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Transient Effects in Gain-Clamped Discrete Raman
Amplifier Cascades

G. Bolognini and F. Di Pasquale

Abstract—This letter describes the dynamic characteristics of
all-optically gain clamped discrete Raman amplifier chains. Am-
plifier cascades are analyzed under channels add/drop conditions
in large bandwidth WDM metro-core applications. Numerical re-
sults show that the long Raman fiber length does not allow instan-
taneous gain clamping giving rise to wide power oscillations in long
Raman amplifier chains. A possible way to limit this detrimental
effect is suggested and numerically demonstrated.

Index Terms—Dynamic response, gain control, optical ampli-
fiers, Raman scattering, transient behavior.

I. INTRODUCTION

HE USE of Raman fiber amplifiers in WDM systems and

networks appears to be very attractive, owing to the wide
and flexible amplification bandwidth, the low level of added
noise, and the possibility of reducing system penalties due
to nonlinear propagation effects. Their use in distributed and
discrete configurations allows one to extend the span length,
to increase the number of spans, and the overall transmission
capacity. In particular, discrete (or lumped) Raman amplifiers
(RAs) are attractive for WDM metro-core applications not
only for the possibility they offer in terms of large and flexible
bandwidth but also because of their interesting saturation
characteristics; linear RAs can greatly simplify the network
management avoiding complex and expensive gain control
techniques. However, when large bandwidth and high number
of WDM channels are desirable, the consequent high amplifier
output power and pump-to-pump interactions make linear
operations difficult to be achieved and unpractical in terms of
pump power requirement.

It is then important to study gain control techniques to coun-
teract transient phenomena [1], [2] which can occur due to gain
saturation when Raman amplifiers are used in add/drop net-
works or with burst-mode traffic; temporary variations in the
amplifier gain can actually induce system penalties because of
optical signal to noise ratio (OSNR) degradations and nonlinear
impairments.

In this letter, for the first time to our knowledge, we ana-
lyze through numerical simulations the dynamic behavior of
gain-clamped multiwavelength pumped discrete Raman ampli-
fier cascades in presence of WDM channels add/drop; all-op-
tical gain control (AOGC) is introduced by gain clamping each
RA through an optical feedback which generates lasing oscilla-
tion counterpropagating with respect to the WDM signals. Co-
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propagating configurations, where the laser light travels in the
same direction as the signals, are not considered in this work as
they can be inconvenient in terms of nonlinear interactions and
noise transfer from laser light to signals [3], [4].

We show that the relative long Raman fiber length (order
of several kilometers) does not allows instantaneous gain
clamping, giving rise to signal power oscillations which can
degrade systems performances before reaching steady-state
conditions in long amplifier chains. Numerical results point
out that over-clamping the Raman amplifiers can reduce these
power excursions and effectively improves the gain control
mechanism. The proposed gain clamping technique can also be
used to adapt the amplifier gain to different span losses without
introducing significant spectral gain tilt.

II. THEORETICAL METHOD

The time-domain model used for analyzing clamped RA
cascades, similar to [1], allows the description of both co-and
counterpropagating pumping schemes, takes into account the
effects of pump and signal multiple order Raman interactions
and signal double Rayleigh scattering (DRS); amplified spon-
taneous emission (ASE) light has been neglected in order
to reduce computational effort. A steady-state model which
includes ASE light and their Rayleigh scattering in both co-and
counterpropagating directions is also used to investigate the
RA noise figure characteristics [5]. Both dynamic and static
models allow one to investigate AOGC techniques.

The time-domain partial differential equation for a single am-
plifier stage, describing the ith signal (¢ = 1... Ny) or the ith
pump (¢ = 1... Np) evolution, is given by
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where Ps p indicate the signal/pump power, the superscripts
+/— represent the co-and counterpropagating direction, Vs p
are the group velocities and as, p the absorption coefficients for
signals/pumps, y; is the Rayleigh backscattering coefficient and
C;; indicate the normalized Raman gain coefficient:
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Fig. 2. Cascade of 10 discrete Raman amplifiers.

where g;; is the Raman gain coefficient, and A.g is the fiber
effective area. The equation describing the counterpropa-
gating lasing light Py is similar to the previous one, apart
from the spontaneous emission factor at second member
(=2hvsAv Y Cy; (P;; + P,)), and the feedback boundary
conditions imposing P¢(t,z = L) = P¢(t — ty,z = 0)/F,
where t; and I are respectively the time delay and the attenu-
ation introduced by the feedback line.

III. RESULTS
A. Amplifier Cascade Without AOGC

The scheme of the single amplifier stage used in the sim-
ulations is shown in Fig. 1. The amplification bandwidth is
about 60 nm and is obtained by three counterpropagating pump
wavelengths centered at 1423, 1445, and 1473 nm. The Raman
fiber is dispersion compensating fiber (DCF), whose length
(5 km) has been optimized for the best trade-off between gain,
required pump power and DRS impact. For a total input signal
power of 0 dBm over the signal bandwidth 1520-1580 nm, the
amplifier gain is about 20 dB and is provided by input pump
powers of 0.69, 0.28, and 0.2 W at 1423, 1445, and 1473 nm,
respectively (the gain flatness is 2 dB). The absorption co-
efficients ag, ap have been considered equal to 0.5 dB/km
and 0.7 dB/km, respectively. Note that in the amplifier chain
simulation a gain flattening filter (GFF) is introduced at the
output of each Raman amplifier. The noise figure of each RA
is less than 4 dB throughout the whole bandwidth. Spectral
signal-to-DRS noise ratio (S/DRS) at each RA output is higher
than 37 dB and multipath interference noise due to DRS does
not induce any penalty at cascade end (S/DRS > 27 dB at the
receiver).

The dynamic properties of the amplifier chain have been in-
vestigated under WDM channel add/drop as shown in Fig. 2.
In order to analyze the worst case scenario, 15 out of 16 chan-
nels (—12 dBm/ch input power) were simultaneously added and
dropped at the first RA input (at 2.66 kHz rate), while the input
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Fig. 3. Output power of probe after each amplifier stage subsequently to the
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power of the remaining channel (probe), has been kept con-
stant in time. The probe output power variations, due to chan-
nels add/drop, are then observed after each amplifier stage. Note
that the flattened RA gain with full channel load exactly com-
pensates for the span loss. On the other hand, when 15/16 chan-
nels are dropped, the stationary gain of the probe increases, and
its output power at each amplifier stage becomes greater and
greater along the cascade. Furthermore, before reaching a sta-
tionary state, the probe output power experiences transient vari-
ations, which accumulate along the chain, and can lead to wide
power oscillations.

Fig. 3 shows the probe output power transient behavior after
each amplifier stage induced by the drop and following add of
15/16 channels. Note that in order to better compare the tran-
sient behavior at the output of each amplifier stage, the temporal
scale of each curve in Fig. 3 has been translated in such a way
that the instants of channel add/drop coincide for all amplifier
stages. The oscillatory transient behavior in Fig. 3 is character-
ized by two different timescales; a slower one, depending on
pump depletion and with a timescale ), related to the Raman
fiber length (~ 25 us for a 5-km-long DCF) and a faster one,
depending on intersignal Raman interaction [6]. Note that the
power oscillations induced by the drop of 15/16 channels be-
come higher and narrower along the cascade, and after 10 am-
plifiers can reach a maximum value as high as 13.8 dB.

B. Amplifier Cascade With AOGC

In this section, we analyze the performance of all-optically
gain clamped discrete RA chains in presence of WDM chan-
nels add/drop. Fig. 4 shows a schematic structure of the simu-
lated multiwavelength pumped discrete Raman amplifier; gain
clamping is achieved by an optical feedback which generates
lasing oscillation counterpropagating with respect to the WDM
signals. An optical filter (width 0.5 nm) selects a fraction of ASE
light within the amplifier gain bandwidth, and a variable optical



68

25
no clampin
oq L__moclamping™——
28 fmmmmmmm e e N e
22 Fmmmmmmmmmm e s N
=
2V [T Noaz20dB N
o 20 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
© VOA =19 dB
19 |- - s
VOA=18dB
18 --
VOA =17 dB
17 1 1
-20 -15 -10
Input signal power (dBm)
Fig.5. Single-channel (1577 nm) amplifier gain versus input signal power, for

several values of VOA attenuation.

«— AMPLIF # 10

Output power (dBm)

300 400 500 600 700 800 900
Time (us)

Fig. 6. Oscillations of probe output power along the cascades caused by
channel add/drop.

attenuator (VOA) is used to clamp the Raman gain at different
values, depending on the particular span loss which should be
compensated by the amplifier.

Considering the same pump wavelengths and powers as in
the previous section, Fig. 5 shows the static behavior of the gain
clamped amplifier with a single channel at 1577 nm and an op-
tical filter centred at 1582 nm. A static spectral analysis of the
amplifier characteristics also showed that the VOA allows one to
vary the Raman gain within the signal bandwidth 1520-1580 nm
(0 dBm total input signal power) from 17 to 21 dB without in-
troducing any serious gain tilt (~1 dB).

Note that, unlike what happens in all-optically gain clamped
erbium-doped fiber amplifiers (EDFAs), the small gain tilt in-
troduced by over-clamping discrete Raman amplifiers is mainly
due to nonhomogeneous pump depletion and would completely
disappear in single wavelength pumped amplifiers.

Fig. 6 shows the probe output power transient behavior after
each amplifier stage induced by the drop and following add of
15/16 channels at the input of a ten AOGC amplifier cascade.
The input power per channel is —12 dBm and the VOA is equal
to 18 dB corresponding to an average Raman gain of 19 dB. It
is evident that even with AOGC in each amplifier along the cas-
cade, temporary power oscillations take place at each amplifier
output before reaching a stationary state; these oscillations are
amplified along the cascade and their maximum amplitude be-
comes 8 dB high at the last amplifier output. The timescale of
these oscillations is mainly related to the fiber transit time ¢,y
and this suggests that an effective AOGC scheme requires as
short as possible Raman fiber lengths.

Moreover, as we have observed that power peaks during os-
cillations depend on the laser strength within the amplifier im-
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Fig. 7. Maximum amplitude of output probe oscillations at the cascade output
(left) and total required pump power (right) versus amplifier unclamped gain in
a 18-dB clamped RA.

mediately before the WDM channels add/drop, we have inves-
tigated the possibility of reducing these power peaks by over-
clamping each amplifier along the cascade. Thus we have ana-
lyzed the maximum oscillation amplitude along the cascade for
different amplifier structures, where the same required Raman
clamped gain (with full channels load) is obtained with dif-
ferent VOA values and total pump power. Fig. 7 shows the max-
imum oscillation amplitude at the amplifier cascade output as a
function of the unclamped probe gain with full channels load
(=12 dBm/ch for a total input power of 0 dBm), with the re-
quired clamped gain fixed to 18 dB. Fig. 7 also shows the total
pump power which is necessary in order to achieve the respec-
tive unclamped probe gain. Note that over-pumped amplifiers
with higher unclamped gain require more lasing feedback to
provide the required gain and consequently operate with the
lasing light above threshold even with full channels load. This
feature can be exploited to minimize oscillation power peaks
along the cascade as clearly shown in Fig. 7. Note that by in-
creasing the unclamped gain from 18 to nearly 22 dB, the max-
imum oscillation amplitude at the last amplifier output is re-
duced from about 11 to 6 dB. However this improvement is paid
in terms of required pump power (as shown in Fig. 7 as well)
which is increased for amplifiers with higher unclamped gain.

In conclusion, we have analyzed transient effects in all-op-
tically gain controlled Raman amplifier cascades under WDM
channels add/drop operations. Important issues, such as tempo-
rary power swings related to the Raman fiber length and coun-
terpropagating feedback scheme, have been addressed and pos-
sible ways to mitigate these detrimental effects have also been
suggested.
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