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Introduction

Fiber optical parametric amplifiers (FOPAs) have
recently received a huge attention due to the fact that they
can potentially be utilized in DWDM systems for light
amplification and other applications, like wavelength
conversion. There are numerous advantages of FOPAs over
broadly used conventional EDFAs (erbium doped fiber
amplifiers), the main one being the ability to tune the
amplification wavelength region of FOPAs which is not
possible with EDFAs, whose gain bandwidth is constant
and is limited between 1530 and 1565 nm. This feature of
FOPAs makes it possible to utilize them for light
amplification in S (1460 to 1530 nm) and L (1565 to 1625
nm) optical bands. Considering the fact that there are new
types of optical fibers available that have low loss in this
two bands, the number of DWDM channels in the new
generation of optical networks can increase significantly,
hence increasing the data transfer rate over a single fiber.

However, there are also numerous limitations of
FOPAs that need to be overcome to make their real-life
application feasible. The main problem is that the gain
curve of FOPAs varies considerably with different
parameters of optical fibers, like zero-dispersion
wavelength, PMD and temperature. The gain curve also
depends on the pump laser power and wavelength and the
type and length of the optical fiber utilized to stimulate the
process of parametric amplification. These dependencies
are investigated throughout this paper with correlation to
each other by means of computer simulations.

Experimental setup

Fig. 1 shows a 4-channel system with 10 Gbit/s per
channel data rate and one lumped FOPA. The frequencies
of channel carriers are ITU-T standardized 196.9, 197,
197.1 and 197.2 THz, which corresponds to wavelengths in
the S-band. Each channel is an NRZ transmitter, based on a
1 mW CW laser and a Mach-Zehnder modulator. CW lasers
are modulated using different pseudorandom binary
sequences at 10 Gbit/s bitrate. Four modulated signals are

multiplexed with a 4 to 1 optical multiplexer and then
amplified to 16.5 dBm with an EDFA booster.

Fig. 1. 4-channel DWDM system with one lumped FOPA

Next is an optical attenuator, which is used to allocate
a 6 dB margin as it is typically done during the lightwave
system design process [1]. The fiber is a 70 km long
standard single-mode fiber (SMF) followed by 10 km of
dispersion compensating fiber (DCF) to avoid dispersion
accumulation throughout the system. A 5 nm optical
bandpass filter with a 197.05 THz center frequency is used
before each amplification stage to suppress idler waves on
new frequencies that are generated through the process of
four-wave mixing. These waves would otherwise be
amplified in a FOPA decreasing performance of the entire
system dramatically.

The FOPA itself consists of a pump laser, an optical
combiner and a highly nonlinear fiber (HNLF). The pump
is a CW laser with one to several watts power and external
phase modulation at a frequency of approximately 1 GHz.
The modulation is necessary to broaden the spectrum of the
pump laser and reduce the harmful effect of Brillouin
scattering [3]. The signal and the pump are multiplexed and
introduced into HNLF through an optical combiner.

All the pump and HNLF parameters are chosen so that
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to maximize amplification of the DWDM signal while
keeping the gain curve flat. The pump frequency is 195.65
THz which makes all the harmful idler waves appear
between DWDM channels and therefore decreases the
negative effect of idler waves [7].

In our simulated experimental setup we use OFS
highly nonlinear fiber with the following parameters:

Table 1. HNLF parameters

The dispersion slope of the OFS highly nonlinear fiber
in the zero-dispersion wavelength region is very flat
satisfying the phase matching condition necessary for the
four-wave mixing phenomenon [2,8]. The typical HNLF
length we use in our experiments is several hundred meters,
the precise value depending on the necessary gain and the
pump power. Another optical filter is used right after the
amplifier to suppress idler waves and the remaining pump
wave. Fig.2 illustrates the spectrograms of the optical signal
after amplification: a) before filtering; b) after filtering.
This figure shows that filtering the optical signal at this
stage is vital for the system to work – the pump power
remaining after the process of amplification is still very
high and needs to be filtered out.

Fig. 2. The spectrum of amplified DWDM signal: a) before
filtering; b) after filtering

At the receiver we use PIN photodiodes with BER and
eye diagram analyzers to evaluate the impact of FOPA on
the signal quality.

Results

Utilizing a system with a single FOPA amplification
stage we found a relationship between the length of HNLF
and the pump power. This relationship resembles an
exponential decay and is illustrated in Fig.3. The idea of the
simulated experiment was to find the lowest values of the
two parameters that satisfy BER ≤ 10-12 criterion for all four
channels simultaneously. The computations were made in
two ways: at first it was a single 80 km span and then the
computations were made with the same system parameters
for two 80 km spans and a FOPA in between them (see
Fig.1). Changing the pump power from 29 to 36 dBm with
1 dBm step we found the minimal values of HNLF length,
that satisfied the criterion for all the channels.

Fig. 3. The relationship between HNLF length and the pump
power (BER ≤ 10-12 criterion)

Fig.3 shows the minimal values of HNLF length and
the pump power, i.e. the lower limit of the two parameters.
In the case when the parameters are above the curve there is
enough amplification to satisfy BER ≤ 10-12 criterion for all
four channels. However, we found that there is also the
upper limit. This can be explained with the fact that too
much amplification deteriorates the signal quality by
amplifying idler waves that appear as noise. As a result both
limits must be considered during the amplifier design
process.

Next what we did was the investigation of lightwave
systems with multiple FOPA amplification stages. We used
pumps with 30 dBm power and 270 m of HNLF in each
FOPA. The results proved to be really optimistic: we
achieved the necessary performance (BER ≤ 10-12 criterion)
for a system with four amplification stages, which equals
400 km without regeneration of the optical signal. Actually,
the system with six FOPAs (560 km) showed BER ≤ 10-12

performance for three of the channels, while the fourth one
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had BER ≤ 10-10.
The limiting factor in our experiments was dispersion.

Though we used DCF for dispersion compensation we still
had a major decrease in signal quality at the end of the link.
Eye diagrams of all four channels can be seen in Fig.4.

Fig. 4. Eye diagrams of 4 channels after 400 km without the
optical signal regeneration

We achieved the maximum distance of 400 km, before
the optical signal regneration was needed for 4-channel
DWDM system. And we had only one channel degrading
below BER ≤ 10-12 for longer distances (up to 560 km). The
main limiting factor in our case was dispersion. In our
experiments we didn't use any kind of dispersion
compensation techniques used in real lightwave systems,
except for the DCF, therefore the real-life performance can
be expected to be better in terms of BER performance.

Discussion

There are three basic optical amplifier parameters to
be mentioned – gain, gain bandwidth and amplifier noise
performance. In most of the recent papers on FOPAs the
first two of them are considered without correlation to the
third one and vice versa [4,5,6,9]. However, when an
amplifier is used in telecommunications all three
parameters must be taken into account simultaneously when
evaluating performance and reliability of a lightwave
system. In this case BER is the appropriate parameter,
because it depends on all three parameters and it also
characterizes each channel individually in case of a
multichannel system.

During our research work we found there is a
fundamental problem of multistage lightwave systems with
FOPAs – the optical signal has to be equalized after a
certain number of amplifiers, utilizing unique specially
tuned optical filters. The reason for this is the fact that the
gain of a WDM channel in FOPA depends on many
uncorrelated factors and thus can be predicted only with a
limited accuracy. The difference between the gain of the
most and the least amplified channels may vary and even

with an accurately designed amplifier may reach one to
several dB per amplification stage. Moreover, the FOPA
gain increases with the input power of a channel, that's why
the most amplified channels will continue to receive more
gain with each consequent stage. As a result, after a
relatively small number of amplification stages certain
channels may have an inadmissibly large accumulated gain,
increasing inter-channel crosstalk, nonlinear effects and the
phenomenon known as cross gain modulation (XGM) and
thus impairing the signal quality.

Optical filters may solve the problem of unequally
amplified channels in a WDM signal. However, comparing
to EDFAs, whose constant gain curve is flattened utilizing
standardized optical filters, the gain curve of a FOPA with
fixed parameters will vary depending on the number of
input WDM channels, their wavelengths and power. This
means that for each lightwave system equalizing filters will
be unique and their exact parameters will have to be found
during the system design and implementation process. Still
it is possible that in case of a large number of WDM
channels the necessary filter curves will be too complicated
to realize.

Conclusion

The results of our research work proved once again
the huge potential of FOPA utilization in ligthwave
systems. However, a number of conditions must be defined
before attempting to use FOPAs in real-life. First, it is
necessary to determine the acceptable boundaries for HNLF
length and the pump power for each type of fiber optical
parametric amplifier. Second, the accurate filtering must be
done to avoid unequal amplifcation of channels in the
system. Third, FOPA performance is very sensitive towards
such characteristics of DWDM systems as the number of
channels, the power of each channel at the amplifier input
and the necessary gain.
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