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Abstract: We demonstrate an in-line polarization-insensitive fiber optic parametric amplifier (PIFOPA) to simultaneously amplify burst and non-burst signals transmitted in opposite directions in
C and L bands. The PI-FOPA provides >16 dB polarization insensitive net gain for signals which
are 53 nm apart and counter-propagating in an extended reach link: an upstream bursty signal at
1533 nm and a downstream non-burst signal at 1586 nm. The PI-FOPA potential application as
an in-line dual-band amplifier in transient-sensitive communication links is demonstrated by its
employment in an extended reach access network with a symmetric 10 Gbps capacity.
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1.

Introduction

Modern optical communications require amplifiers for multi-band operation to satisfy an evergrowing demand for capacity [1]. Besides, many of fiber optic communication links are
transient-sensitive, i.e., time-varying signals in such links can be degraded by transients in
optical amplifiers. For example, future reach extended access networks are envisaged to require
amplification of bursty signal channels coarsely multiplexed across several bands [2] hence
they will require an amplifier with multi-band capability and with fast response time to prevent
transients corrupting data [3]. However, such an amplifier is a serious challenge because
current doped fiber, Raman and semiconductor amplifiers have limitations attributed to operation
bandwidth and/or transient effects [4–7].
We consider a fiber optic parametric amplifier (FOPA) to be a strong candidate for multi-band
transient-sensitive fiber optic communications for several reasons. FOPAs can operate in any
telecom band [8] with ultra-wide gain bandwidth in excess of 200 nm using a single pump source
[9,10]. FOPAs cause little penalty when amplifying time-varying data signals due to its ultra-fast
response time of ∼0.1 fs and gain independent of signal power [11]. Additionally, FOPAs can
provide phase-sensitive amplification with ∼0 dB noise figure [12,13], large signal gains up to
70 dB [14] and large output power [15].
Recent advancement of looped polarization insensitive FOPAs [16] has enabled them to
significantly outperform EDFAs and fiber Raman amplifiers in terms of signal quality when
amplifying bursty traffic with gain up to 20 dB [17]. Although EDFA has allowed for ∼1 dB
better received sensitivity than PI-FOPA when amplifying continuous traffic [4], the PI-FOPA
has improved receiver sensitivity by up to 5 dB [4] or five-folded the link capacity [18] when
employed as a drop-in replacement for EDFA in a reach extended access network transmitting
signal bursts.
However, these PI-FOPA demonstrations of transient-free operation have been performed with
a single unidirectional channel, whilst many of fiber optic links operate over wide bandwidth and
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transmit data in both directions [19]. FOPAs in most demonstrations exhibit only unidirectional
gain due to the phase-matching requirement [20]. Although bi-directional gain can, in principle,
be obtained by launching pumps in both directions [21], high power pumps counter-propagating
at close frequencies can interact via a combination of backscattering and four-wave mixing [22].
This leads to an aggravation of stimulated Brillouin scattering, generation of significant pump
noise and eventually has a devastating impact on signal amplification when the parametric gain is
high [22].
In this work, we demonstrate an in-line PI-FOPA to simultaneously amplify signals in C and L
bands, both burst and non-burst, using our original configuration for bi-directional dual-band
PI-FOPA operation. We employ this PI-FOPA in a 50 km reach access link with symmetric 10
Gbps capacity to provide >16 dB polarization-insensitive net gain for an upstream bursty 10G
on-off keying (OOK) signal at 1533 nm and a downstream non-burst 10G OOK signal at 1586 nm.
The PI-FOPA in a bi-directional arrangement consequently improves the link power budget by
14 dB. This work presents an important step towards PI-FOPA implementation in broadband
links with bi-directionally transmitted signals. This paper extends our conference publication
[23] and focuses on dual-band bi-directional operation. We have also explored this configuration
in our recent conference paper [24] for WDM applications.
2.

Experimental setup

Fig. 1. Experimental setup of reach extended access link employing dual-band bi- directional
polarization-insensitive FOPA as an in-line amplifier

Figure 1 shows the experimental setup of a reach extended access link employing a dual-band
PI-FOPA for dual band signal amplification and bi-directional transmission. The setup consisted
of a C and L band transmitter, a 50 km transmission span, a dual-band PI-FOPA in a bi-directional
arrangement, an optical splitter, and optical signal detectors to receive individual L-band and Cband counter-propagating signals respectively. The dual-band transmitter generates a continuous
10 Gbps OOK signal in the L band for downstream (DS) and a bursty 10 Gbps OOK signal in the
C band for upstream (US). The signal carrier waves are sourced from two 100 kHz linewidth
tunable lasers tuned to 1586 nm and 1533 nm respectively and multiplexed via a C/L-band splitter.
Then, the carrier waves are amplitude-modulated with a single Mach-Zehnder modulator (MZM)
driven by a pseudo-random bit sequence (PRBS) to produce 10G OOK signals. The carrier
waves polarizations were controlled independently to minimize their insertion loss in the MZM.
The modulated signals were de-multiplexed with another C/L band splitter and amplified by
corresponding C and L band EDFAs. The US channel was then passed through an acousto-optic
modulator (AOM) driven by a 10 kHz square wave with a duty cycle (DC) of 50% to generate 50
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µs long bursts with a period of 100 µs. The average US signal power was 2.5 dBm at 50% DC,
which corresponds to the burst signal power of 5.5 dBm. The DS signal power was 6 dBm. There
was no need to deliberately de-correlate the signals produced by the same modulator because
they are counter-propagating in the link.
The DS channel was launched into the 50 km standard single-mode fiber (SSMF) transmission
span via an optical circulator C1 , amplified by the bi-directional PI-FOPA arrangement, passed
through an optical splitter emulated by a variable optical attenuator (VOA), and propagated to
the DS receiver via an optical circulator C2 . The US channel has followed the same path in the
reversed order: it was injected in the optical splitter via the optical circulator C2 , amplified by the
bi-directional FOPA arrangement, transmitted over the 50 km SSMF span, and then guided to the
US receiver via the optical circulator C1 . The 50 km span had insertion loss of ∼9.7 dB at the
channel wavelength of 1533 nm and ∼9.8 dB at 1586 nm.
The received DS and US signals are detected by a DC-coupled direct detection PIN photodiode
with a responsivity of 0.7 AW−1 and bandwidth of 30 GHz. The detector was connected to a
23 GHz real-time oscilloscope for capturing signal traces. Offline digital signal processing (DSP)
was employed to detect bursts, define decision threshold, discard bits corrupted by AOM when
producing signal bursts, and to find the bit error ratio (BER) [4].
Inherently our PI-FOPA is a uni-directional amplifier, so it was employed in our original
arrangement employing a set of circulators and band splitters to amplify signals counterpropagating in the transmission link (Fig. 1). Optical circulators C3 and C4 were employed to
separate counter-propagating signals at the input and the output of the arrangement as shown in
Fig. 1. Then, the signals were multiplexed using a C/L band splitter at the FOPA input, amplified
by the PI-FOPA, and demultiplexed using another C/L band splitter. Finally, each amplified
signal was passed through a ∼1 nm wide bandpass filter (BPF) tuned to the signal wavelength to
remove idlers and broadband noise generated in the FOPA. The DS and US channels had the
following powers at the input and the output of the bi-directional FOPA arrangement when the
VOA emulating an optical splitter was set to a minimum attenuation of 0.56 dB: the DS channel
powers were -7.5 dBm and 9.9 dBm, and the US channel powers were - 2.0 dBm and 14.2 dBm
respectively.
The dual-band PI-FOPA had a looped “Loss-Gain” configuration to minimize nonlinear
impairments at high output signal powers (Fig. 2) [16]. An input signal launched via optical
circulator was split by a polarization beam splitter (PBS) into two orthogonal polarization states.
Each signal polarization state was independently and equally amplified by one of the two highly
nonlinear fibers (HNLF) with lengths of 250 m and 200 m. Dispersion stable HNLFs have a
zero-dispersion wavelength (ZDW) at ∼1564 nm with a nonlinear coefficient of 8.2 W−1 Km−1 .
The pumps were sourced from a tunable laser at 1564.4 nm, phase modulated with three radio
frequency (RF) tones at 100, 320, and 980 MHz to mitigate SBS, and split with a 3 dB coupler.
Each pump was then amplified by a high-power EDFA and coupled into corresponding HNLF via
WDM couplers. Pump powers in the 250 m and 200 m HNLF lengths were 33.4 dBm and 32.7
dBm respectively. Pumps have been removed from the loop by WDM filters after propagation
through HNLF. More details on the looped PI-FOPA operation are provided in [16].
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Fig. 2. Experimental setup of “Loss-Gain” polarization-insensitive FOPA

3.
3.1.

Results and discussion
Power spectra of amplified C and L dual-band signals

Fig. 3. Optical power spectra of dual-band signals at the input and output of PI-FOPA,
which demonstrate 16 dB net gain for C-band US signal and 17 dB net gain for L-band signal.

Figure 3 shows power spectra at the input and output of the PI-FOPA measured with optical
spectrum analyzer resolution bandwidth of 0.1 nm. The optical splitter attenuation was set to
the minimum of 0.56 dB, which leads the maximum powers of DS and US signals. Figure 3
shows amplified signals, their idlers, the residual pump, and unwanted products of FWM between
the signals. It can be derived that the PI-FOPA provides net gain across ∼80 nm (∼10 THz)
bandwidth between 1525 nm to 1605 nm. However, it is required to have close high gain values
for the DS and US channels, no polarization-dependent gain for both channels and a sufficient
guard band of at least ∼10 nm between the signals and idlers to simplify their filtering. We have
found it possible to satisfy all these requirements at signal wavelengths of 1533 nm and 1586 nm
and to obtain polarization-insensitive gains of 15.9 dB and 17.4 dB respectively. Polarisation
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dependent gain (PDG) for both DS and US channels were around 0 dB. PDG was calculated by
subtracting X and Y arm gain of a looped PI-FOPA configuration as detailed in [16]. The idler
wavelengths were 1543 nm and 1596 nm, and the residual pump was at 1564.4 nm, so they could
be removed by tuneable band-pass filters with a high extinction ratio. The average output powers
of the DS and US channels were 9.9 dBm and 14.2 dBm respectively. However, given the 50%
duty cycle of the bursty US channel, its power during the burst was 17.2 dBm, so overall PI-FOPA
output signal power during the bursts was 17.9 dBm. The US channel had higher power at the
PI-FOPA input than the DS channel because the former has little loss between transmitter and
the PI-FOPA, while the latter has a 50 km span between the transmitter and the PI-FOPA (Fig. 1).

Fig. 4. Normalized optical power spectra of the signals at the input and output of the
PI-FOPA show negligible signal broadening.

Figure 4 shows a close view on normalized optical power spectra of upstream C-band and
downstream L-band signals before and after PI-FOPA amplification. No signal broadening was
observed above the level of -35 dB. Distortions below this level are presumably attributed to the
pump-to-signal noise transfer.
3.2.

Received signal spectrum of DS and US dual-band signals

Figure 5 shows optical power spectra at the downstream and upstream detectors measured
via uncalibrated 1% taps when the splitter attenuation was set to the minimum attenuation of
∼0.56 dB (after ∼3 dB insertion loss from BPF and C/L band WDM splitter). The plot in Fig. 5
shows received power spectra for DS and US signals and additionally shows that inter-channel
crosstalk due to the limited extinction ratio of circulators and bandpass filters is low.
The DS signal reached the US receiver due to the leakage through circulator C1, whereas other
unwanted waves in Fig. 5(a) leaked through the C-band BPF. Nevertheless, a high extinction ratio
>30 dB was obtained between the US channel and all other waves present at the FOPA output
(Fig. 5 (a)). Similarly, the US signal leaked to the DS detector through the circulator C2, and
other unwanted waves leaked through the L-band BPF (Fig. 5(b)). A sufficient extinction ratio of
∼20 dB was obtained between the DS signal and the US idler owing to the prescribed detuning of
∼10 nm between them (b)).
3.3.

BER vs received signal power

In this section, we discuss the performance of DS and US signals by measuring their bit
error ratio (BER) against their power at the receiver. Firstly, the BER was measured for DS
L-band and US C-band signals when they were transmitted one at a time. Secondly, the BER
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Fig. 5. Optical power spectra at a) the upstream signal photodetector and b) the downstream
signal photodetector.

performance was measured for DS L-band and US C-band signals whereas they were transmitted
concurrently in opposite directions. The measured BER is discussed for two different scenarios
for above-mentioned cases: 1) back-to-back (B2B) excluding the 50 km span and the PI-FOPA
and 2) extended reach link including the 50 km link and the PI- FOPA.
Figure 6 demonstrates performance measurement for DS and US signals transmitted one at a
time. Figure 6(a) shows BER against received signal power for the L-band downstream signal
transmitted at 1586 nm. First, the BER was measured in B2B for a non-burst signal transmission
to set a reference point. Then, the non-burst DS signal was propagated within a complete link
including in-line PI-FOPA and 50 km SMF link. The required received power difference, i.e.,
penalty, between the B2B and the extended reach link cases for non- burst DS signals was ∼1 dB
at a BER level of 10−3 . This penalty was induced by the 50 km SSMF attenuation and dispersion
as well as the PI-FOPA noise, and it shows that the impact of these impairments on the non-burst
signal was small.

Fig. 6. BER vs received signal power for individually transmitted signals: (a) C-Band
upstream signal and (b) L- band downstream signal
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Figure 6(b) shows BER against received power measurement for US C-band signal, transmitted
at 1533 nm. The US signal was transmitted uni-directionally in the setup. First, BER was
measured in B2B with non-burst and 50 µs burst mode signals. The received power difference of
∼1 dB was observed between non-burst and burst signals at a BER level of 10−3 in the B2B case.
The bursty signal required a higher received signal power than the non-burst signal due to signal
bursts distortions incurred by the receiver and the AOM producing bursts in the transmitter.
Then, a non-burst and a burst US signals were transmitted over the extended reach link
including the 50 km span and the PI-FOPA. A received power penalty of ∼1 dB was observed
for the non-burst signal at the BER level of 10−3 as compared to the non-burst B2B case. The
same penalty was observed for the non-burst DS signal (Fig. 6(a)). However, a bursty US signal
demonstrated a received power penalty of ∼2 dB as compared to the bursty B2B case. The penalty
increase in the bursty case is attributed to the transmission and amplification of the bursty signal.
The inset of Fig. 6 (a) and (b) shows detected DS and US signals in non-burst and burst mode
respectively. The traces of the signal were captured at the received signal power of -5 dBm.
A waveform of the amplified 50 µs burst mode signal shows no transients due to the ultra-fast
response time of the PI-FOPA [4].
In Fig. 7 we compared BER performance against received signal power for DS and US signals
when both signals are transmitted simultaneously in the extended reach link. No additional
penalty was observed for bi-directional transmission of these channels as compared to the results
of their transmission shown in Fig. 7. Non-burst DS and US signals in the L and the C bands
respectively show similar performance which agrees with previous results too. When the US
C-band signal was switched to the burst mode, it has incurred a ∼2 dB received power penalty at
BER level of 10−3 . This agrees well with the case shown in Fig. 6(b) when the US signal was
transmitted and amplified individually. As discussed above the additional penalty in the burst
signal case is incurred by all: the transmitter, the receiver, and the in-line PI-FOPA.

Fig. 7. BER vs received signal power for the L-band downstream and the C-band upstream
signals transmitted simultaneously in opposite directions.

It is important to note that no additional penalty was incurred due to transmission and
amplification of the counter-propagating signals in the C and L bands. The bi-directional PIFOPA arrangement is, therefore, fit for amplification of signals counter-propagating in different
bands with little penalty. Inset of Fig. 7 shows eye patterns of L-band DS and C-band US signals
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measured at the power of -5 dBm. The open eye diagrams confirm viability of our original
arrangement to facilitate a bi-directional dual-band operation using a uni-directional PI-FOPA.
3.4.

Link power enhancement by in-line dual-band FOPA

In this section we present and discuss link power budget improvement provided by dual-band
FOPA employed in a potential reach extended access link. Figure 8 characterizes the extended
reach link performance by showing BER as a function of splitter loss (VOA attenuation). BER
was measured for both DS and US signals as VOA attenuation was varied in the range from 10 dB
to 19 dB. The maximum achievable splitter loss was measured at signal BER level of 10−3 for each
signal. The splitter attenuation of ∼16 dB was reached for both DS and US non-burst channels at
the BER level of 10−3 . This confirms the PI-FOPA ability to simultaneously amplify signals at
wavelengths >50 nm (6.5 THz) apart with the same performance. In the case of bursty US 50 µs
signal, the splitter attenuation achievable at BER level of 10−3 decreased to 14 dB due to the 2 dB
burst implementation penalty discussed above. Overall, the results obtained in Fig. 8 demonstrate
the ability of the bi-directional PI-FOPA arrangement to amplify dual-band counter-propagating
signals in non-burst and burst mode simultaneously. The PI-FOPA employment consequently
allows for the splitter power budget of 16 dB and 14 dB for DS and US signals respectively.

Fig. 8. BER vs splitter attenuation for the DS and US (both burst and non-burst) channels
counter-propagating in the extended-reach access link. Attenuation achievable at BER of
10−3 denotes the available splitter budget for each case.

Figure 9 shows BER versus splitter attenuation for the 50 km reach access link with and
without the PI-FOPA for (a) the non-burst DS channel and (b) the bursty US channel. Therefore,
Fig. 9 allows evaluating the power budget improvement provided by the PI- FOPA addition. the
splitter attenuation at BER of 10−3 was only ∼2 dB and ∼1 dB for the non-burst DS and the
bursty US signals respectively after 50 km transmission without PI- FOPA. Therefore, it was not
possible to place any splitter after the transmission link with the power budget available without
amplification. The addition of a bi-directional dual-band PI-FOPA arrangement has enabled a
splitter power budget of 14 dB for the 50 km reach access link with symmetric 10G capacity.
The PI-FOPA has consequently delivered a 14 dB and 13 dB power budget improvement for the
non-burst DS and the bursty US signals respectively.
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Fig. 9. BER versus splitter attenuation after transmission over the 50 km access link with
and without a bidirectional dual-band PI-FOPA arrangement for (a) non-burst DS channel
and (b) bursty US channel. The plot shows a link to power budget improvement provided by
the PI-FOPA employment.

The demonstrated access link performance has been limited by transmitter and receiver
performance especially for bursty traffic. However, the main outcome of this work is that
PI-FOPA can improve performance of bi-directional broadband transient-sensitive fiber optic
links.
4.

Conclusion

We experimentally demonstrate a dual-band polarization-insensitive FOPA operating as in-line
amplifier in a bi-directional 50 km optical fiber transmission link. An arrangement of circulators
and band splitters is employed to enable bi-directional amplification using a uni-directional
FOPA. The PI-FOPA delivers a polarization-insensitive net gain of 16 dB and 17 dB respectively
for two >6.5 THz spaced channels at 1533 nm and 1586 nm counter-propagating in the link.
Additionally, we report simultaneous FOPA amplification of a non-burst and 50 µs bursty signal
in C and L telecom bands. The FOPA added as an in-line amplifier increases a splitter power
budget by 14 dB for downstream non-burst signal and by 13 dB for upstream burst-mode signal.
Overall, this experimental work demonstrates the suitability of PI- FOPA for in-line employment
in dual-band transient-sensitive fiber optic communication links.
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