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Looped Polarization-Insensitive Fiber Optical
Parametric Amplifiers for Broadband High Gain
Applications
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Abstract—We investigate polarization insensitive fiber optical
parametric amplifiers (FOPAs) employing a balanced polarization
diversity loop with at least two unidirectional gain fibers. We
describe and compare three variants of looped polarization
insensitive FOPAs optimized for noise figure, mitigation of
nonlinear impairments and their trade-off, respectively. The test
scenario consists of amplifying, by up to 14 dB, a set of 21x50 GHz-
spaced channels including a 35 GBaud PDM-QPSK signal, and
evaluating a power of nonlinear crosstalk, noise figure and
amplified signal BER for each variant. For the first time we
demonstrate a polarization insensitive FOPA amplifying WDM
signals with a noise figure as low as 5.8 dB, and a polarization
insensitive FOPA with output WDM signal power of 23 dBm. The
testing results let us identify likely application scenarios for each
looped FOPA variant. We justify potential implementation of
polarization-insensitive FOPAs in future optical communication
systems by arguing its ability to deliver low noise figure <6 dB for
output signal power as high as 29 dBm and to enable polarization
insensitive gain for the most prominent single-polarization FOPA
achievements realizing ultrawide high gain.

Index Terms —Nonlinear optics, Optical fiber amplifiers,
Optical parametric amplifiers, Optical fiber communication,
Wavelength-division multiplexing.

I. INTRODUCTION

IBER optical parametric amplifiers (FOPAs) have the

potential to play an important role in future optical
communications by surpassing limits associated with fiber-
doped amplification. FOPA allows for an ultimate wavelength
flexibility highly beneficial for emerging ultra-wideband
optical communications [1]. Thus, FOPAs can operate in
arbitrary wavelength range [2], and its operation across O, E, S,
C, and L bands and beyond has already been demonstrated
[3]-[6]. In addition, FOPA can provide a virtually
unconstrained gain bandwidth [2] with experimental
demonstrations reaching 270 nm [7]. An exclusive ability of
parametric amplifiers (including FOPA) is phase-sensitive
amplification [8]. It allows for noise figure approaching
0 dB [9] and can double sensitivity (or capacity) of low SNR
links [10] or significantly increase a fiber optic link reach, e.g.
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more than fivefold in [11]. FOPA stands out with its virtually
instantaneous response time (~1fs) [12]. It therefore allows for
transient-free operation in ultra-fast applications and optical
communication links with bursty traffic, where FOPA can have
a significant advantage over doped-fiber and Raman
amplifiers [13]. Although FOPAs share most of their merits
with other optical parametric amplifiers (e.g. based on
LiNbOs) [14],[15], FOPAs are capable of much higher output
signal power due to superior power handling of optical fiber.

Most of these FOPA achievements have been demonstrated
using a single-polarization gain, but field applications require
polarization insensitive (PI) gain, which is challenging to
achieve with FOPA. A FOPA employing two orthogonally-
polarized pumps has been shown to provide a PI gain up to
15 dB over a bandwidth up to 20 nm for a single channel [16].
However, WDM signals have only been amplified over
bandwidth of 8 nm with on/off gain of 10 dB [17]. The key
issues of PI-FOPAs are the three-fold gain coefficient reduction
due to pumps orthogonality [18], and the requirement to have
two high power pumps separated by bandwidth more than twice
that of the WDM signals [6].

Instead, a polarization diversity loop with unidirectional gain
fibers can greatly extend the potential of PI-FOPAs [19]. In this
configuration an input signal is split into orthogonal linearly-
polarized components counter-propagating in a loop
(Fig. 1(a-c)). The signal components are independently but
equally amplified within the loop before being recombined. The
loop employs at least two gain fiber lengths each pumped
unidirectionally and therefore amplifying only the signal
component co-propagating with a pump. Consequently, each
signal component passes through a ‘Gain’ section where it is
amplified and a ‘Loss’ section where it has no gain but passive
attenuation (Fig.2). Employment of unidirectional gain
sections in the loop prevents the detrimental nonlinear
interaction between counter-propagating dithered pumps (due
to Brillouin scattering and four-wave mixing) occurring in the
case of high bidirectional gain [20].

Looped PI-FOPAs have enabled dual-polarization WDM
amplification with net gain up to 20 dB across bandwidth up to
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Fig. 1. Experimental setups of the three looped PI-FOPA variants (a-c), a testbed for their characterization (d), and a pump source used with all FOPA variants (e).

18 nm [21] and the first-ever employment of FOPA in a
recirculating loop for multi-span transmission [22]. Looped PI-
FOPAs essentially consist of two or more single-polarization
FOPAs so they have a great potential to inherit achievements of
polarization-sensitive FOPAs both degenerate and non-
degenerate (i. e. single- and dual-pump) and thus to deliver
ultra-wide bandwidth high gain polarization-insensitive
parametric amplification [6], [23].

The first looped PI-FOPA variant called “Gain — Loss” (GL)
has each signal component first amplified in the respective
‘Gain’ section and then propagated through the respective
‘Loss’ section (Fig. 1 (a), Fig. 2(a)) [19]. It allows for the best
noise figure according to the Friis formula [24] by minimizing
signal loss preceding amplification [25]. However, the
propagation of amplified signals through the ‘Loss’ section can
lead to significant nonlinear impairments [21] and degrade the
FOPA performance for broadband WDM applications.

Another variant of the looped PI-FOPA called “Loss — Gain”
(LG) was proposed in [21] to mitigate nonlinear impairments
by first propagating low power signal through the ‘Loss’ section
and then amplifying it in the ‘Gain’ section (Fig. 1(b),
Fig. 2(b)). The LG variant has indeed reduced the nonlinear
impairments by 11.5 dB as compared to the GL variant [26].
However, it was unclear if this improvement overweighs a
linear noise figure penalty envisaged for the LG variant due to
placing the ‘Gain’ section after most of the loop insertion loss.

In this paper we propose a new looped PI-FOPA variant
called “Gain — Filter — Loss” (GFL), and compare performance
of all three variants (GL, LG and GFL) for applications in fiber
optical communications. The GFL variant features a filter
removing idlers between the ‘Gain’ and the ‘Loss’ sections
(Fig. 1(c), Fig. 2(c)), which allows to eliminate inter-channel
nonlinear impairments (nonlinear crosstalk) involving idlers in
the ‘Loss’ section [27]. We employ each of three looped PI-
FOPA variants to amplify a set of 21 WDM channels as their
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Fig. 2. A path of signal components in the loop for the three PI-FOPA variants.
The signal path representation is the same for both signal components.

power is varied and evaluate nonlinear crosstalk power, noise
figure and BER of a 35 GBaud PDM-QPSK channel. We
demonstrate the GFL variant to mitigate nonlinear crosstalk
power by up to 4.9 dB as compared to the GL variant without
incurring a noise figure penalty. Although the LG variant
provided a further nonlinear crosstalk mitigation by up to
12.1 dB, it suffered from ~6 dB noise figure penalty. Therefore,
the proposed GFL variant allowed for the highest output signal
power of a polarization insensitive FOPA with net gain of
14 dB and a noise figure of ~6 dB in a WDM environment
demonstrated for the first time to the best of our knowledge.
Nevertheless, we suggest application scenarios for each of the
three looped PI-FOPA variants. We additionally propose a
“Gain — Loss — (Filter) — Gain — Loss” variant of a looped PI-
FOPA and a Mach-Zehnder-like PI-FOPA architecture for
further performance improvement.

This work comprises and extends our conference
publications, which proposed idlers removal prior to the ‘Loss’
section for a penalty-free mitigation of nonlinear crosstalk [27],
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Fig. 3. Optical power spectra measured at the FOPA input show WDM channels
at their highest (blue) and the lowest (red) power.

and compared the looped PI-FOPA variants in terms of the
amplified signal BER [28] and noise figure [29], [30].

II. EXPERIMENTAL SETUP

Fig. 1(d) shows experimental setup for characterization of
polarization insensitive FOPAs. It consisted of a WDM
transmitter producing a set of WDM channels, one of the looped
PI-FOPA variants amplifying these channels (Fig. 1(a-c)), and
a receiver counting errors of an amplified signal. An optical
spectrum analyzer (OSA) was connected to the FOPA input and
output via calibrated 1% tap couplers for measurements of net
gain, noise figure and nonlinear crosstalk.

The WDM transmitter produced 21x 50 GHz-spaced WDM
channels between 1533.5nm (195.5 THz) and 1541.3 nm
(194.5 THz) as shown at Fig. 3. The middle channel at
1537.4 nm (195 THz) was a 35 GBaud PDM-QPSK signal
sourced from a Ciena transponder WaveLogic 3 with data rate
of 100Gb/s and forward error correction overhead of 29%. The
remaining channels were emulated by shaping an amplified
spontaneous emission (ASE) with a wavelength selective
switch (WSS) to replicate the 35 GBaud PDM-QPSK channel
spectral shape. The WSS combined the data channel with the
emulated channels to measure the signal gain, power and BER,
and blocked the data channel to measure power of noise and
nonlinear crosstalk at its wavelength. All the channels were
then amplified by an EDFA and passed via a variable optical
attenuator (VOA) to set power per channel in the range
from -25 dBm to -4 dBm. This range includes high input signal
powers to evaluate the FOPA performance with high total
output power, e.g. in case of a large channel count. The WDM
channels’ state of polarization was not controlled.

The WDM receiver varied the signal OSNR, filtered it and
measured BER at fixed received power. A fixed power ASE
noise was mixed with the amplified WDM channels via a 5%
coupler to vary the received signal OSNR proportionally with
its launch power. Then, a WSS filtered the 35 GBaud PDM-
QPSK channel and attenuated it to set the detected signal power
of -19 dBm. Finally, this channel was coherently detected by
the Ciena transponder WaveLogic 3 to find the channel BER
via error counting.

All examined PI-FOPA variants reused the same polarization
diversity loop with minor changes (Fig. 1(a-c)). An input signal
was injected in the loop via an optical circulator followed by a
polarization beam splitter (PBS). The PBS split the input signal

into two orthogonal components counter-propagating in the
polarization diversity loop. Then, the PBS recombined signal
components amplified in the loop and passed them to the FOPA
output via the optical circulator. The minimum insertion loss
from the input to the output was 5.5 dB.

The loop contained two lengths (250 m and 200 m) of HNLF,
two pairs of wavelength division multiplexers, and a
polarization controller (PC). The HNLF lengths had a zero-
dispersion wavelength of ~1564 nm, a dispersion slope of
~84 s'm™ and a nonlinearity coefficient of ~8.2 W-!-km™!. Each
pair of multiplexers coupled (MUX) and decoupled (DEMUX)
signals and a pump in a respective HNLF length. Each length
of HNLF was therefore a gain medium for only the signal
component co-propagating with the local pump. Polarization of
each pump was aligned with polarization of the corresponding
signal using a PC. A PC inside the loop ensured signal
components to recombine in the PBS with minimal loss.

The pumps were sourced from a single100 kHz linewidth
laser at 1564.4 nm, phase modulated with three RF tones to
mitigate SBSand split in two pumps using a 50%
coupler (Fig. 1(e)). The pumps were independently amplified
by high power EDFAs. The pump powers were fine-tuned by
variable optical attenuators (VOA) to set the 35 GBaud PDM-
QPSK channel net gain of 14+0.2 dB and PDG <0.2 dB for all
measurements. Pump powers in the 250 m and the 200 m
HNLF lengths were in ranges of 1.9...2.4 W and 2.4..2.9 W
respectively. The pump powers were increased slightly with
input signal power to compensate for pump depletion and
maintain the target net gain.”

The key difference between the looped PI-FOPA variants is
the direction of pumps (Fig. 1, Fig. 2). In the GL and GFL
variants the pumps are injected near the PBS and removed in
the middle of the loop. In the LG variant the pumps are injected
in the middle of the loop and removed on the PBS side of HNLF
lengths. The GFL variant features an idler remover inserted
between the HNLF lengths. The idler remover consisted of two
C/L band splitters connected to pass the C band signals on,
while removing idlers in the L band. The idler remover had
insertion loss of ~1 dB, so pump powers were slightly higher in
this scenario to deliver the same net gain.

III. RESULTS AND DISCUSSION

A. Spectral analysis

Fig. 4 shows net gain and polarization dependent gain (PDG)
of every WDM channel at input power of —25 dBm per channel
for all examined FOPA variants. Net gain of all channels was
found using optical power spectra measured at the input and the
output of PI-FOPA and shown at Fig. 5(a). These spectra were
measured via a pair of calibrated 1% tap couplers before and
after the circulator (Fig. 1(d)). The PDG of all channels was
found using the optical power spectra of the two signal
components at the input and the output of the loop. They were
measured via a pair of calibrated bidirectional 1% tap couplers
connected to the PBS in the loop (Fig. 1(a-c)). Then, the gain
for each signal component was derived, and PDG found as a
difference between the signal components’ gain.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3099441, Journal of

Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

|—9— Gain - Loss —&—Gain - Filter - Loss —%—Loss - Gainl

15 T T T T T T T T
D14t g-8-58 7 ]
Z
=13t .
<
on
3 12 35 GBaud T

ul PDM-QPSK. |
g1 '
=
o Of 1
)

A~ F i

1533 1534 1535 1536 1537 1538 1539 1540 1541 1542

Wavelength (nm)

Fig. 4. Small signal net gain and polarization dependent gain (PDG) for every
channel and FOPA variant. The 35 GBaud PDM-QPSK signal band is
highlighted.

Net gain of 12.8+1.5 dB and PDG < 0.8 dB were observed
across 21 WDM channels spanning over 8 nm. Gain spectra of
each variant are sufficiently close to compare them fairly. The
PDG could be improved by optimizing pump wavelengths
and/or by employing gain fibers of equal length. The bandwidth
occupied by WDM channels could be higher if the channels
were extended towards longer wavelengths. However, gain
bandwidth and PDG are not the key figures of merit for this
work, so further we focus on evaluation of noise figure and
nonlinear impairments in the looped PI-FOPA variants.

Fig. 5 shows comparison of optical power spectra at the
output of each examined FOPA variant as input power per
channel is varied from -25 dBm to -5 dBm. This corresponds to
the total output signal power ranging from 2 dBm to 22 dBm.
The middle channel was removed by the transmitter WSS
(Fig. 1(d)) to evaluate the in-band nonlinear crosstalk. The
combined power of noise and nonlinear crosstalk is highest at
the middle channel in most cases, and it is only slightly lower
at the signal band edges. Therefore, the middle channel is
sufficiently representative to be used for further evaluation of
the variants’ performance. Fig. 5 shows once again that output
optical spectra of all examined FOPA variants consistently

a) Input power per channel: -25 dBm

b) Input power per chann'elz -15 dBm

overlap at frequencies where WDM channels are present, so
these spectra can be used for a fair comparison of the FOPA
variants.

In the linear power regime, e.g. with -25 dBm input signal
power per channel, there are no signs of nonlinear crosstalk
products in all FOPA variants (Fig. 5(a)). The GL and GFL
variants lead to identical optical power spectra in this case, but
the LG variant produces a much higher noise level.

Fig. 5(b) shows the output optical spectrum for input signal
power per channel of -15 dBm, about the highest power level
expected at the end of a typical fiber span. There is only residual
evidence of nonlinear crosstalk, in the GL and GFL variants, in
the form of a ripple around the signal band. The combined
power of spontaneous noise and nonlinear interference has
therefore increased in the GFL and GL variants and became
0.5dB and 1.5dB higher than that of the LG wvariant
respectively.

Fig. 5(c) shows the output optical spectrum for
uncharacteristically high input signal power per channel
of -5 dBm and the output signal power substantially above the
optimum launch power for typical optical links (~0 dBm). In
this case significant nonlinear crosstalk products are generated
in all FOPA variants, whereas the GL variant leads to the
highest nonlinear crosstalk power of all. Although nonlinear
interference after the GFL variant is very high too, it is ~4.5 dB
lower than in the GL variant due to the nonlinear crosstalk
mitigation by a filter. The LG variant provides a further
reduction of nonlinear crosstalk by ~12 dB.

Overall, the GL and the GFL variants has much lower linear
noise power than the LG at typical input signal power levels but
suffer from much higher nonlinear crosstalk power than the LG
at high input signal power. The GFL allows for as good
performance as GL at low signal power and better performance
than the GL at high signal power because of the filter. Next
section provides a detailed comparison in terms of nonlinear
crosstalk, noise figure and signal performance.

B. OSNR, noise figure and bit error rate

In this subsection the PI-FOPA variants are characterized in
terms of OSNR, noise figure and bit error rate as a function of
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Fig. 5. Optical spectra at the input and output of each FOPA variant show power of noise and nonlinear crosstalk for a range of input signal powers. The middle
channel was removed by the transmitter WSS to evaluate the in-band nonlinear crosstalk.
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Fig. 6. Example optical power spectra at the input and the output of FOPA with
and without the middle channel for OSNR and noise figure measurements. The
very high nonlinear crosstalk case is shown for illustration purpose.

the total output power of the WDM channels. The results are
presented against the total output power because it is one of the
key PI-FOPA figures of merit as its performance is often
limited by nonlinear crosstalk.

Fig. 6 shows example optical spectra at the FOPA input and
output for measurements of OSNR and noise figure. First, the
input Sinpu and output Soupu signal powers were measured at the
central channel frequency. Second, the central channel was
removed by the transmitter WSS to measure the combined
power of noise and nonlinear crosstalk at the same frequency at
the FOPA input (Njyu:) and output (Nowpw:). The OSNR and
noise figure measurements therefore accounted for a combined
impact of linear noise and nonlinear crosstalk both having a
Gaussian distribution in multichannel systems [31]. Then, the
output signal OSNR and the FOPA noise figure were found
using equations (1) and (2) [32], where G is the signal gain
given by (3), 4 is the Planck’s constant, v=195 THz is the
central channel frequency, and B =19 GHz is the OSA
resolution bandwidth. Fig. 6 shows that removing a channel
slightly reduces the nonlinear crosstalk level by ~0.5 dB at the
edges of the signal band. We therefore estimate that overall
noise figure and OSNR measurement error was less than 1 dB.

S()utput - Noutput
OSNRoutput =5 ( 1 )
output
— Noutput + l _ Ninput (2)
GhvB G hvB
G — Sgutput - xoutput (3)
input - input

Fig. 7 shows OSNR at the central channel versus the total
power of WDM channels at the output of every FOPA
configuration. The OSNR was calculated using (1) and
accounted for both linear noise and nonlinear crosstalk. The
OSNR was defined by linear noise at low signal power and by
nonlinear crosstalk at high signal power (Fig. 5).

At low signal power the OSNR improved by 1 dB per 1 dB
of signal power for all examined FOPA variants which indicates
the linear operation regime. The OSNR measurements at low
signal power show that the GL and the GFL variants allow for
~5 dB lower linear noise power than the LG variant (Fig. 7).
We attribute up to 3 dB OSNR penalty to an additional signal
attenuation before the gain section in the LG variant. We

10 F —8—(Gain - Loss (GL)
—=— Gain - Filter - Loss (GFL)

: 49 dB
—¥—Loss - Gain (LG)

0 2 4 6 8§ 10 12 14 16 18 20 22 24
Total output power (dBm)
Fig. 7. OSNR of the middle channel shown as a function of total WDM
channels power at the output of each FOPA variant. The OSNR shows the
signal to linear noise ratio at low power and the signal to nonlinear crosstalk
ratio at high power.

suggest a further penalty might be caused by aggravation of
backscattering and reflections in the LG variant. A small 0.5 dB
advantage of the GFL over the GL variant in the linear regime
might be a measurement error, but its consistency might as well
indicate a noise reduction in the loop due to early removal of
idlers. For example, backscattering and reflections can
contribute to noise of counter-propagating signals.

At high signal power the OSNR decreased by 1.8 dB per
1 dB of signal power for all examined FOPA variants which
indicates operation limited by nonlinear effects. The OSNR
measurements show that the LG variant mitigates nonlinear
crosstalk by 12 dB and 17 dB as compared to the GFL and the
LG variants respectively (Fig. 7). This implies that up to 98%
of nonlinear crosstalk power in the GL variant is generated in
the ‘Loss’ section. The nonlinear crosstalk power difference of
5 dB between the GL and the GFL variants means the idler
removal before the ‘Loss’ section has decreased the overall
nonlinear crosstalk power by a factor of ~3. This implies that
about 2/3 of nonlinear crosstalk power produced in the ‘Loss’
section involved idlers, which agrees with nonlinear crosstalk
analysis in [34].

Overall, the LG variant has allowed for the highest OSNR of
27 dB outperforming the GFL and the GL by 1 dB and 1.7 dB
respectively. Importantly, the LG variant superiority and the
GL variant inferiority in terms of the peak OSNR is likely to
remain unless the looped PI-FOPA is modified significantly
because most system improvements affect all variants equally.
Moreover, the LG variant advantage can be further improved if
the 5 dB linear noise penalty is reduced.

Fig. 8 shows the noise figure measured at the central channel
frequency for each looped PI-FOPA variant as the input signal
power was varied. The minimum noise figure of 5.8 dB and
6.5 dB was measured for GFL and GL variants respectively
when the total output power was 2 dBm. The minimum noise
figure was mostly comprised of the 3 dB limit for phase-
insensitive amplifier and the ~2 dB penalty caused by the
insertion loss between the PI-FOPA input and the gain
fiber [25]. The LG variant had a minimum noise figure of
11.9 dB, which is >5 dB more than the GL and the GFL
variants. Although insertion loss preceding the gain fiber was
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Fig. 8. Noise figure at the middle channel shown as a function of total WDM
channels power at the output of each FOPA variant.

as high as ~4 dB in the LG variant, it is 5 dB short of causing
~12 dB noise figure. We suggest backscattering and reflections
could be an additional major source of linear noise in the LG
variant.

Noise figure of all looped PI-FOPA variants increased by up
to 2.8 dB per 1 dB of signal power when nonlinear crosstalk
power exceeded linear noise power (Fig. 8). This means the
nonlinear crosstalk power scaled with the output signal power
P as ~P>8 which is close to the theoretically predicted ~P3 for
the second order nonlinear crosstalk dominating in the center of
the signal band [34]. The noise figure of the GL variant reached
7 dB at the output signal power of 6 dBm and quickly grew with
further signal power increase. The GFL variant allowed for
~1.2 dB higher output signal power than the GL variant for the
same noise figure due to an improved nonlinear crosstalk
tolerance. The LG variant demonstrated a further nonlinear
crosstalk tolerance improvement by 5 dB as compared to the
GFL variant. The LG variant has consequently showed the
lowest noise figure of all looped PI-FOPA variants for the
output signal power above 12 dBm. Emergence of nonlinear
crosstalk at such a moderate signal power was due to
employment of long (=200 m) gain fibers [35].

Although the noise figure measurement performed in optical
domain does not account for some impairments intrinsic to
channel, e.g. intra-channel nonlinear impairments, it does
account for the key sources of signal degradation: linear noise
and inter-channel nonlinear impairments (nonlinear crosstalk).
Thus, inter-channel nonlinear impairments dominate over the
intra-channel ones for large channel counts (essentially >10)
[31]. Therefore, the noise figure measurements performed here
allow to analyze the trade-off between linear and nonlinear
performance, whilst the BER measurements provide a complete
characterization of the looped PI-FOPA variants.

O’ (dB)=20xlog,, |2 xerfc (2x BER)] )

Fig. 9 shows O of the 35 GBaud PDM-QPSK channel
derived from counting errors using equation (4) [36]. The GL
and the GFL variants demonstrated the same Q? for total output
signal power up to 8 dBm. A further signal power increase has
invoked more nonlinear crosstalk in the GL than in the GFL, so
the GFL variant has allowed for ~1 dB higher Q° peak than the
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Fig. 9. @’ of the middle (35 GBaud PDM-QPSK) channel derived from BER
and shown as a function of the total WDM channels power at the output of each
FOPA variant.

GL. This agrees well with the OSNR and noise figure
measurements. Although the LG variant had ~1 dB lower Q?
than the other two variants at low signal power, the LG variant
was superior for output signal power >16 dBm. It is remarkable
the LG variant has not achieved the best Q* of all variants
(Fig. 9) despite having achieved the best OSNR (Fig. 7). It
might indicate that, in the case of the LG variant, the OSNR and
noise figure measurements have not captured some of the
degradation phenomena which may disappear when removing
a channel as described in the measurement procedure. Such
phenomena might include backscattering or reflections (e.g.
from bad splices between HNLF and SMF) which impact could
have been exaggerated in the LG variant due its specific
location, direction of pumps, etc. Nevertheless, the LG variant
has allowed for operable Q% > 11.7 dB (BER of 6x107) up to
the maximum tested output signal power of 23 dBm.

The looped FOPA variants examined in this work are
polarization insensitive because they can provide polarization
dependent gain close to 0 dB (Fig. 4) and can amplify without
much degradation polarization-multiplexed signals, in which
the state of polarization changes rapidly on a symbol rate
timescale. Indeed, the maximum BER of 10 (Q? = 12.4 dB)
limited by nonlinear crosstalk has been achieved in this
experiment (Fig. 9), while [21] demonstrates that polarization
dependent gain must be <0.2 dB to achieve such a BER.
Although the PI-FOPA variants employ three polarization
controllers (PCs), these PCs were only used to compensate for
slow drifts within FOPA. This is different from polarization
sensitive FOPAs which employ PCs to adjust for input signal
polarization change and therefore cannot amplify polarization
multiplexed signals due to very fast (tens of GHz) evolution of
their state of polarization. The difference is made by a PBS in
the PI-FOPA loop which produces signal components with
fixed or slowly drifting states of polarization depending on the
fibers used. Therefore, the PCs employed by the examined PI-
FOPA can be either automated using a feedback from power
monitors [33] or removed if polarization-maintaining fibers and
components are used in the loop [19].
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C. Potential applications

Looped polarization-insensitive FOPAs provide a platform
to exploit the most prominent achievements of single
polarization parametric amplification, such as multiband high
gain amplification [4],[6], phase-sensitive amplification
[9]-[11], etc. Looped PI-FOPAs can therefore be implemented
for any applications envisaged for FOPAs.

Noise figure and the maximum output power are the key
parameters for most application scenarios. Their values
obtained in this paper allow to assess applicability of each
looped PI-FOPA variant, but they also can be significantly
improved in a few ways. We realistically expect the minimum
noise figure <5 dB after optimization of components and splices
insertion loss. Besides, every gain fiber length L reduction by a
factor of 2 allows to increase the output signal power P by
~2 dB whilst keeping the same nonlinear crosstalk power
scaling as ~P°L? [34],[35]. Therefore, an employment of 25 m
long gain fibers [3] instead of 200 m and 250 m lengths would
allow for >6 dB higher output signal power without aggravating
nonlinear crosstalk. These improvements will enable the GFL
variant to deliver a noise figure <6 dB with total output signal
power >13 dBm, and the LG variant to remain operable with
total output signal power >29 dBm. The allowed output signal
power is expected to be even higher if signals are distributed
over wider bandwidth than in this experiment.

The GL and the GFL variants can be applied when low noise
figure is required, because they have demonstrated an EDFA-
like noise figure of ~6dB with potential for further
improvement. The GFL additionally allows for higher output
power than the GL, therefore the GFL is the most suitable
looped PI-FOPA variant for most applications, e.g. multi-span
broadband communications. The GL variant is however the
most suitable for prospective polarization-insensitive phase-
sensitive amplifiers because it allows to keep signal copies
unlike the GFL variant.

The LG variant is for high output signal power applications
because it has allowed for output signal power of 23 dBm in
this experiment and has potential for operation with output
signal power of ~1 W if 25 m long gain fibers are implemented.
Although we have not achieved an EDFA-like noise figure for
the LG variant, it can be used in links where noise figure is not
the key parameter, e.g. single-amplifier links. Thus, the LG
variant is the most suitable looped PI-FOPA variant for an
extended reach PON, because it allows for operation with the
highest output signal power and consequently for the highest
splitter loss [37]. In addition, the LG variant has the potential to
provide the highest Q? of all variants upon mitigation of signal
penalties that appear related with backscattering and/or
reflections.

High output power operation with low noise figure might
require more advanced PI-FOPA architectures. An employment
of four gain fiber lengths arranged as “Gain — Loss — (Filter) —
Gain — Loss” [26] splits gain between two gain sections,
reduces gain fibers’ lengths, and therefore mitigates nonlinear
crosstalk occurring in the final ‘Loss’ section. This can
significantly improve the nonlinear tolerance of the GL and the
GFL variants. Alternatively, the loop can be replaced with the

Mach-Zehnder architecture similar to  LiNbOs-based
polarization-insensitive optical parametric amplifiers [38]. This
architecture can have a noise figure of the GL variant and the
nonlinearity tolerance of the LG variant simultaneously. It
therefore has a potential to satisfy requirements of the most
demanding application scenarios by delivering noise figure less
than 6 dB with output signal power more than 29 dBm if the
improvements suggested above are implemented.

IV. CONCLUSION

We have examined three variants of looped polarization
insensitive FOPA: “Gain — Loss” (GL), “Gain — Filter — Loss”
(GFL) and “Loss — Gain” (LG), when amplifying 21 WDM
channels including a 35 GBaud PDM-QPSK signal. The GL
variant has demonstrated a noise figure of 6.5 dB, but its
susceptibility to nonlinear crosstalk caused a significant noise
figure degradation at output power over 6 dBm. The GFL
variant has achieved an EDFA-like noise figure of 5.8 dB and
reduced power of nonlinear crosstalk by 4.9 dB as compared to
the GL variant. It therefore allowed for low noise figure
operation for output signal power up to ~7 dBm. The LG variant
has further reduced the nonlinear crosstalk power by 12 dB but
had the minimum noise figure of 11.9 dB. Although the GFL
variant has allowed for the highest peak O’ of all variants, the
LG variant was superior for output signal power >16 dBm and
was operable with signal BER of 6x107 at the maximum tested
output signal power of 23 dBm.

We have suggested several ways to improve performance of
looped polarization insensitive FOPAs, e.g. employment of
four unidirectional gain fibers and Mach-Zehnder-like
architecture instead of a loop. We consequently justified the
polarization insensitive FOPA potential for noise figure <6 dB
at output signal power up to 29 dBm, which can satisfy the most
demanding requirements of modern optical communication
systems. We therefore envisage the discussed polarization
insensitive FOPA wvariants to realize FOPA’s potential for
wavelength  unconstrained operation, ultra-wide gain
bandwidth, instantaneous response time and phase-sensitive
amplification in commercial links.
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