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Abstract— Application of all-optical gain-clamped
(AOGQC) lumped Raman fiber amplifier (RFA) for protec-
tion of surviving channels in multiwavelength networks is
investigated experimentally and theoretically. Channel ad-
dition/removal was simulated by transmitting signals of two
lasers through a counter-directionally pumped RFA consist-
ing of 16km of dispersion compensating fiber (DCF). Light
of one of the lasers was square-wave modulated at 500 Hz,
power fluctuations of the other laser caused by cross-gain
modulation of the RFA were monitored at the output of
the amplifier with a digital oscilloscope. All-optical feedback
loop was implemented in the form of a ring laser. Theoreti-
cal analysis of the AOGC lumped RFA is based on numerical
solution of coupled propagation equations for forward and
backward propagating pumps, signals, and spectral compo-
nents of amplified spontaneous emission powers.

Keywords— Cross-gain modulation, power tran-
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I. INTRODUCTION

With the development of high-power compact
semiconductor laser diode pumps, Raman fibre amplifiers
(RFA) have regained attention as a practical silica-based
fibre amplifiers due to their flexible gain band control by
changing wavelengths and powers of pump sources [1], [2].
Lumped RFA will play an important role in next generation
of high-speed, wavelength division multiplexed (WDM)
metropolitan area networks. When the number of chan-
nels varies due to channel addition/removal or when burst
mode traffic is transmitted in a network where high gain,
wide-band lumped RFA are deployed, pump-to-pump and
signal-to-signal interactions in RFA may cause power tran-
sients that can cause serious service impairments.

Recently, transient effects in RFA have been in-
vestigated both theoretically and experimentally, [3], [4],
[5], [6], [7]. Power transients similar to those recorded in
erbium-doped fiber amplifiers (EDFA) have been observed
in counter-directionally pumped saturated RFA and were
attributed to depletion of injected pump by the leading
edge of signal pulses. Due to the partial pump depletion,
the body of the pulse does not enjoy the same high gain as
the signal front. Two control schemes widely accepted in

EDFA’s have so far been suggested and experimentally ver-
ified for suppression of power transients in RFA: fast pump
power control, [8], [9] and all-optical gain clamping, [10],
[11]. Proportional-integral-derivative (PID) control circuit
was implemented in control scheme demonstrated in [8]
to vary the counter-directional pump power. Control sig-
nal was derived either from the surviving channel output
power, or from both the surviving and the total output
power. When the control was off, Raman gain fluctuations
of the surviving channel ranged from 0.35 to 1.2dB as
the drop/total ratios ranged from 4/8 to 20/24 in the dis-
tributed RFA. The control algorithm kept gain fluctuations
of surviving channels < +0.06 dB. Gain-clamped lumped
RFA reported in [11] exhibits a net gain of 22 dB with gain
variation of only 0.3 dB for signal input power ranging from
—20dBm to 2.7dBm. Suppression of power surges during
transmission of 500 us long optical pulses has been demon-
strated.

In this contribution we extend the experiments
presented in [11] by investigating, both experimentally
and theoretically, suppression of cross-gain modulation in
an AOGC RFA. We transmited signals from two lasers
through 16km of dispersion compensating fiber (DCF)
counter-directionally pumped at 1430, 1440, and 1450 nm.
Light of one of the lasers was 100 % square-wave modulated
at 500 Hz to simulate channel addition/removal, power fluc-
tuations of the other laser caused by cross-gain modulation
of the RFA were monitored at the output of the amplifier
with a digital oscilloscope. All-optical feedback loop was
implemented in the form of a ring laser. Theoretical anal-
ysis of the AOGC lumped RFA is based on numerical so-
lution of coupled propagation equations for forward and
backward propagating pumps, signals, and spectral com-
ponents of amplified spontaneous emission powers. Rea-
sonable quantitative agreement between experimental and
theoretical results has been achieved.

II. EXPERIMENTAL SETUP

Figure 1 shows our experimental setup.The
AOGC RFA, shown in the dashed box, consists of 16 km of
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Fig. 1. Experimental setup of AOGC RFA: PC polarization con-
troller, IS isolator, MZ electro-optical modulator.

dispersion compensation fibre (DCF), OFS EWBDK:1360,
counterdirectionally pumped via circulator by three pumps
at 1430, 1440, and 1450 nm and a launched power of 159,
143, and 153 mW, respectively. 30 % of the forward prop-
agating amplified spontaneous emission (ASE) generated
within the pumped DCF is fed back from the output di-
rectional coupler, DC'3, via variable attenuator and optical
band pass filter, OBPF}; to the 30% port of input direc-
tional coupler, DC5. Optical isolator, IS, prevents propa-
gation of backward ASE through the optical feedback loop.
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Fig. 2. Spectral dependence of net gain without AOGC.

Spectral dependence of RFA gain in unclamped
regime was measured using amplified spontaneous emission
of the EDFA and optical spectrum analyzer. The two laser
sources were switched off, the electro-optical modulator was
open. Figure 2 shows net gain of the RFA for three different
levels of saturations. Total ASE power at the RFA input
was -5, 5, and 15 dBm. It is seen that maximum gain is ob-
tained at ~ 1537 nm, the small signal value is 14 dB. Gain
saturation characteristic of the amplifier is plotted in Fig.

3 for unclamped and two different clamped regime. The
gain was measured using the laser tuned at 1538 nm and
the EDFA. The effect of stimulated Brillouin backscatter-
ing was suppressed by RF modulation of the electro-optical
modulator, MZ. Lasing wavelength has been set to 1536 nm
by the tunable band pass filter, OBPF;. The OBPF, was
tuned at 1538 nm and the gain measured with power me-
ter. When the optical feedback loop is closed, the gain is
clamped to the value equal to loop loss. For the loop loss
of oy = 8dB, variation of net gain is < 0.2dB for signal
input power ranging from -17 to +0.5 dBm.
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Fig. 3. Single channel (1538 nm) amplifier gain as a function of input
signal power with and without AOGC.

In order to investigate the response of AOGC
RFA to channel addition/removal, signals from two tunable
laser sources were combined in a 3dB directional coupler,
DC1, and injected into the amplifier. Light of the laser
tuned to 1538 nm was amplified by EDFA and modulated
on-off by a electro-optical modulator to simulate add/drop
regime. RF modulation was superimposed to 500 Hz on-
off modulation to suppress the effect of stimulated Bril-
louin backscattering. The second source at 1540 nm rep-
resents the surviving channels. This wavelength was se-
lected from the output spectrum of the AOGC RFA us-
ing OBPF; and monitored by a digital oscilloscope. Fig-
ure 4 shows two periods survining channel power fluc-
tuations for the unclamped and gain-clamped (o = 8,
11dB) regime. Input powers at 1538 and 1540 nm were -
3 and —13dBm, respectively. Lasing wavelength has beet
set at 1536 nm. When the optical feedback loop is discon-
nected, steady-state value of surviving channel power fluc-
tuation is 1.55 dB. In gain-clamped regime, the fluctuations
are suppressed depending on the degree of clamping. For
o = 11 and 8dB power surge of 0.63, and 0.18dB has
been recorded when the signal at 1538 nm is switched off.
Similar undershoots appear when the signal is switched
on again, —0.41, —0.11dB. Steady-state fluctuation is re-
duced to 0.1dB when a; = 11dB and fully eliminated for
o) = 8 dB.
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Fig. 4. Output power fluctuations at 1540nm with and without
AOGC: experiment.

III. NUMERICAL SIMULATION

The time-domain model of AOGC RFA used
for theoretical analysis of surviving channel fluctuations
has been derived from the model described in detail in
[9]. Numerical solution to the time-dependent propagation
equations starts with the determination of steady-state dis-
tributions of pump, signal and ASE powers along the DCF
fiber of length L. The steady-state solution of propaga-
tion equations involved in RFA simulation introduces a two
boundary value problem. Due to the backward propagat-
ing ASE powers and counter-directional pumping scheme,
an iterative forward and backward integration of propaga-
tion equations must be used. We applied the fourth-order
Runge-Kutta subroutine for these integrations. The opti-
cal feedback loop is implemented in the model by modi-
fying the boundary conditions for forward and backward
propagating ASE spectral components by filtering and at-
tenuation/isolation in each iteration cycle. In the following
analysis an OSF EWBDK:1360 fiber has been considered.
Assuming the same input signal and pump wavelengths
and powers as in the experiment shown in Fig. 4, we have
obtained similar power fluctuations in the surviving chan-
nel, both with and without AOGC. Figure 5 shows the
time evolution of power excursions in the surviving chan-
nel (1540 nm) at the output of the amplifier for unclamped
and two cases of clamped RFA. The steady-state power
excursion is 1.40dB in case of open loop and zero for the
clamped RFA. Power overshoots and undershoots for the
clamped RFA are slightly lower than those obtained exper-
imentally.

IV. CONCLUSION

We have demonstrated experimentally and the-
oretically, for the first time to our knowledge, that all-
optical gain clamping can effectively suppress surviving
channel power fluctuations in lumped RFA. In case that
sufficient lasing is allowed, the steady-state fluctuations
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Fig. 5. Output power fluctuations at 1540nm with and without

AOGC: numerical simulation.

are fully eliminated. Amplitude of the remaining surviv-
ing channel power overshoots/undershoots that occur when
channels are switched off/on is about 8 times lower than
the steady-state power fluctuation of the unclamped RFA.
Duration of these power overshoots/undershoots is related
to the length of the Raman fibre.
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