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We present a dispersion compensating fiber Raman amplifier
for the L-band, obtained by pumping a dispersion compensating
fiber with a high power 1480 nm Raman pump. The device
described here is useful for the upgrade of DWDM transmission
systems, considering that increasing the transmission bit rate
requires extra power budget and dispersion compensation. The
dispersion compensating Raman amplifier was tested in two
configurations, backward and forward pumping. A net gain of
13 dB is obtained at 1580 nm for 600 mW of 1480 nm backward
pump power. The on-off gain in this condition is 27 dB.
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The upgrade of installed DWDM transmission systems by
increasing the bit rate requires attention to tighter power
budget and dispersion limitations. Higher bit rate pulses
are more susceptible to fiber dispersion and dispersion
compensators are required when implementing the
upgrade. Dispersion compensating fibers (DCF) are
usually deployed to compensate for fiber dispersion. DCFs
present high loss (~0.5 dB/km @ 1550 nm), imposing
power budget limitations for the bit rate upgrade. It has
been demonstrated recently that the dispersion
compensating unit loss can be compensated by using
Raman amplification in the DCF. [1] This fiber has a very
small effective area (~25 µm2), providing the highest
Raman gain among all fiber types.[2],[3]

There is another impact on the power budget which is
given by the fact that the receiver sensitivity to obtain a
given bit error rate is worse for higher bit rates. In a
transmission system the amplifiers and fiber links are
designed for a given bit rate. In order to upgrade the bit
rate, it would be necessary to provide extra gain to
compensate for the change in receiver sensitivity. Raman
gain in DCF modules can be high enough to compensate
for its loss and for the extra power necessary to the
upgrade. [4]-[7]

The limitations described here become more critical in the
L-band (1560-1610 nm), where the fiber loss and
dispersion are higher than in the C band (1530-1560 nm).

It has been shown that the higher fiber loss in the L-band
can be compensated by pumping the transmission fiber at
1530 nm to obtain distributed Raman gain. [9]

We present here an element which provides both power
and dispersion compensation to be used in DWDM
system upgrades in the L-band. This element is obtained
by pumping a DCF with a 1480-nm Raman pump. The
net gain and the noise figure were measured in the L-
band for various pump and signal powers.
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The experimental setups are shown in Figure 1. The
Raman amplifier is pumped by a cascaded Raman laser,
which is a double-clad fiber laser pumped by an array of
multi-mode pump modules, followed by a cascade of
fixed resonators.
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)LJXUH �. Experimental setup. The dispersion
compensating L-band Raman amplifier is pumped by a
Raman laser. (a) Backward pump configuration,
(b) Forward pump configuration.



The pump light is coupled into the transmission fiber
using a 1480/1550 nm WDM coupler, designed for high
pump powers. The pump wavelength is 1480 nm and the
signal, generated by a tunable external cavity laser, is
tuned from 1560 to 1600 nm, covering most of the L-
band.

The net gain and the Raman noise are  measured using an
OSA, coupled to the transmission fiber output by the
coupler 1550 nm port in the backward configuration and
directly to the transmission fiber in the forward
configuration. For both configurations, the input signal
power considered is the power exiting the isolator, e.g. the
dispersion compensating Raman amplifier includes both
the DCF and the WDM coupler.

The DCF used as Raman gain medium has a total
dispersion of –1600 ps/nm and it is composed by two
DCFs connected, one of –700 ps/nm and one of
–900 ps/nm. Total insertion loss of both DCFs connected
is 12.0 dB at 1550 nm. All the connectors used are
angled polished connectors to reduce reflections, which
might cause oscillations.
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Distributed Raman amplifiers are characterized by the on-
off gain, which is the ratio between the output signal
power with the pumps on and off. In this case, the
important parameter is the net gain, because this is a
discrete amplifier and it can be used to compensate for
losses other than the DCF insertion loss. The net gain is
given by the ratio between the output signal power and the
input signal power.

The noise figure for Raman amplifiers is calculated by
taking into account the net gain and the measured noise
power.
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Figure 2 shows the DCF Raman amplifier net gain and
the noise figure, in dB, as a function of the signal
wavelength. This is the result for the backward pump
configuration and the curves shown correspond to two
pump power levels, 500 and 600 mW.

Although backward pump configuration has been shown
to minimize the effect of pump fluctuations on the
amplifier gain, [10] the dispersion compensating Raman
amplifier has been characterized for forward pump
configuration also, so that the pump power limits could be
obtained in this condition.
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)LJXUH �. Net gain and noise figure for the dispersion
compensating Raman amplifier, backward pumped at
1480 nm as a function of the signal wavelength. The
signal power level is  –13 dBm.

Considering that we are describing a discrete amplifier,
the net gain takes into account the loss of the DCF and of
the WDM coupler. The loss of the DCF varies less than
1 dB over the wavelength range covered by the
measurements (1560 to 1600 nm). The WDM coupler is
optimized for the wavelength range near 1550 nm and it
has high insertion loss towards the long wavelength side.
For 1600 nm, the insertion loss is as high as 7 dB.
Figure 3 shows the insertion loss of the DCF and the
WDM coupler.
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)LJXUH �.�DCF and WDM coupler insertion loss, as a
function of wavelength.

The net gain variation is 12 dB and can be reduced by
using a WDM coupler optimized for the L band, which
requires a lower and flatter insertion loss towards the
longer wavelength side.



For pump powers above 670 mW, the amplifier starts to
oscillate due to Rayleigh scattering. [11] We observed also
that the threshold for oscillation depends on the length
and on the sequence of the DCFs used. Table 1 shows the
oscillation thresholds for four combinations of the
available DCFs. Longer fiber lengths have higher gain
and consequently lower threshold. The connection
between the DCFs also causes reduction of the threshold,
due to extra reflections. These oscillations due to Rayleigh
scattering can be reduced by using band pass filters [12]
and gain flattening filters. [13] In the configurations
tested here, none of these techniques was used and for this
reason, the pump power level was kept under 670 mW.

7DEOH�� – Oscillation pump power thresholds for DCFs.

DCF (ps/nm) Pump power threshold (mW)
-700 800

-700 / -900 730
-900 710

-900 / -700 670

Figures 4 and 5 show the net gain and the noise figure of
the dispersion compensating Raman amplifier as a
function of the pump power.
In order to compensate for the DCF loss, it is necessary to
pump the DCF with a power of at least 300 to 400 mW,
depending on the signal wavelength. For pump powers in
this range, the dispersion is compensated by a lossless
device. For pump powers above this power range, this
device can be used to compensate for both dispersion and
extra losses associated to the system upgrade.
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)LJXUH �.� Net gain for the dispersion compensating
Raman amplifier, backward pumped at 1480 nm as a
function of the pump power. The signal power level at
the input of the DCF  is –13 dBm.
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)LJXUH �.�Noise figure for the dispersion compensating
Raman amplifier, backward pumped at 1480 nm as a
function of the pump power. The signal power level at
the input of the DCF is –13 dBm.

Figure 6 shows the net Raman gain as a function of the
signal wavelength for five different signal input power
levels. The pump power is 400 mW. The reason to use
this pump power level is to compare with the forward
configuration as it will be explained in section 3.2.
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)LJXUH� �� Net gain for the dispersion compensating
Raman amplifier, backward pumped at 1480 nm as a
function of the signal wavelength, for five different
signal power levels.

As expected, the dispersion compensating Raman
amplifier gain is signal independent for the power range
measured.
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Figure 7 shows the DCF Raman amplifier net gain and
the noise figure, in dB, as a function of the signal
wavelength. This is the result for the forward pump
configuration and the curves shown correspond to two
pump power levels, 500 and 600 mW.
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)LJXUH � . Net gain and noise figure for the dispersion
compensating Raman amplifier, forward pumped at
1480 nm as a function of the signal wavelength. The
signal power level is  –13 dBm.

The forward pump configuration provides lower gain  the
backward pump configuration. The difference ranges from
1 to 4 dB and it increases for longer wavelengths.

The main difference is in the noise figure, which for the
forward pump configuration is higher than for the
backward pump, specially for longer wavelengths. The
largest noise figure difference observed is 7 dB for
1600 nm. This difference comes from the fact that in the
forward configuration, the signal is attenuated by the
WDM coupler in the long wavelength range, but the noise
is not attenuated, since the OSA is directly  connected to
the Raman gain medium. In the backward configuration
both the signal and the noise are attenuated by the WDM
coupler and noise figure is not affected by this loss.

Figures 8 and 9 show the net gain and the noise figure of
the dispersion compensating Raman amplifier as a
function of the pump power.

The pump power range  to compensate for the DCF loss, is
approximately the same as for the backward pump
configuration, 300 to 400 mW, depending on the signal
wavelength.
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)LJXUH �.� Net gain  for the dispersion compensating
Raman amplifier, forward pumped at 1480 nm as a
function of the pump power. The signal power level at
the input of the DCF  is –13 dBm.
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)LJXUH �.�Noise figure for forward pumped at 1480 nm
as a function of the pump power. The signal power
level at the input of the DCF is –13 dBm.

Figure 10 shows the net Raman gain as a function of the
signal wavelength for four different signal input power
levels. The pump power is 400 mW. We could not use
higher pump power levels, because gain fluctuations are
observed, specially for high signal level. [10] This result
indicates the limit of pump power that can be used in
order to keep the gain fluctuation low. In this condition,
the maximum net gain from the forward pump
configuration is 3dB.
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)LJXUH� ��� Net gain for the dispersion compensating
Raman amplifier, forward pumped at 1480 nm as a
function of the signal wavelength, for five different
signal power levels.

As expected, the dispersion compensating Raman
amplifier gain is signal independent for the power range
measured.
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We presented a dispersion compensating L-band Raman
amplifier which can be used to compensate for dispersion
and loss simultaneously. This device should prove useful
for systems upgrades and to extend the wavelength band
of the erbium doped amplifier.

The highest net gain measured for the backward pump
configuration is 13 dB, for 600 mW of backward pump
power. The noise figure in this configuration is below
7.5 dB. For the forward pump configuration, the highest
net gain is 3 dB and it is limited by the gain fluctuations
induced by the pump.

��� 5()(5(1&(6

[1] P.B Hansen, G. Jacobovitz-Veselka, L. Grüner-Nielsen and
A. J. Stentz, “Raman amplification for loss compensation
in dispersion compensating fibre modules”, (OHFWURQLFV
/HWWHUV, V. ��� N. 11, pages 1136 – 1137, 1998.

[2] M. L. Rocha, M. R. X. de Barros, J. B. Rosolem, M. R.
Horiuchi, M. A. D. dos Santos and A. A. Juriollo, “L-band
distributed Raman amplification using a bi-directional C-
band Erbium-doped fiber laser pumping scheme”,
submitted to the 19th SBrT (2001).

[3] V. L. da Silva and J.R. Simpson, “Comparison of Raman
efficiencies in optical fibers”, 3URFHHGLQJV�RI�2SWLFDO�)LEHU
&RPPXQLFDWLRQ�&RQIHUHQFH, 1994, paper WK13.

[4] Y. Emori, Y. Akasaka, S. Namiki, “Broadband lossless
DCF using Raman amplification pumped by multichannel
WDM laser diodes”, (OHFWURQLFV� /HWWHUV, V. ��, N. 22,
pages 2145 – 2146, 1998.

[5] Y. Emori, S. Matsushita, S. Namiki, “Cost-effective
depolarized diode pump unit designed for C-band flat-gain
Raman amplifiers to control EDFA gain profiles”, Optical
Fiber Conference’2000, paper FF4 (2000).

[6] W.-Y Oh, S.-S. Lee, H. Lee, W. Seo, “16-channel C-band
hybrid fiber amplifier comprising an EDFA and a single
diode laser pumped dispersion compensating Raman
amplifier”, European Conference on Optical
Communications´2000, paper 4.4.5 (2000).

[7] S. Kinoshita, K. Otsuka, T. Chikama, “Raman
amplification  of  dispersion  compensating fiber for loss
reduction and enlargement of WDM wavelength range”,
2nd   Optoelectronics   and Communications Conference
OECC '97, p.412-13, (1997).

[8] S.A.E. Lewis, S.V. Chernikov, J.R. Taylor, “Broadband
high gain dispersion compensating Raman amplifier”,
OFC´00, paper TuA2, (2000).

[9] J. B. Rosolem, M. R. Horiuchi, M. R. X. de Barros, M. L.
Rocha, M. A. D. dos Santos, A. A. Juriollo, “L-band
Raman Amplifier Pumped by Erbium-doped Fiber Laser for
DS Fiber Loss Compensation”, Accepted for presentation
in the OSA� 2SWLFDO� $PSOLILHUV� DQG� WKHLU� $SSOLFDWLRQV
6\PSRVLXP������.

[10] A. S. Sidiqui, G. G. Vienne, “The effect of pump and
signal laser fluctuations on the output signal from Raman
and Brillouin optical fiber amplifiers”, J. Opt. Commun.,
��,�33 (1992).

[11] P. B. Hansen, L. Eskildsen, A. J. Stentz, T. A. Strasser, J,
Judkins, J. J. DeMarco, R. Pedrazzani, D. J. DiGiovanni,
“Rayleigh scattering limitation in distributed Raman pre-
amplifiers”, IEEE Photonics Technology Letters, ��, 1, 159
(1998).

[12] P. Le Roux, E. Brandon, J.-P. Boldel, L. Labrunie, D.
Toullier, G. Zarris, “Error-free 2.5 Gbits/s unrepeatered
transmission over 570 km”, ECOC’00 (2000).

>��@�S. A. E. Lewis, S. V. Chernikov, J. R. Taylor, “Rayleigh
noise suppression using a gain flattening filter in a
broadband Raman amplifier”, paper FF5, OFC’00 (2000).


