms of the improvement that is obtained by taking the
superposition of the signal and the conjugate of the idler.

Simulated constellation diagrams for Ay and By (as defined
in Fig. 3) with correlated and uncorrelated noise are shown in
Fig. 4. The results for As were obtained by sending Aj straight
to the DSP. At low launch power (0 dBm) nonlinear distortions
are negligible and the difference between having correlated and
uncorrelated noise on the signal and idler at the link input is only
seen by a difference in OSNR after superposition. The OSNR
for By is 3 dB higher in the case of having uncorrelated noise
compared to the case of having correlated noise. At high launch
power (10 dBm) nonlinear distortions are clearly visible on Aj
in the form of SPM and NLPN. The clockwise rotation of the
constellation is caused by the equalizer in the DSP. For By we
clearly see that the SPM induced phase rotation is mitigated
both for the case of correlated and uncorrelated noise while the
NLPN is only mitigated when having correlated noise. We note

System model of a dispersion compensated single-span link used for numerical simulations. DCF: dispersion compensating fiber, SSMF: standard single

B
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Fig. 4. Simulated constellation diagrams at 0 dBm and 10 dBm launch power

with the same Ay OSNR of 13 dB illustrating the difference between Ay and
B with correlated and uncorrelated noise on signal and idler.

correlated

0 dBm

10 dBm

that the inner-level points are slightly offset toward the center
of the constellation. This effect is caused by the rotation of
the idler that was done to emulate the PLL. The phase rotation
maximizing the optical power tends to align the outer- and mid-
level points at the cost of skewing the inner-level points. Due to
the phase rotation dependence of the PSA gain [see Fig. 2(b)]
the inner-level points will experience lower gain than the other
points, visible in the constellation as being offset toward the
center.

To quantify the benefit from the nonlinearity mitigation and
OSNR improvement we calculated the BER for the transmitted
data. The BER versus launch power is shown in Fig. 5. The
differences seen in the constellation diagrams are reflected in
the BER curves. As the launch power is increased Ay is de-
graded by SPM and NLPN causing a BER degradation. In the
linear regime B, with uncorrelated noise shows better perfor-
mance than both A, and B, with correlated noise due to better
OSNR. However, By with uncorrelated noise is successively de-
graded due to NLPN as the launch power is increased. Bs with
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Fig. 5. Simulated BER versus launch power at 13 dB OSNR with 20% pre-
compensation and 80% post-compensation corresponding to the optimal disper-
sion map for 10 GBd 16QAM transmission over a 100 km link.

Uncorrelated noise

Improvement
linear regime

Correlated noise
0 ’\ o o o — &
)

Q?-factor improvement (dB)
[\
|

| | | |

0 2 4 6 8 10
Launch power P;, (dBm)

Fig. 6. Comparison of Q?-factor improvement (difference in Q2 -factor after
and before superposition) versus launch power for the case of uncorrelated and
correlated noise on signal and idler.

correlated noise does not show any significant degradation as
launch power is increased.

In Fig. 6 we compare the @Q*-factor improvement for
B, with uncorrelated and correlated noise versus launch
power. The (Q%-factor was calculated from BER using: Q? =
20log;,[v/2erfc ™ (2BER)]. For the case of correlated noise
there is no improvement in the linear regime which is expected
since the noise experiences the same gain as the signal. However,
in the nonlinear regime significant improvement is obtained due
to cancellation of both SPM and NLPN. Having uncorrelated
noise on signal and idler give a clear improvement in the linear
regime due to 3 dB higher signal gain than noise gain. In the
nonlinear regime the improvement is smaller than for the case
of correlated noise since only SPM is mitigated.

The numerical demonstration has shown the possibility of
mitigating both SPM induced phase rotation and, given that the
signal and idler noise is correlated at the input of the link where
the nonlinearities are strong, also NLPN. Furthermore, if the
noise is uncorrelated when superimposing the waves at the end
of the link a benefit can also be obtained from improved OSNR.

The condition of having correlated noise in the beginning of
the link and uncorrelated noise at the end of the link is in prin-

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 3, FEBRUARY 1, 2015

ciple possible to achieve in a real system using the copier-PSA
scheme. The copier will generate correlated noise on signal and
idler which will generate correlated NLPN on the two waves.
The attenuation from the link then decorrelates the noise on
signal and idler, which can also be viewed as coupling in vac-
uum noise that is uncorrelated on the signal and idler [8], [16].
This enables an OSNR improvement with respect to operating
with a PIA. In a link based on the copier-PSA scheme we there-
fore expect to see a sensitivity improvement through summing
uncorrelated noise while still cancelling correlated SPM and
NLPN.

In asingle-span link we do not expect significant NLPN due to
high OSNR at the beginning of the link. However, in a multi-span
link the NLPN can become substantial as the OSNR will de-
grade for each span. The performance improvement from NLPN
cancellation is thus expected to be more important in multi-
span PSA-amplified links than in single-span PSA-amplified
links. Multi-span PSA-amplified links will be discussed briefly
in Section V.

C. Dispersion Map Dependence

In order to investigate how the dispersion map impacts the
nonlinearity mitigation, and to ascertain the optimal dispersion
map as used in the previous section, we performed numerical
simulations. We used the same system model (illustrated in
Fig. 3) and SSFM solver as was used to generate the results
presented in the previous section. To highlight the effect of
nonlinear distortions from ISI the OSNR was kept high (20 dB)
and the effect of superposition was analyzed by comparing the
error vector magnitudes (EVMs) of the signal with and without
summation with the idler. Although EVM is perhaps not well
related to BER in the case of significant phase distortion, it does
give a good indication as to the behavior of the copier-PSA
system.

We used a 10 GBd quadrature phase-shift keying (QPSK)
signal consisting of 1310 symbols with 200 samples per sym-
bol. The SSMF attenuation and length was varied while 3, =
17ps/(nm-km) and v = 1 x 1073(W -km)~! in all cases. The
noise on signal and idler was correlated.

Fig. 7 shows the EVM improvement gained by coherent sum-
mation versus pre-compensation in 80, 100, and 120 km dis-
persion compensated links with o = 0.22 dB/km. The launch
power was set to 15 dBm, resulting in nonlinear transmission.
As the effective lengths of these links are quite similar, the mag-
nitude of nonlinear phase shift in each case should be similar.
A clear optimum pre-compensation is observed in all cases,
changing slightly with length. The inset shows the result of a
finer sweep around the predicted optima. This shows an optimal
pre-compensation close to 25% for the 80 km link, 20% for
100 km, and 17% for 120 km.

Fig. 8 shows EVM for signal with and without superposi-
tion versus launch power in a 100 km long link that was pre-
compensated, symmetrically compensated or optimally com-
pensated. It is clear that the optimal dispersion map with 20%
pre-compensation provides for the best system performance in
terms of mitigation of nonlinear distortions. The change in EVM
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Fig. 7. EVM improvement versus pre-compensation comparing simulated
output signal with and without superposition for 80, 100 and 120 km dispersion
compensated links with &« = 0.22 dB/km. The launch power into the SSMF was
setto 15 dBm.

EVM (dB)

Launch power P;, (dBm)

Fig. 8. Signal EVM with (Bj) and without (Ag) superposition versus launch
power with various amount of pre-compensation in a 100 km dispersion
compensated link with o = 0.22 dB/km. The cases considered are 0% (post-
compensation), 20% (optimal compensation), and 50% pre-compensation (sym-
metric map, as per [12]).

with varied pre-compensation in the nonlinear regime is an ef-
fect already investigated in several contexts (see e.g. [26], [30],
[31D).

By calculating the DCF lengths corresponding to the optimum
values of pre-compensation found in Fig. 7 we find that the opti-
mum DCF length is constant with total link length, at a value near
20 km (340 ps/nm). This then shows that for a fiber with v =
0.22 dB/km, the optimal lumped pre-dispersion that should be
applied at the start of the span can be well characterized. We note
that this optimal pre-dispersion “length” is close to the value of
the maximum effective length of the fiber [32], 1 /o = 19.6 km.

To investigate this further, we change the value used for at-
tenuation in the link. Dispersion map and launch power were
varied for fibres with the same properties as before, but with at-
tenuations of 0.33, 0.22, or 0.15 dB/km. The launch power was
set to 13, 15, and 17 dBm to keep the product vP Leg similar
for all attenuations. Over the 100 km span investigated, these at-
tenuations provide effective lengths of 13.1, 19.6, and 28.0 km
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Fig. 9.  EVM improvement versus pre-compensation comparing simulated

output signal with and without superposition for a 100 km link with 0.15, 0.22,
and 0.33 dB/km fiber attenuations. Launch power in the nonlinear regime, scaled
inversely to the effective length.

0
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Fig. 10. Signal EVM with (By) and without (Ag) superposition versus

launch power with various amount of pre-compensation in a 100 km disper-
sion compensated link with = 0.33 dB/km. The cases considered are 0%
(post-compensation), 17% (optimal compensation), and 13% pre-compensation
(corresponding to the effective length).

respectively. Fig. 9 shows the EVM improvement, with and
without superposition, versus pre-compensation for the three
different attenuations.

For the 0.15 and 0.22 dB/km cases, Fig. 9 shows that the
optimal pre-dispersion scales reasonably well with the change
in effective length, with optimal pre-dispersion “lengths” of 26
and 20 km respectively. The inset shows the result of a finer
sweep around the predicted optima. For the 0.33 dB/km case,
there is no clear optimum, but a range between 15—18 km. This
does not scale quite so well as the other attenuation cases. We
see that in the 0.33 dB/km case 13 km pre-compensation provide
less improvement compared to 17 km pre-compensation. How-
ever, the EVM for the signal without superposition is better with
13 km pre-compensation than with 17 km pre-compensation as
can be seen in Fig. 10 where we plot EVM for the signal with
and without superposition versus launch power in a 100 km long
link with 0.33 dB/km attenuation that was pre-compensated,
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Experimental setup used for demonstrating simultaneous sensitivity improvement and nonlinearity mitigation in a 10 GBd 16QAM link. EDFA:

erbium-doped fiber amplifier, HNLF: highly nonlinear fiber, VOA: variable optical attenuator, DCF: dispersion compensating fiber, SSMF: standard single mode
fiber, FBG-DCM: fiber Bragg-grating dispersion-compensating module, PSA: phase-sensitive amplifier, PIA: phase-insensitive amplifier, LO: local oscillator,

DSP: digital signal processing.

optimally compensated, or pre-compensated with an amount
corresponding to the effective length. As such it is not clear
exactly how a link with higher propagation loss should be de-
signed, preventing us from proposing a hard rule-of-thumb for
design. Care should thus be taken in designing systems with
higher propagation losses than SSMF.

In these simulations, the modulation format used is QPSK,
as per [13], [14]. Preliminary simulations with 16QAM show
a wider range of pre-compensation lengths for which the EVM
improvement is close to the optimum value than what is ob-
served with QPSK. This may be due to the increased number of
different phase and amplitude states providing a greater num-
ber of possible amplitude fluctuations due to ISI, which in turn
may cause some different patterns to provide similar nonlin-
ear distortions. So, even though signal and idler are dispersed
differently, the resulting ISI driven nonlinear distortion may be
similar.

IV. EXPERIMENTAL DEMONSTRATION

To experimentally demonstrate PSAs capability of simulta-
neously mitigating nonlinear distortions and improving receiver
sensitivity, as well as amplifying a 16QAM signal, we carried
out a single-channel, single-span transmission experiment [20].

A. Experimental Setup

The experimental setup is shown in Fig. 11 and was based on
previous demonstrations [14], [28]. A continuous wave (CW)
laser (200 kHz linewidth) at 1549.5 nm was modulated with
10 GBd 16QAM data using an IQ-modulator and then combined
with a 28 dBm CW pump at 1553.7 nm using a WDM coupler.
The waves were launched into the copier which consisted of two
cascaded spools of highly nonlinear fiber (HNLF) and provided
a net conversion efficiency of about —5 dB, generating an idler

wave at 1557.5 nm. The pump wave was then attenuated for
4 dBm launch power into the SSMF using a variable optical
attenuator (VOA), VOAL, and passed through an optical delay
line for equalization of the optical path undertaken by the pump
wave and the signal and idler waves between the copier and the
PSA. The signal and idler waves were passed through an optical
processor for delay and amplitude tuning. The waves were tuned
so that they had the same timing and amplitude at the PSA
input. The optical processor was also used for switching between
phase-insensitive (PI) and PS operation by either blocking or
letting through the idler wave.

After re-combining the three waves they were launched into
a DCF for pre-compensation equivalent to 23.6 km of SSMF.
The powers launched into the DCF were below 0 dBm for both
the signal and the idler while the pump power was about 5 dBm.
The signal and idler waves were then amplified by EDFA2
and attenuated by VOA?2 to set the launch power into the link.
The signal launch power was measured at point P;,, indicated
in Fig. 11. The link consisted of 105 km SSMF followed by
a fiber Bragg-grating dispersion-compensating module (FBG-
DCM) compensating for the remainder of the link dispersion.
The total link loss was 30 dB and the dispersion map was chosen
based on an optimum for efficient nonlinearity mitigation found
for 10 GBd QPSK data [14].

After the link the pump wave was recovered using a hybrid
EDFA/injection-locking system [28], before being launched into
the PIA/PS A together with the signal and idler waves. The pump
recovery stage also included a PLL to stabilize the relative phase
between the pump and the signal and idler against thermal drift
and acoustic noise introduced by splitting the pump and the
signal and idler in different paths [28]. The received signal
power was varied using VOA3 and measured at point P,.. Only
the signal power was accounted for when measuring launch
power at P;,, and received power at P,... The PIA/PSA FOPA
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Fig.12.  Comparison of experimentally obtained 16QAM signal constellations
measured at link output, PIA output, and PSA output, for the cases of 0 dBm
and 11 dBm power launched into the link. The signal power into the PIA/PSA
was —35 dBm.

was implemented with a cascade of four HNLFs similar to the
one described in [33], and provided 19 dB net gain in PS-mode
and 13.5 dB net gain in PI-mode.

The amplified signal was then filtered and passed to a pream-
plified coherent receiver where it was mixed with a 300 kHz
linewidth local oscillator laser at 1549.5 nm in a 90° hybrid fol-
lowed by detection and sampling using balanced photodiodes
and a real-time sampling oscilloscope with 16 GHz bandwidth.
We use the same DD-LMS-based DSP as was used to process
the output from the numerical simulations with 16QAM. How-
ever, in this case we also included a FFT-based frequency offset
estimation in the DD-LMS loop [29].

B. Experimental Results

Measured 16QAM constellations are shown in Fig. 12. Con-
sidering first the constellations measured at the link output, we
see that the signal is undistorted at 0 dBm launch power while at
11 dBm launch power it shows severe nonlinear distortion. The
nonlinear distortion is evident from the SPM induced rotation
of the constellation, which is clearly larger for the constellation
points on the outermost ring. These constellation points also
suffer from more NLPN. In this case, the signal is distorted to
the point that the measured BER is close to 0.5.

The constellations at PIA and PSA output were measured
with —35 dBm signal power into the PIA/PSA. At 0 dBm launch
power, there is a reduction in noise for the PSA case compared
to the PIA case, as is expected from the lower PSA NF. The
difference between the PIA and PSA cases is even clearer when
the PIA/PSA input is highly distorted (at 11 dBm launch power).
The result is due to the PSA being able to correct for the SPM
related phase rotation. No evident NLPN reduction can be seen
in the PSA case which is due to the noise at the input of the
link being dominated by amplified spontaneous emission (ASE)
noise added by EDFA2 which is uncorrelated at signal and idler
wavelength. A slight offset of the inner-level points toward the
center can be seen in the PSA case. This is caused by the PLL,
as explained in connection to Fig. 4.

2
—— Pin=0 dBm
PIA | —e— Pj;=7 dBm
251 —e— P;,=11 dBm
-
24
2
s 3
—
o0
i)
1
3.5
4 \ \ \ \
—48 —44 —40 —36 —32
Received signal power P,. (dBm)
Fig. 13. Measured BER versus received power for PIA and PSA at different

launch powers into the link.

In Fig. 13 we compare the PIA and PSA in terms of BER
versus received power P, for different signal launch powers
Pin. At 0 dBm launch power the PSA provides 5.7 dB better
sensitivity than the PIA at a BER of 1 x 1073, This is close to
the 6 dB that we expect when signal and idler are shot noise
limited at the PSA input. Increasing the signal launch power
to 7 dBm no penalty can be seen for the PSA while the PIA
sensitivity is degraded by about 2.4 dB at a BER of 1 x 1073,
Further increasing the launch power to 11 dBm a small penalty
can be seen for the PSA at BERs below 1 x 10~% while for the
PIA the BER was close to 0.5 for all received powers due to the
strong nonlinear distortion. The PSA-amplified link thus allow
for more than 12 dB larger link loss to reach the same BER of
1x 1073,

V. DISCUSSION

In this paper we have considered the case of single-span,
single-channel transmission. In a WDM system we expect sig-
nal distortion not only from intra-channel nonlinear effects but
also from inter-channel effects. The mitigation of nonlinear dis-
tortions in multi-channel PSA-amplified links has not yet been
investigated. However, with the complete signal-band copied
and conjugated to the idler wavelength we expect the signals
and idlers to experience correlated distortions also from inter-
channel nonlinearities thus enabling mitigation through super-
position in a PSA. In [12] mitigation of inter-channel nonlin-
earities was demonstrated in a related twin-wave system where
the superposition of signals and conjugates was carried out after
coherent detection in DSP. We do however expect that in at-
tempting to compensate for phase distortions over a wide WDM
bandwidth, that the system will be more sensitive to the precise
dispersion map used for the link, which is likely to limit achiev-
able performance improvements.

Multi-span links with in-line PSAs have thus far only been
demonstrated using a degenerate idler scheme [18]. This scheme
is neither WDM compatible nor modulation format independent.
In a multi-span link based on the copier-PSA scheme low noise
amplification and nonlinearity mitigation would take place at
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each PSA node, according to the principles described in this
paper. Accumulation of noise would thus be reduced, as would
the accumulation of signal distortions due to nonlinearity. After
each amplification stage the noise on signal and idler would
be correlated thus also enabling mitigation of NLPN. However,
there might be other penalties associated with multi-span PSA-
amplified links. In particular noise accumulation on the pump
through the pump recovery system could cause performance
degradation at long transmission distances [28].

The copier-PSA scheme is unique in its ability to deal with
non-deterministic sources of nonlinear phase distortions, partic-
ularly NLPN. DBP cannot deal with stochastic variations, and
the optical noise on the twin-waves of [12] is uncorrelated which
may also hinder mitigation of NLPN. The copier-PSA scheme,
however, provides correlated noise on both signal and idler,
allowing for mitigation of the otherwise unpredictable NLPN.

VI. CONCLUSION

We have investigated the properties of PSA-amplified trans-
mission links analytically, numerically, and experimentally. We
presented a theory based on a transfer matrix approach explain-
ing how PSAs can provide improved sensitivity compared to
PIAs and the possibility of nonlinearity mitigation. We discussed
how the properties of the noise on signal and idler impact the
PSA sensitivity and nonlinearity mitigation.

By numerically simulating a single-span, single-channel
PSA-amplified transmission link we demonstrated both im-
proved OSNR, leading to improved sensitivity, and mitigation
of SPM induced distortions as well as NLPN. The dependence
of the efficiency for nonlinearity mitigation on the dispersion
map was also investigated numerically and we found that for
SSMF with a loss of 0.15 and 0.22 dB/km the optimal amount
of pre-compensation is roughly equal to the effective length.
For fiber with higher loss the optimum is slightly offset from
the effective length.

We experimentally demonstrated transmission of a 10 GBd
16QAM signal over a PSA-amplified link and compared it with
a PIA-amplified link. In the linear propagation regime, the PSA-
amplified link showed 5.5 dB higher sensitivity than the PIA-
amplified link, owing to the improved noise performance. In the
nonlinear regime, the PSA is able to correct for much of the non-
linear phase rotation of the signal. This results in a recoverable
signal even for large nonlinear phase shifts, that would otherwise
have led to failing DSP. The combined effect of improved sensi-
tivity and mitigation of nonlinearities allow the PSA-amplified
link more than 12 dB larger link loss than a PIA-amplified to
reach the same BER of 1072,
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