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We demonstrate improved performance of parametric amplifier cascaded with Raman amplifier for gain of 54.79 dB. We report
amplification of L-band using 100 × 10Gbps Dense Wavelength Division Multiplexed (DWDM) system with 25GHz channel
spacing. The gain achieved is the highest reported so far with gain flatness of 3.38 dB without using any gain flattening technique.
Hybrid modulated parametric pump is used for suppressing four-wave mixing (FWM) around pump region, resulting in
improvement of gain flatness by 2.42 dB. The peak to peak variation of gain is achieved less than 1.6 dB. DWDM system with 16-
channel, 25GHz spaced system has been analyzed thoroughly with hybrid modulated parametric pump amplified Raman-FOPA
amplifier for gain flatness and improved performance in terms of BER and 𝑄-factor.

1. Introduction

Fiber optical parametric amplifiers (FOPAs) are promising
amplifiers for Wavelength Division Multiplexed (WDM)
systems [1, 2] due to their capabilities to provide high gain and
low-noise, broadband amplification [1, 3]. The first demon-
stration of optical parametric amplification was reported by
Stolen in low-loss optical fibers [4]. With advent of highly
nonlinear fibers (HNLFs) [5], FOPAs gained considerable
attention in long distance communication systems. Gain as
high as 49 dB is demonstrated [6] using FOPAs whilst wave-
length tuning flexibility of FOPAs helped in achieving gain
over bandwidth above 200 nm [7].Marhic et al. demonstrated
on-off gain of 65 dB over bandwidth of more than 400 nm
[8] using high power parametric pumps. Use of Photonic
Crystal Fibers (PCFs), with nonlinearity coefficient (𝛾) >

100, added to wide gain capabilities of FOPAs. Parametric
amplification using PCFs has been demonstrated to obtain
continuous-wave bandwidth of more than 20 THz [9]. Peak
gain of 58 dB over wide gain bandwidth from 999 to 1139 nm
[10] has been achieved using PCF based FOPAs. Feasibility of

long haul, broadband communication using FOPAs has been
demonstrated in multichannel DWDM systems too [11, 12].
An average gain of 22 dB using dual pumpFOPA [11] has been
reported by Chavez Boggio et al. for 10 × 64Gbps system.
Jazayerifar et al. [12] analytically proved the feasibility of long
haul DWDM transmission up to 750 km systems using single
pump FOPA.

Another class of fiber amplifiers capable of providing
polarization-independent gain across a wide bandwidth is
Raman amplifiers (RA). The gain of Raman amplifiers can
be tailored to meet bandwidth requirements by choosing
optimum number of pump lasers and their wavelengths
appropriately. This flexibility makes them useful for entire
communication bandwidth. Though Raman amplifiers pro-
vide distributed gain but noise due to pump-pump inter-
actions, double Rayleigh backscattering [13] and amplified
spontaneous noise (ASE) degrade the signal quality. Addi-
tionally, Double Raman Scattering (DRS) and low Raman
gain coefficient limit the gain at every stage [14] of Raman
amplification.

Hindawi Publishing Corporation
Advances in Optical Technologies
Volume 2016, Article ID 6148974, 8 pages
http://dx.doi.org/10.1155/2016/6148974



2 Advances in Optical Technologies

Recently, Raman-FOPA (RA-FOPA) hybrid amplifiers
have attracted considerable attention.The need for wideband,
flat gain amplifier in WDM systems has motivated research
interests towards RA-FOPA hybrid. The conventional RA-
FOPA hybrid amplifiers use Raman assisted parametric
amplification wherein forward travelling parametric pump
within an HNLF is augmented by a backward travelling
Raman pump, usually in the same fiber [15]. This results in
gain higher than sum of the individual gain contributions
in certain regions of the spectrum [15, 16]. In RA-FOPAs,
long HNLF length is required to maximize the Raman gain.
But at the same time, long HNLF lengths result in increased
four-wave mixing cross talk products [17]. Though gain
enhancement is achieved, in conventional RA-FOPAs, most
energy from the Raman amplifier is trapped in the parametric
pump at the output end of the amplifier. Wang and Wai
[18] proposed a hybrid fiber Raman/parametric amplifier
(HFRPA) constructed by cascading a FOPA after the RA-
FOPA. Peak small signal gain of 70 dB is achieved using 1 km
HNLF with 1.5W and 0.2W Raman and parametric pump
powers, respectively, for 8-channel WDM system. A net gain
enhancement of 34 dB has been achieved over conventional
RA-FOPA for the same parametric pump powers using
the proposed HFRPA. Ummy et al. [19] demonstrated an
extended flat gain of 15 dB with gain ripple of 5 dB, using
combined Raman and parametric interaction inHNLF. Peiris
et al. [20] demonstrated hybrid Raman-Optical Parametric
Amplifier (HROPA) in tandem configuration for extended
bandwidth, with gain more than 20 dB and extended gain
bandwidth of 170 nm. The gain ripple achieved is less than
4 dB. In tandem configuration, transmitted frequencies are
divided into two subbands and a common, single pump
FOPA is used for amplification of each. Cross talk generated
due to idlers is controlled through amultiplexer filter transfer
function. In [21], improved performance for WDM system
comprising of ten, 100GHz spaced DFB lasers has been
achieved using RA-FOPA with net gain of 20 dB and gain
ripple of 1.9 dB. Different optical amplifiers and their hybrids
have been investigated over the time, to exploit the available
optical communication bands, namely, S, C, and L. Though
C/L-bands are dominated by EDFAs and their hybrids [22,
23], Raman amplifiers [24] as well as FOPAs [3, 25] can be
tuned across any band. Kaur et al. [26] demonstrated flat
gain of 24.3 dB over bandwidth of 220 nm using RA and
multisection FOPA cascade. Akasaka et al. [27] demonstrated
S-band amplification and wavelength conversion using RA-
FOPA. Freitas et al. [28] demonstrated 10 dB gain enhance-
ment in S-band and S/C-band wavelength conversion by
simultaneous Raman as well as parametric amplification. We
have previously demonstrated gain of more than 14 dB in L-
band with ripple of less than 1.4 dB using RA-FOPA cascade
with a gain flattening filter [29].

In this paper, we present successful analysis of a
Raman-FOPA cascade hybrid amplifier for achieving flat
gain in L-band, DWDM system without any gain flatten-
ing/compensating technique. The RA-FOPA cascade has
been chosen over RA assisted FOPA to fully exploit the
flexibilities to tune Raman and FOPA pumps such that gain
is provided in separate regions of bandwidth. To achieve
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Figure 1: Experimental setup for Raman-FOPA with hybrid mod-
ulator for FWM suppression. PLA: pump laser array, PM: phase
modulator, MZM: Mach Zender modulator, CW: continuous-wave
laser, and PG: pulse generator.

flat gain, we propose using FWM suppression at parametric
pumps instead of applying external modulators at each trans-
mitter. Use of MZM-PM hybrid modulator for parametric
pump to achieve FWM suppression has been proposed.

2. Experimental Setup

Experimental setup consists of 100 DWDM channels spaced
25GHz apart covering L-band frequencies from 187 THz to
189.475 THz as shown in Figure 1.

The proposed system uses Raman-FOPA cascade as
inline amplifier after traversing 50 km Single Mode Fiber
(SMF). The dispersion of SMF is compensated by 10 km
fiber used for Raman amplification with its dispersion (𝐷) =
−90 ps/km/nm. Raman amplified signal is then launched into
short length HNLF of 0.2 km for parametric amplification.
The CW parametric pump used is hybrid modulated using
MZM-PMmodulated RZ signal.

Single HNLF fiber section of length “𝐿” results in gain 𝐺

given by

𝐺 = 1 + (
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𝑔
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2
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From theory of Raman scattering in optical fibers, Raman
interactions are expressed by [30]

𝛿 = −(
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3
(Ω) , (3)

where 𝑛 is the refractive index of the core,Ω is the frequency
deviation from pump frequency, and 𝜒
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part of the third-order susceptibility resulting in set of
equations expressed as
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for signal and idler, respectively.
Here, 𝑞 = (𝑖𝛾 + 𝛿)𝑃

0
affects the four-wave mixing interac-

tion of signal waves causing significant gain variation due to
phase modulation originating from pump interactions [31].
Gao et al. [32] analyzed the phase mismatch conditions for
parametric gain and derived the dependence of parametric
gain on the real part of the complex Raman susceptibility. Use
of tunable NRZ signals is suggested for reduced susceptibility
of gain saturation in Raman-FOPA hybrid [33]. The real part
of Raman susceptibility strongly affects peak parametric gain
in case of single pump FOPA [34] in dispersion shifted fibers.
In case of broadband amplification, Raman gain can cause
significant spectral distortions [35] in RA-FOPA hybrid.
In our analysis, we assume gain variations due to Raman
susceptibility relatively small in comparison to nonlinear
parametric gain as HNLF with high “𝛾.”

To optimize use of pumps in RA-FOPA cascade, it has
been considered that, for bandwidths of order of 200 nm,
the FOPA gain significantly overlaps with the pump-induced
Raman gain which peaks at about 110 nm from the pump
on the longer wavelength region of spectrum [36]. To keep
this to a minimum, we choose Raman pumps from 1485 nm
to 1513 nm with varying pump powers (200–350mW) such
that gain is more at lower frequency end from 187 THz
to 188.725 THz. Figure 2 shows the power and wavelength
of Raman pumps. Pump wavelengths have been carefully
optimized to achieve flat gain. For band of frequencies
higher than 188.725 THz, parametric amplification is used
with pump tuned at 1583.56 nm. So the pump difference of
at least 70 nm is maintained between Raman pumps and
parametric pump to keep pump-pump FWM cross talk to
a minimum. Moreover, peak gain regions of both Raman
and FOPA fall at different band of frequencies in the output
spectrum. Raman pump is tuned to provide gain in lower
frequency regionwhile parametric amplification provides the
maximum gain at higher end of frequencies.

The proposed schematic is governed by

𝐺total = 𝐺Raman ∗ 𝐺FOPA, (5)

where 𝐺Raman and 𝐺FOPA are the gain of parametric sections.
Raman gain in dB is 10 ⋅ log

10
(exp(𝑔

𝑅
⋅ 𝑃 ⋅ 𝐿eff/𝐴eff − 𝛼𝐿)).

The parameters used for Raman fiber serving as DCF and
HNLF used for parametric amplifier are listed in Table 1.

3. Results and Discussions

In this work, we propose achieving flat gain for Terabits
capacity system implemented as 100 × 10 channels with
25GHz spaced RZ signals. RA-FOPA cascade is used as inline
amplifier and dispersion compensation has been combined

Table 1: Values of parameters used for HNLF parametric amplifier
and DCF in Raman amplifier.

Parameter Value
DCF length 10 km
Dispersion (DCF) −90 ps/km/nm
DCF attenuation 0.5 dB/km
Effective area 30 𝜇m2

HNLF length 0.2 km
HNLF effective area 11 𝜇m2

Dispersion (HNLF ) 2 ps/km/nm
Nonlinear coefficient (𝛾) 11.45
HNLF attenuation 0.8 dB/km
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Figure 2: Spectral allocation of Raman pumps.

in Raman amplifying fiber medium itself. Use of single pump
parametric amplifiers for broadband amplification has been
reported previously [12, 19, 26]. But with increased number
of channels in DWDM systems, high pump powers of the
order of 200mW are required to overcome the cross talk
due to parametric amplification [12]. High pump power
coupled with narrow channel spacing poses serious challenge
to achievement of flat gain over the entire band. Due to
relatively high pump power, the frequencies in immediate
vicinity of pump frequency tend to have much higher gain
than frequencies at the extremes of the band. This gives high
ripple in the amplifier gain. Tomake the gain flat, we propose
modulating the parametric pump using MZM-PM hybrid
modulation. The resultant modulated pump pulse is pulse
spread across band of frequencies with its center at the pump
frequency.

Use of hybrid modulated parametric pump to suppress
FWM results in flat gain when compared to similar system
employing unmodulated CW parametric pump. Results of
the implemented system using MZM-PM hybrid modulated
pump indicate a nearly flat gain as shown in Figure 3.Thefiber
serving as medium for Raman amplification has been used
for dispersion compensation [14]. Results show a peak gain of
57.24 dB for CW parametric pump, whereas using MZM-PM
hybrid modulated parametric pump peak gain of 54.79 dB is
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Figure 3: Gain comparison for 100-channel RA-FOPA at 10Gbps
with hybrid modulated parametric pump (solid curve) versus
unmodulated CW parametric pump.

achieved.Though peak gain reduces using hybrid modulated
pump but gain flatness improves, when hybrid modulated
parametric pump is used, gain ripple is reduced to 3.38 dB
from 5.8 dB in case of unmodulated CW parametric pumped
system. Also, higher average gain of 53.6 dB is achieved for
hybrid modulated parametric pump against average gain of
53.27 dB with CWparametric pump (excluding the peak gain
at extreme right shown by dotted curve in Figure 3).

Figure 4 shows gain comparison using proposed RA-
FOPA amplifier for L-band with unmodulated CW para-
metric pump versus hybrid modulated parametric pump at
40Gbps. When hybrid modulation is applied to parametric
pump, the maximum gain is 26.88 dB while minimum gain is
19.23 dB giving ripple of 7.65 dB while in the absence of any
modulation parametric pump results in maximum gain of
28.12 dB while minimum gain is 18.22 dB resulting in ripple
of 9.91 dB. So we achieve flatness improvement of 2.26 dB.
With increase in data rate, net gain has decreased and the gain
ripple has increased. But use of hybrid modulated parametric
pump definitely gives better performance over conventional
parametric pumped FOPA even at high data rates.

To analyze FWM suppression in proposed system, we
simulate a 16-channel system at 25GHz channel spacing
extending from 187.1 THz to 187.475. The parametric pump
with 10mW power is fixed at frequency of 187.323 THz while
Raman pump is located at 1501.6 nm.

It can be well observed from gain results in Figure 5
that when we use hybrid modulated parametric pump the
peak gain is decreased and low gain regions slightly raised
which helps reduce the gain extremes. Due to use of relatively
high power pump, the FWM effect results in sharp gain
at channel frequencies close to pump at 187.32 THz while
gain diminishes towards the high and low extremes of the
bandwidth. But when we modulate the parametric pump
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Figure 4: Gain comparison for RA-FOPA at 40Gbps with hybrid
modulated parametric pump (solid) and no modulation CW pump
(dotted).
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Figure 5: Gain of 16-channel system with and without hybrid
modulator.

using MZM-PM, resulting pulse is not as sharp but is a pulse
spread over range of frequencies around the pump frequency
with power in side bands diminishing slowly. Additionally,
due to the phase modulation, the peak power is further
decreased as phase difference increases, resulting in lower
FWM efficiency. This lowering of peak power in vicinity of
parametric pump results in lesser gain ripple between highest
and lowest gain achieved across the entire bandwidth.

The quality of received signal can be well observed from
eye diagrams in Figures 6(a) and 6(b). Figure 6(a) shows
eye opening when hybrid modulated parametric pump is
used. The minimum eye opening is 1.3 × 10−4 while as seen
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Figure 6: (a) BER pattern and eye diagram for hybrid modulated parametric pump based system. (b) BER pattern and eye diagram for
unmodulated CW parametric pump.
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in Figure 6(b) for system with CW parametric pump eye
opening is 1.1 × 10−4.

BER analysis in Figure 7 shows a significant improvement
with use of hybrid modulator for parametric pump. Figure 7
shows improvement in BER to order of 10−19 from 10−12 at
−2 dBm of transmitter input power, which is minimum BER
achieved in both cases, respectively.

Results of the 𝑄-factor variation in Figure 8 confirm
improved performance using the proposed hybrid. Use of
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Figure 8:𝑄-factor of hybridmodulated system versus unmodulated
parametric pump.

hybrid modulator improves quality factor from 7.2 to nearly
9 at total input power of −2 dBm.

Another significant parameter in determining perfor-
mance of an optical communication system is dispersion. For
the proposed system, dispersion in the transmitted signals
has been analyzed briefly. The dispersion analysis result in
Figure 9 shows that increase in dispersion of the transmitted
signals when employing hybrid modulated parametric pump
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Figure 9: Dispersion variation of hybrid modulated parametric
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is much less than the system which uses unmodulated CW
parametric pump.

The solid curve in Figure 9 shows lesser dispersion
increase with use of proposed hybrid modulator.

So, results confirm improved performance of DWDM
system with RA-FOPA cascade hybrid amplifier when using
hybrid modulated parametric pump.

4. Conclusion

We have proposed a novel idea to modulated parametric
pump using MZM-PM hybrid modulation to achieve flat
gain for RA-FOPA cascaded amplifier. The gain achieved has
been the highest reported so far using RA-FOPA hybrid used
as inline amplifier for 100-channel L-band DWDM system.
Never before for RA-FOPA hybrid dispersion compensation
is reportedly combined with Raman amplifier fiber medium
making it more economical and compact. Achieved gain of
54.79 dB, with gain ripple of 3.38 dB, is the best reported
result. No gain flattening or compensating technique has
been employed. Previous best gain in L-band for 100-
channel, 25GHz spaced DWDM system at 10Gbps has been
reported as>24 dB using Er-Yb codopedwaveguide amplifier
(EYDWA) and a semiconductor optical amplifier (SOA)
hybrid [36] as booster amplifier.

Our work is motivated from hybrid modulation tech-
niques used to suppress FWM cross talk. Recently, FWM
suppression techniques for WDM systems have been pro-
posed [37, 38]. But as a general approach, hybrid modulators
have only been applied to transmitters for FWM suppression
[37]. This significantly adds to size and cost of system. So,
we propose using hybrid modulator for CW parametric
pump to suppress FWMgenerated idlers and hence achieving

improved gain flatness in RA-FOPA hybrid. This has never
been done previously. Results achieved are the best reported
to date for L-band DWDM amplification.

Future scope of proposed RA-FOPA can be viewed
multidimensionally. FWM has been the most detrimental
effect for narrow spaced DWDM systems [34]. We have
exploited FWM for amplification in DWDM systems in
combination with partial suppression to facilitate flat gain.
Our proposed system can be explored to achieve significant
results with polarization based FWM suppression techniques
for further gain enhancement. Additionally, novel techniques
for parametric pump modulation in other existing hybrid
parametric amplifier configurations [39] may help improvise
the gain in WDM systems.

Another characteristic of FOPA is dependence of gain
on fiber properties. Advent of novel fiber [40] design with
reduced sensitivity of fiber dispersion to diameter fluc-
tuations would help achieve more dependable results for
broadband amplification using parametric amplifiers.

In conclusion, thorough investigation has been done in
direction to establish use of RA-FOPA hybrid amplifiers
across all bands of communication [3, 26–29], namely, S, C,
and L with good gain and wide gain bandwidth. Exploring
the possibilities of using proposed RA-FOPA in combination
with existing/novel techniques for gain enhancement may
help identify a true broadband amplifier capable of providing
flat gain across entire communication band for evolving
WDM systems.
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