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Numerical analysis of Raman amplification and optical
signal-to-noise ratio in a photonic crystal fiber
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A numerical design on the triangular photonic crystal fiber (PCF) based backward multi-pump Raman
amplifier is presented. It is demonstrated that high flat Raman gain can be reached based on PCF.
Influences of different geometric parameters and germanium doping concentrations on the Raman net
gain, amplified spontaneous emission (ASE) noise and double Rayleigh backscattering (DRBS) of the
signal have been analyzed. For optimizing crystal fiber Raman amplifier (FRA), there is tradeoff between
the geometric parameter and germanium doping concentration of triangular PCF. The results show that
PCF is an appropriate candidate for high gain Raman amplifiers.

OCIS codes: 060.0060, 060.2320, 060.4370.

Distributed Raman amplifiers (DRAs) with broad band-
width and low optical noise for high-capacity, long haul
wavelength division multiplexing (WDM) transmission
systems have been investigated extensively!’2. Recently,
a new kind of Raman gain medium, the photonic crys-
tal fibers (PCFs) have become attractive. Transverse
section of the PCF usually consists of a silica core sur-
rounded by a regular array of longitudinal air holes and
can offer tight modal confinement. Figure 1 shows one
of the structures called triangular PCF, where d is the
air-hole diameter and A is the pitch. The GeOy doped
area is actually the area surrounded by the most inner
air-hole ringl®, whose radius is A — d/2, so the high
GeOy concentration can be obtained by using very large
air-fraction cladding, i.e., closely spaced large air holes.
Through careful design of the core GeOs concentration
and geometric parameters, the PCF can provide higher
Raman efficiency than that of a standard single-mode
fiber (SMF)B4.  So far, Raman amplifier based on
different structures of PCF have been studied on some
aspects of the system performances experimentally®) or
theoreticallyl®”l. Though some of the key parameters,
such as the coupling efficiency with conventional SMF,
fiber attenuation coefficient and Rayleigh backscattering
(RBS) coefficient, are still not qualified enough, great
improvement can be expected®. In particular, further
reduction of the RBS coefficient and the background
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Fig. 1. Transverse section of a PCF with triangular lattice.
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loss, which strongly affects pump efficiency and opti-
cal signal-to-noise ratio (OSNR), can greatly enhance the
Raman efficiency with respect to conventional fibers.

The performances of triangular PCF-based Raman am-
plifiers employing multiple pumps are studied in this pa-
per. The dependence of parameters, such as the Ra-
man net gain, OSNR of the amplified spontaneous emis-
sion (ASE) (OSNRagg), and OSNR of double Reyleigh
backscattering (DRBS) (OSNRpgrps), on the geometric
parameter and germanium doping concentration of the
triangular PCF are investigated. Simulation results are
presented and comparisons are carried out to verify the
analysis.

A mathematical model was given in Ref. [9] for multi-
pump fiber Raman amplifier (FRA) based on a set of
propagation equations which described the forward and
backward power evolutions of pumps, signals, noise, and
signal RBS along the fiber. The model includes the stim-
ulated Raman scattering (SRS) and its amplification, the
spontaneous Raman emission and its temperature depen-
dence, the RBS, the fiber attenuation, and the interac-
tion among pumps, signals, noise and signal RBS from ei-
ther propagation directions. Because PCF presents large
RBS coefficient and fiber attenuation coefficient, the re-
lated noise performances should be considered. In the
equations, the contribution to the noise due to the RBS
of the signals has been distinguished from the other noise
components in order to evaluate the negative impacts of
DRBS of signal and OSNR of ASE on the RFA perfor-
mances, respectively. The DRBS of signal increases in
proportion to the signal power, therefore the multi-path
interference can be created to increase the bit error rate
in the receiver(!?), We evaluate the negative effect of
the DRBS on the signal at the wavelength A; by the ra-
tio of the signal power PT()\;) to the signal RBS power
ndrp(Ai) at the PCF end,

OSNRpgras(Ai) = 10log;, [ Pr%) ] . (1)

n-Si_RB (M)

We solved the propagation equations using fifth-order
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Runge-Kutta method with step size control. For nu-
merical stability, the mesh size of the fiber length Az
was chosen as 50 cm and the maximum Raman medium
length was 50 km. The noise wavelength bandwidth A\
is 1 nm and room temperature T is considered. Three
backward pumps at 1457, 1484 and 1494.5 nm with a
total input power of 780 mW are employed, which bring
about Raman amplification at L-band. The composite
Raman gain is expressed as the logarithmic sum of in-
dividual Raman gain by each pump with a weighting
factor(?

In the simulation, low-loss single-mode PCF with two
kind of geometric parameters are used, one is with
d/A = 044 at A = 4.2 pm and the other is with
d/A = 044 at A = 3.2 um['Y. For each geometric
parameter, two different GeOs concentrations, 0% and
19.3%, are considered®?. The related parameters are
listed in Table 1. We used the experimentally measured
PCF attenuation coefficient as a function of various
wavelengths in Ref. [11], and assumed that the mea-
sured PCF attenuation coefficient is independent of the
germanium doping concentration. The RBS coefficient
versus signal wavelength was reported in Refs. [3,9—11].
In particular, the RBS coefficient of PCF with 3.2-pym
pitch is almost 3.2 times that of PCF with 4.2-pm pitch
when d/A is fixed.

Figure 2 shows the Raman net gain of the PCFs. Under
the assumption that attenuation coefficient is indepen-
dent of the germanium concentration, the figure shows
that the Raman net gain depends strongly on GeOq con-
centration when the geometric parameters are fixed. For
example 19.3% GeOs concentration with A = 4.2 ym
produces an extra gain of about 9.35 dB. It is also shown

Table 1. Parameters Used in the Single-Mode PCF
(the Reference Pump Wavelength A.er is 1455 nm
and PCF Length L is 6.5 km)

A GeO2 Peak Raman Raman
(upm) Concentration Gain Coefficient, Effective Area,
(%) R (W hkm™) Ay (pm®)
3.2 0 2.2 155
3.2 19.3 5
4.2 0 1.33 25
4.2 19.3 3.28
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Fig. 2. Net gain versus signal wavelength for the two triangu-

lar PCFs with d/A = 0.44, A = 3.2 and 4.2 pm, respectively,
for different GeOs concentrations.

that with the same GeOs doped concentration and d/A
value, when the air-hole pitch changes form 4.2 to 3.2
pm, the net gain reduces inversely in spite that Raman
gain coefficient increases. The decreases are about 2.26
dB for 19.3% GeO> doping concentration and 2.47 dB
for pure-silica core. It is mainly caused by the increase of
the fiber attenuation coefficient when the air-hole pitch
reduces.

OSNRpRrps describes the influence of the signal DRBS
on the triangular PCF-based multi-pump Raman am-
plifier, and OSNRasg describes the influence of ASE
noise. Figure 3 gives the OSNRpgrps and OSNRasg
(considering single- and double-Rayleigh backscatter-
ing of ASE) in respect to the pitch parameters and the
GeO, doping concentration, respectively. It is noticed
that OSNRpres and OSNRasg become lower when the
ratio d/A and pitch A are fixed and the GeOy doping
concentration increases. For example at 1580 nm, the
OSNRprps and OSNRasg are 57.48 and 32.41 dB for
pure-silica PCF with d/A = 0.44, A = 4.2 pm, decreases
of 16.87 and 16.55 dB occur for 19.3% GeQO, doping con-
centration. The reason is that the RBS coefficient r(\;)
increases quickly along with the enhancement of GeOs
doping concentration. It is also noticed that, when the
pitch decreases, the attenuation coefficient a();) and
the RBS coefficient ()\;) also increase, which gives more
negative contribution to the OSNRprps and OSNRsE,
in spite that the Raman gain coefficient g increases
mainly due to decrease of the effective area Aegs.

It can be seen that the influence of the geometric pa-
rameter and GeOy doped concentration is complicated.
They result in the change of Raman gain coefficient,
fiber attenuation coefficient and RBS coefficient, which
jointly affect the performance of FRA. In other words,
higher Raman net gain does not always go with better
OSNRprps and OSNRgg. If the fabrication process
provides further a();) and r()\;) reductions, a tradeoff
between these two coefficients and the PCF Raman gain
coefficient design can be found.

In order to verify our simulations, comparisons with
amplifiers based on PCF6] are carried out. For example,
for the similar parameters (d/A = 0.625, A = 4 pm,
pump power of 1 W and fiber length of 9 km), the simu-
lated results in Ref. [6] showed the net gain of about 12
dB and bandwidth of about 20 nm. Our simulation anal-
ysis has shown the same gain level, and the bandwidth
increases to more than 40 nm due to employing multiple
pumping (see Fig. 2 and Fig. 2(a) in Ref. [6]). While the
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Fig. 3. OSNRprps and OSNRasg versus signal wavelength
for the two triangular PCFs with d/A = 0.44, A = 3.2 and
4.2 pm, respectively, for different GeO2 concentrations.
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DRBS of the signal is also in the same level (see Fig. 3
and Fig. 2(b) in Ref. [6]).

In conclusion, triangular PCF-based backward multi-
pump Raman amplifiers have been analyzed by numer-
ical simulation. Using two different geometric parame-
ters with two GeQOs doping concentrations, the Raman
net gain, OSNRasg and OSNRpgrps are simultaneously
investigated. Results show that an increase of the atten-
uation coefficient a();) dramatically reduces the Raman
net gain. Meantime, the RBS coefficient and a();) also
dramatically reduce these two kinds of OSNRs. For op-
timizing Raman net gain, OSNRasg and OSNRpgrps, an
eclectic control of geometric parameters as well as ger-
manium doping concentration is required.

T. Shang’s e-mail address is shtsun_sjtu@hotmail.com.
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