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I. INTRODUCTION
Fibre Raman Amplifiers (FRAs), based on the nonlinear
effect of stimulated Raman scattering (SRS) have found
application in lightwave systems for compensating signal
losses in fibres. The increasing bandwidth demand in densewavelength- division multiplexing (DWDM) systems has
also enhanced the use of FRAs in broadband amplification
[1, 2]. FRAs have unique characteristics which include; a
wide amplification bandwidth, low noise and high optical
saturation power. The gain is tunable to any wavelength and
signal amplification occurs during transmission in the fibre
thus allowing distributed Raman amplification.
However, the SRS process is polarization sensitive and the
Raman gain coefficient is maximum when the signal and
pump polarizations are parallel, while the gain is small if the
polarizations are orthogonal [3]. In single mode fibres
(SMFs), polarization along the direction of propagation
cannot be maintained. This is due to polarization mode
dispersion (PMD) in fibres which causes the state of
polarization (SOPs) of both the pump and signal to change
as both propagate along the fibre. Theoretical analysis of
FRAs predicts that the PMD effect can cause the gain to
fluctuate over a wide range, a phenomenon that could result
in large signal distortions [4, 5]. Initial measurements have
focused on a co-pumped scheme and simulations [6], [7].
Raman fibre amplifier polarization dependent gain (PDG) is
currently being overcome by depolarizing the pumps, but
this is at the expense of reduced amplification efficiency. A
good understanding of Raman PDG is important in order to
overcome the gain penalty associated with the current PDG
reduction techniques as well as to also minimize the
deleterious effects.
In this paper, we present experimental results that relate to
the theoretical analysis presented in [4] and [5] and
improved in [8]. We compare the Raman gain statistics for

single mode fibres (SMFs) at the high and low PMD regime
using forward, backward and bidirectional pumping
schemes. The results presented consist of both laboratory
and field measurements.
II. Experimental SETUP
The -10 dBm input signal from a WDM laser source and 22
dBm pump power were launched into the fibre as shown
(figure 1). The pump and signal were both scrambled thus
providing all possible orientations of the pump and signal
input polarization. A cable of length 12.03 km was used for
laboratory measurements and the output signal power
determined using the EXFO IQS 1700 power meter. The
degree of polarization (DOP) of the amplified signal was
monitored using a polarimeter to ensure that the signal was
not degraded by noise. The same setup was used for the
field measurement of a 28.8 km deployed cable at Sidwell
Telkom SA exchange in Port Elizabeth.

Figure 1.Raman amplifier experimental set-up
III. RESULTS
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Abstract- We investigate the effects of fibre
polarization mode dispersion (PMD) on gain and gain
fluctuations of polarized fibre Raman amplifier using
three pumping configurations. It is found that the
average on-off gain is highest for forward pumping
scheme and decreases with increasing fibre PMD.
Raman polarization dependent gain (PDG) and gain
fluctuations increase rapidly for forward pumping when
PMD coefficient is below 0.03 pskm-1/2. The three
pumping schemes show similar performance for fibres of
high PMD coefficient.
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Figure 2.Raman on-off gain histograms of two single mode
fibres of PMD coefficient (a) 0.011 pskm-1/2 and (b) 0.113
pskm-1/2. (Each fibre length is 24.06 km, obtained by
concatenating two fibres of similar PMDs from the cable.
The solid lines are a Gaussian fit for the distributions and
<GdB> is the average gain, SddB the gain standard deviation).
It is evident from figure 2 that the average gain depends on
the pumping scheme and the fibre PMD coefficient. Counter

pumping provide the lowest average gain but improve gain
fluctuations. The gain fluctuation is high for low PMD fibre
because the weak birefringence causes the signal to
experience random gain, while high birefringence gives rise
to low average gain [5]. The measured polarization
dependent loss (PDL) for the two setups was 0.261 dB and
0.239 dB, respectively.
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IV. CONCLUSION
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Figure 3. (a) normalized gain standard deviation (SD)
variation with PMD; and (b) normalized PDG versus PMD
coefficient for the 12.03 km cable. (PDL range between
0.108 dB to 0.173 dB)
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Raman gain, PDG and gain fluctuations in single mode
fibres depend on both the pumping scheme and PMD
coefficient of the fibre. Backward pumping shows the
lowest average gain and gain fluctuation for low and high
PMD fibres, while forward pumping shows the highest PDG
and gain fluctuation for low PMD fibres ( <0.03 pskm-1/2).
The three pumping configurations exhibit almost similar
performance when high PMD fibres are involved. Despite
the requirement of two pumps during Bidirectional
pumping, this scheme seems to be the best candidate for
Raman amplification for fibres with PMD greater than 0.03
pskm-1/2.
ACKNOWLEDGMENTS
This project is part of the Telkom Centre of Excellence at Nelson
Mandela Metropolitan University, supported by Telkom S.A. Ltd,
Ingoma Communications Services (Pty) Ltd, Hezeki Contracting
(Pty) Ltd, MCT Telecommunications (Pty) Ltd and THRIP, well as
the NRF, NLC and the ALC.

0.18

REFERENCES

0.12

[1] M. N. Islam, “Raman amplifiers for telecommunications”,
IEEE J. Sel. Topics Quantum Electron., vol. 8, pp. 548 – 559,
May/Jun. 2002.
[2] J. Bromage, “Raman amplification for fiber communications
systems”, J. Lightwave. Technol., vol. 22, pp. 79 - 93, Jan. 2004.
[3] D. J. Dougherty, F. X. Kartner, H. A. Haus and E. P. Ippen,
“Measurement of the Raman gain spectrum of optical fibers”, Opt.
Lett., vol. 20, pp. 31 – 33, Jan. 1995.
[4] Q. Lin and G. P. Agrawal, “Statistics of polarization-dependent
gain in fiber based Raman amplifiers”, Opt. Lett., vol. 28, pp. 227 229, Feb, 2003.
[5] Q. Lin and G. P. Agrawal, “Vector theory of stimulated Raman
scattering and its application to fiber-based Raman amplifiers”, .J.
Opt. Soc. Amer., vol. B20, pp. 1616 - 1631, Aug. 2003.
[6] P. Ebrahimi, M. C. Hauer, Q. Yu, R. Khosravani, D. Gurkan,
D. W. Kim, D. W. Lee and A. E. Willner, “Statistics of
polarization dependent gain in Raman fiber amplifiers due to
PMD”, in Proc. CLEO Tech. Dig., pp. 143 – 144, 2001.
[7] H. H. Kee, C. R. S. Fludger and V. Handerek, “Statistical
properties of polarization dependent gain in fibre Raman
amplifiers”, in Proc. OFC Tech. Dig., pp. 180 – 181, 2002.
[8] A. Galtarossa, L. Palmieri, M. Santagiustina and L. Ursini,
“Polarized backward Raman amplification in randomly
birefringent fibers”, J. Lightwave. Technol., vol. 24, pp. 4055 4062, Nov 2006.

0.06
0.00

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
-1/2
PMD(Dp) pskm

(a)
1.5
1.2
0.9

PDL
copumped
counterpumped
bidirectionpumped

0.36
0.32
0.28

0.6

0.24

0.3

0.20

0.0

PDL (dB)

1.8

PDG/<GaindB>

obtained from laboratory measurements show that signal
gain fluctuations and PDG depend on the pumping scheme
and increase rapidly for co-pumped configuration at low
PMD (< 0.03 pskm-1/2). However, as PMD increases both
the gain fluctuations and the PDG values of the three
pumping schemes decrease to the same level as predicted in
[4]. Field measurements confirmed the behaviour for the
high PMD (> 0.4 pskm-1/2) regime as shown in figure 4.
High PMD fibres reduced Raman gain fluctuations to below
0.25 dB and PDG was observed to be less than 1 dB for the
three pumping configurations. Despite the fact that high
PMD virtually eliminates the gain fluctuations it also
reduces the Raman gain and introduces signal distortions at
high data transmission bit-rates.
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Figure 4 (a) normalized standard deviation of the gain; (b)
normalized PDG as a function of PMD parameter. (Field
measurements of 28.8 km deployed cable at Sidwell Telkom
SA exchange in Port Elizabeth.)
Normalization to average on-off gain in figure 3 and figure
4 eliminates the dependence of PDG and gain fluctuations
on pump power as outlined in [4]. Results in Figure 3
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