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Analysis of Channel Addition/Removal Response
in All-Optical Gain-Clamped Cascade of

Lumped Raman Fiber Amplifiers
M. Karásek, J. Kan̆ka, and Jan Radil

Abstract—The effect of addition and/or dropping of wave-
length-multiplexed channels in a network comprising three
concatenated lumped Raman fiber amplifiers (LRFAs) have been
analyzed by numerical simulation and verified experimentally.
The first LRFA in the cascade is gain clamped using a ring-laser
configuration, and the lasing power propagates through the
cascade. A large-signal numerical model that incorporates time
variation effects and the downstream propagation of signal,
upstream propagation of pumps, and downstream and upstream
propagation of amplified spontaneous emission spectral com-
ponents has been used for the theoretical analysis. The LRFAs
consist of 16 km of dispersion-compensating fiber counterdirec-
tionally pumped at 1455 nm by a Raman fiber laser. Channel
addition/removal is simulated by propagating through the cascade
of LRFAs optical power from two laser diodes. One of them is
square-wave modulated at 500 Hz, and power fluctuations of the
second continuous-wave signal caused by the cross-gain saturation
effect in LRFAs are monitored.

Index Terms—Optical fiber amplifiers, Raman amplification,
wavelength-division multiplexing (WDM).

I. INTRODUCTION

I N TRANSPARENT reconfigurable multiwavelength light-
wave networks, the number of wavelength channels passing

through an erbium-doped fiber amplifier (EDFA) may vary due
to, e.g., network reconfiguration or failure of a channel. Cross-
gain saturation in fiber amplifiers will induce power transients
in the surviving channels, which can cause severe service im-
pairment. As fiber amplifiers saturate on a total power basis,
channel addition/removal in a multiaccess network will tend to
perturb signals at other wavelengths that share all or part of the
route. Although this perturbation will generally be small in a
single amplifier, it will grow rapidly along a cascade. The steady
state and the transient channel addition/removal response must
be minimized to avoid error bursts in the surviving channels.

Signal power transients in concatenated highly pumped,
deeply saturated EDFAs have been studied [1]. Several tech-
niques have been suggested to control the unwanted surviving
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channel power excursions in EDFAs [2]–[5]. One of the sim-
plest schemes among them is the all-optical gain-clamping
(AOGC) method in which lasing in an EDFA is allowed. The
EDFA gain is clamped regardless of input signal level [6]–[9].
Performance degradation of AOGC EDFAs due to ring-laser
relaxation oscillation has been studied in [10].

Similar gain transients have recently been observed in
counter-directionally pumped Raman fiber amplifiers (RFAs)
[11], [12]. They are caused by nonnegligible propagation
time along the Raman fiber and by signal-to-pump and
signal-to-signal interactions, which result in partial pump
depletion. When the signal power changes abruptly, the leading
edge of the signal wave depletes the counterpropagating pump
so that the main body of the signal does not experience the
same high gain as the signal front. Two control schemes widely
accepted in EDFAs have so far been suggested and experimen-
tally verified for suppression of power transients in RFA: fast
pump power control [13], [14] and all-optical gain clamping
[15]–[18]. The proportional–integral–derivative (PID) control
circuit was implemented in the control scheme demonstrated
in [13] to vary the counterdirectional pump power. The control
signal 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 1.2 dB as the drop/total
ratios ranged from to in the distributed RFA. The
control algorithm kept gain fluctuations of surviving channels

0.06 dB. The gain-clamped lumped Raman fiber amplifier
(LRFA) reported in [16] exhibits a net gain of 10 dB with a
gain variation of only 0.3 dB for signal input power ranging
from 22.5 to 2.7 dBm. Elimination of steady-state surviving
channel power fluctuations and suppression of power surges has
been demonstrated. The dynamic behavior of a gain-clamped
multiwavelength pumped discrete Raman amplifier cascade
investigated theoretically by numerical simulation in [18]
assumed that the gain of each amplifier is clamped through an
optical feedback loop.

This paper presents the experimental and theoretical results
of surviving channel protection in a cascade of three LRFAs. In
contrast with theoretical results presented in [18], only the gain
of the first amplifier is clamped using an optical feedback loop
in the form of a ring laser. Lasing power generated in the AOGC
LRFA is let to propagate through the next two LRFAs. Channel
addition/removal is simulated in the experiments by propagating
through the cascade of LRFAs optical power from two laser
diodes. One of them is square-wave modulated at 500 Hz, and
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Fig. 1. Schematic diagram of the experimental setup of three AOGC LRFAs.

power fluctuations of the continuous-wave (CW) signal caused
by the cross-gain saturation effect in the LRFA are monitored by
a digital oscilloscope. The theoretical analysis is based on uti-
lization of a large-signal numerical model that incorporates tem-
poral properties and downstream propagation of multiple sig-
nals, upstream propagation of multiple pumps, and downstream
and upstream propagation of amplified spontaneous emission
(ASE) spectral components in the LRFA. Boundary conditions
for propagation equations describing the AOGC LRFA have
been modified to take into account the all-optical feedback loop.
In contrast with the previously reported experiments and simu-
lations of AOGC application to control the gain of LRFA, which
were limited to a single amplifier [15]–[17], the analysis is ex-
tended on a cascade of three LRFAs. The AOGC LRFA and the
other two LRFAs consist of 16 km of dispersion-compensating
fiber (DCF) counterdirectionally pumped by a Raman fiber laser
emitting at 1455 nm. The AOGC scheme of the first LRFA as-
sumes the basic configuration in which automatic gain control is
achieved by placing the LRFA in a ring- laser cavity to clamp its
gain. It is demonstrated that when enough lasing is allowed, the
AOGC can effectively suppress power fluctuations of surviving
channels caused by the cross-gain saturation effect in all three
LRFAs. The results imply that the AOGC cascade of the LRFA
may find application in purely Raman amplified metropolitan
area networks based either on DCF modules or on highly non-
liner fiber modules.

II. EXPERIMENTATION

A schematic representation of the experimental setup is
shown in Fig. 1. Each of the three LRFAs consists of 16 km of
DCF counterdirectionally pumped by 550 mW at 1455 nm from
a high-power Raman fiber laser. When the pump power was
increased above 600 mW, distributed Rayleigh reflections in
the DCF resulted in gain instability and lasing action, which is
described in [20]. Signals from a distributed feedback (DFB)
laser and an internally modulated external-cavity laser (ECL)
were combined in a 3-dB directional coupler and fed,
via polarization controller (PC) and phase modulator (PM), to
the cascade of three LRFAs. The signal of the DFB laser serves
as a CW surviving channel to monitor output power fluctuations

Fig. 2. Experiment: Single-channel (1545 nm) net gain of LRFA as a
function of input signal power with and without AOGC. Total loop loss
� = 11.5 and 9.5 dB.

due to the cross-gain modulation in the LRFAs. The signal of
the ECL was internally square-wave modulated at 500 Hz with
a 50% duty cycle to simulate channel addition/removal. The
wavelengths of the DFB laser and the ECL were 1545 nm
and 1550 nm, respectively. The all-optical gain-controlled
scheme used in the first LRFA of the cascade assumes the basic
configuration in which automatic gain control is achieved by
placing the amplifier in a ring-laser cavity to clamp its gain. To
form the all-optical feedback loop, two conventional 70–30%
directional couplers and , an optical isolator (IS)
suppressing the propagation of in the ring resonator, and
a 0.5-nm optical bandpass filter (OBPF) are used.
The lasing wavelength of the AOGC has been set at
1547 nm by the and the lasing power adjusted by a
variable attenuator (VAT). The lasing signal is let to propagate
along the cascade together with the two signals at 1545 and
1550 nm. The experimentally obtained gain saturation charac-
teristic of the amplifier is plotted in Fig. 2 for unclamped and
two different clamped regimes. The gain was measured using
light from the DFB laser source tuned at 1545 nm amplified
by an EDFA (not shown in Fig. 1). The effect of stimulated
Brillouin backscattering was suppressed by radio-frequency
(RF) modulation of the light by electrooptical phase modulator.
The tuned at 1545 nm was placed at the output port
of (point A), and the gain was measured with a power
meter. For the loop loss of 9.5 dB, variation of net gain
is 0.25 dB for a signal input power ranging from 22.5 to

0.25 dBm.
To measure the evolution of power transients of the 1545-nm

signal along the cascade, the output spectrum from the AOGC
was attenuated by the variable attenuator and am-

plified by the second LRFA, the output spectrum of which was
attenuated by and amplified by the third LRFA. Power
fluctuations of the CW channel or of the lasing power were
monitored using and a digital sampling oscilloscope
with optical head. Optical powers at the input to the directional
coupler were adjusted to 8 dBm (CW at 1545 nm) and

4 dBm (average power of the modulated signal at 1550 nm). In
order to keep the average power level of the 1545-nm signal at
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Fig. 3. Experiment: Output power variation of the 1545-nm signal at the output
port of LRFA ;LRFA , and LRFA for the unclamped cascade.

Fig. 4. Experiment: Output power variation of the 1545-nm signal at the output
port of LRFA : comparison of the unclamped and clamped regime.

the input port to the second and the third LRFA at 8 dBm, vari-
able attenuators and were set to appropriate values

9.5 dB and 14.2 dB. The and the oscillo-
scope with optical head were placed subsequently at the output
port of and , and (points A, B, and C
of Fig. 1), and the power transients were recorded with the op-
tical feedback loop disconnected and closed.

Fig. 3 shows output power fluctuations of the 1545-nm
channel for the unclamped regime (optical feedback loop dis-
connected) at the output port of , and .
The 1550-nm signal was switched off at 1.5 and 3.5 ms
and on again at 2.5 and 4.5 ms. When the optical feed-
back loop of the AOGC is closed, the lasing power
of the ring laser compensates the power fluctuations of the
square-wave-modulated signal at 1550 nm. Fig. 4 compares
the time evolution of the 1545-nm signal at the output port of
the AOGC (point A) for the unclamped and clamped
regime. It is seen that for 9.5 dB, the steady-state fluctua-
tion is fully eliminated. The power surge is six times lower, and
the duration of power overshoots/undershoots that occur when
the 1550-nm signal is switched OFF/ON is limited to 270 and
310 s, respectively. As demonstrated in Fig. 5, suppression

Fig. 5. Experiment: Output power variation of the 1545-nm signal at the output
port of LRFA . Comparison of the unclamped and clamped regime.

Fig. 6. Experiment: Time variation of the lasing power at 1547 nm recorded
at the output of LRFA ;LRFA , and LRFA .

of power fluctuations at the output of remains the
same as at the output of . The time variation of the
lasing power at 1547 nm at the output of individual LRFAs is
shown in Fig. 6. It is seen that the lasing power that will be
launched in the transmission fiber is about five times higher
than the standard output power of commercial communication
transmitters (0 dBm). When the lasing wavelength is close to
signal channels and the link is composed of dispersion-shifted
or nonzero-dispersion-shifted fiber, four-wave mixing between
high power lasing and neighboring signal channels can have a
detrimental impact on system performance.

III. NUMERICAL MODELING

The model used for the simulation of the AOGC cascade of
LRFAs is derived from the dynamic model of LRFA which was
described in detail in [12] and follows the schematic diagram
of our experimental setup of the cascade shown in Fig. 1.
The numerical model of individual RLFA is based on the
solution of partial differential equations describing propagation
of pumps, signals, and both the downstream and upstream
propagating ASE powers in each LRFA of the cascade. When
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backward Rayleigh scattering, temperature-dependent spon-
taneous Raman emission, and wavelength dependence of
fiber loss and group velocity are taken into consideration, the
propagation equations for forward- and backward-propagating
pumps, signals, and spectral components of ASE powers

describing their evolution in space
and time acquire the form [19] in (1) shown at the bottom
of the page, where is the frequency-dependent group
velocity, the fiber background loss, the Rayleigh
backscattering coefficient, the Raman gain coeffi-
cient between waves with frequency , the polarization
factor between pumps and Stokes signals, the effective
interaction area of the fiber, the Planck’s constant, the
Boltzman’s constant, and the absolute temperature of the
fiber.

For the steady-state solution of (1), we used an iterative pro-
cedure based on application of the fourth-order Runge–Kutta
subroutine. The iteration is started with a forward integration
of signals and forward-propagating ASE spectral components

and . The backward pumps and backward
ASE powers and are set to zero. At each
backward integration, the results of the previous forward inte-
gration and , together with the boundary
conditions for backward pump and backward ASE powers, are

used. Similarly, the results of the previous backward integration
and , together with the boundary condi-

tions for signal channels and forward ASE, are used. Boundary
conditions reflect the introduction of the optical feedback loop.
Boundary conditions for signal, pump, and ASE powers de-
pend on the position of the amplifier in the cascade (subscript )
(see (2) at the bottom of the page). Here, is the time
variable signal power at the input of the AOGC DCF
fiber (equal for each channel ), is the counterdirectional
pump power, is the DCF length, and are the inser-
tion loss of variable attenuators and and
are the coupling ratios of the input and output couplers
and and represent the isolation of the optical iso-
lator (IS) and the loss of the variable attenuator VAT, and
represents the transmissivity function of the optical bandpass
filter . The iteration process is stopped when, during two
successive forward integrations, the gain of a selected signal
channel does not change by more than 0.05%. Due to the op-
tical feedback loop in the AOGC , lasing power nucle-
ates during the repeated forward and backward integration from
the downstream ASE spectrum at the wavelength determined
by . Spectral components of downstream and upstream
ASE power are calculated in the range from 1480 to 1620 nm
with 1-nm resolution, unless otherwise stated. Depending on

(1)

for
for
for

for –

for
for
for

for
for
for

(2)
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TABLE I
FIBER PARAMETERS USED IN NUMERICAL SIMULATIONS

the total loss of the feedback loop, several tens of iterations are
necessary to find steady-state power distributions along the cas-
cade. In contrast with the numerical model presented in [18], our
model takes into account propagation of both the downstream
and upstream ASE spectral components and their temperature
dependence. Moreover, only the first amplifier of the cascade
is gain clamped, and the lasing power generated in the AOGC

propagates through the cascade.
Once the steady-state distribution of forward- and back-

ward-propagating optical powers is calculated, direct inte-
gration according to (3) is used to obtain time evolution of
individual optical powers along the optical fiber
in response to channel addition/removal. The time derivative

is separated from (1).

(3)

To simulate channel loss/addition, the input power of some
channels is 100% square-wave modulated with 50% duty cycle
(see (4) shown at the bottom of the page), where
is the period of square-wave modulation. In order to avoid
possible oscillations of the solution in the time domain, care
must be taken in the selection of bin widths used in the space

and time discretization schemes.
We will now present the results of numerical simulations per-

formed with the same signal wavelengths, input powers, and
VAT settings as used in the experiments shown in Figs. 3–6
( 1545 nm, 1545 nm 8 dBm, 1550 nm,

1550 nm 1 dBm, 9.5 dB, and 14.2 dB).
The most important fiber parameters used in our simulations are
summarized in Table I, peak values of the Raman gain coef-
ficient are given at a pump wavelength of
1420 and 1510 nm, [21], and the wavelength dependence of the
Rayleigh backscattering coefficient is considered in the form

, [m ] [19]. Fig. 7 shows the steady-
state gain-saturation characteristic of the . The net gain
is plotted as a function of the input signal power at 1545 nm
for the unclamped LRFA and two different clamping condi-
tions 12 and 10 dB ( is the total loss of the ring-laser
loop). When the optical feedback loop is closed, the net gain is

Fig. 7. Simulation: Single-channel (1545 nm) net gain ofLRFA as a function
of the input signal power with and without AOGC. Loop loss: � = 10 and
12 dB.

clamped to the value roughly equal to the total loop loss. For
12 dB, the gain is clamped to 11.86 dB for an input

power ranging from 35 to 2.5 dBm with a deviation less
than 0.2 dB; for 10 dB, the gain deviation is less than
0.04 dB within the input power ranging from 35 to 2.0 dBm.
Fig. 8 depicts the net gain and optical signal-to-noise ratio

(OSNR) of , and at 1545 and 1550 nm
for the case in which the optical feedback loop of the
is open (dashed lines) and closed (full lines). The OSNR has
been calculated with an ASE spectral resolution of 0.2 nm. For
the gain-clamped case, the net gain does not change along the
cascade, and the OSNR slightly deteriorates along the cascade
(40 dB at the output of and 37.5 dB at the output of

). The decrease of the OSNR is more pronounced in
case of the gain-clamped cascade. The effect of double Rayleigh
scattering (DRS) on the performance of AOGC LRFA has been
investigated. In order to assess the impact of DRS, the Rayleigh
backscattering coefficient was set to zero. Fig. 9 compares
the evolution of OSNR along the AOGC cascade for signals at
1545 and 1550 nm when the DRS was taken into account or dis-
regarded. It can be concluded that due to the DRS, the OSNR of

decreases by 2.4 and by 3.6 dB at 1545 and 1550 nm,

(4)
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Fig. 8. Simulation: Net gain and OSNR of LRFA ;LRFA , and LRFA in the case in which the optical feedback loop of LRFA is open and closed (� =

10 dB).

Fig. 9. Simulation: Evolution of OSNR along the cascade in case that the
optical feedback loop of the LRFA is closed (� = 10 dB) and the Rayleigh
backscattering is taken into account or disregarded.

respectively. The deterioration of the OSNR increase along the
cascade.

Calculated power fluctuations of the 1545-nm signal channel
after , and for the case of the un-
clamped cascade are shown in Fig. 10. The steady-state value
of power fluctuations grows along the cascade in the same way
as in the experimental results (see Fig. 3). The power under-
shoots recorded experimentally when the 1550-nm channel is
added have not been obtained, although similar undershoots
appeared in other results of numerical simulations (see [17,
fig. 4]). Fig. 11 plots the time evolution of when
the all-optical feedback loop is closed and 10 dB. In
this gain-clamped regime, the steady-state fluctuations are
completely eliminated. Dynamic overshoots that occur when
channels are dropped are about 7.5 dB lower than the cor-
responding steady-state power variations in the unclamped
cascade. Peak values of the overshoots are 0.21, 0.35, and
0.42 dB, and the transients reach 10% of the peak value within
298, 355, and 427 s after , and , re-

Fig. 10. Simulation: Output power variation of the 1545-nm signal at the
output port of LRFA ;LRFA , and LRFA for the unclamped cascade.

Fig. 11. Simulation: Output power variation of the 1545-nm signal at the
output port ofLRFA ;LRFA , andLRFA for the clamped cascade.� = 10
dB.

spectively. The corresponding undershoots are about 5% lower.
Fig. 12 plots time variation of lasing power at the output port
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Fig. 12. Simulation: Time variation of lasing power at 1547 nm at the output
of LRFA ;LRFA , and LRFA . � = 10 dB.

Fig. 13. Simulation: Time variation of downstream ASE power contained in a
1-nm slot centered at 1549 nm at the output of LRFA ;LRFA , and LRFA .
� = 10 dB.

of individual LRFA’s for 10 dB. As expected, when chan-
nels are dropped, more gain is available, and the lasing power
increases and reaches new steady-state value corresponding
to the reduced input signal power. Transients of downstream
ASE spectral components copy the surviving channel power
transients. Fig. 13 shows the time evolution of ASE power
contained in the 1-nm frequency slot centered at 1549 nm at
the output of , and . Steady-state ASE
power at this wavelength grows along the cascade from 3.5 W
at the output of to 13.2 W at the output of .

IV. CONCLUSION

This paper described the investigation of suppression of
power transients in a cascade of three lumped RFAs both
theoretically and experimentally. The gain of the first LRFA
was clamped using an optical feedback loop; the lasing power
generated in the ring laser was propagated through the other
two LRFAs. In these experiments, signals from two lasers
were transmitted through the cascade. The light of one of the
lasers was 100% square-wave modulated at 500 Hz to simulate

channel addition/removal. The power fluctuations of the other
signal caused by cross-gain modulation of the LRFAs were
monitored at the output of individual amplifiers with a digital
oscilloscope. It was found that when sufficient lasing in the
AOGC is allowed, steady-state power fluctuations are
eliminated completely. The amplitude of the remaining power
transients that occur when channels are switched off is about
eight times lower than the steady-state power excursion of the
unclamped cascade. The duration of these power transients is
related to the length of the Raman fiber and the available pump
power.

The theoretical analysis is based on an application of a numer-
ical model that incorporates time variation effects in LRFA and
can solve propagation equations for multiwavelength pumps,
signals, and both the forward- and backward-propagating ASE
powers. Boundary conditions for ASE spectral components of
the AOGC represent the ring-laser configuration. The
wavelength dependence of fiber loss, Rayleigh backscattering,
and group velocity are taken into account.
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