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Improved Feedback Dynamic Gain Control for a WDM System
Employing Multi-wavelength-pumped Raman Fiber Amplifiers

FIELD OF THE INVENTION

[0001] The present invention relates generally to the operation of optical amplifiers for use in
telecommunications applications where telecommunications applications encompass the
convergence of cable television, high speed data including but not limited to internet protocol
data and conventional voice and other very high speed data services and, more particularly, to an
improved technique for dynamically controlling the gain in a wavelength-division-multiplexing

(WDM) system employing multi-wavelength-pumped Raman fiber amplifiers (RFA’s).

BACKGROUND OF THE INVENTION

[0002] Distributed Raman fiber amplification (directly using the transmission fiber as the gain
medium) is a powerful technique to improve the optical signal to noise ratio margin of long haul
wavelength-division-multiplexing (WDM) systems used, for example, for long-haul
telecommunications transmission. Discrete Raman fiber amplifiers (RFA) using dispersion-
compensation fiber (DCF), special highly nonlinear fiber or other optical fiber with similar
characteristics as the gain mediums have also received much attention in recent years due to their

advantage of flexible bandwidth design with relatively low noise characteristics.

[0003] Referring to Figure 1(a), a distributed/discrete RFA may be configured as a forward-
pumped RFA (the signal light 100 and the Raman pump light (m pumps 103) co-propagate in the
fiber 101 of WDM system 102 or, referring to Figure 1(b), may be configured as a backward-
pumped RFA (the signal light 100 and the Raman pump light 103 counter-propagate in the fiber
101)). Similar reference characters are used throughout the figures to represent similar elements.
The first number of a reference numeral refers to the drawing number where that element first
appears. In a common Raman/Erbium Doped Fiber Amplifier (EDFA) hybrid WDM system,
usually only backward-pumped distributed RFAs are used, but both forward-pumped RFAs
(distributed) and backward-pumped RFAs (distributed and discrete) may be used in a Raman-
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only WDM system. In Europe, rare earth doped optical fiber, other than Erbium doped, such as

Praseodymium doped optical fibers have been utihized.

[0004] Referring to Figure 1(c), the flat gain bandwidth provided by a single Raman pump 18
only about 10 nm. The dotted line arrows of Figure 1(c) point from a pump to its representative
energy transier characteristic shown in dashed line. But the Raman gain spectrum can be
broadened by providing pump energies at a plurality of different wavelengths as is illustrated in
Figure 1(c) whete three Raman pumps arc shown. The broadening is shown by the composition
of the energy transfer characteristics of the three depicted pumps as a composite Raman gain
profile in solid line having a much wider, flat bandwidth gain characteristic. While only three
pumps are shown, for a typical C/L-band WDM system, usually four Raman pumps at different
wavelengths are required to achieve a flat gain spectrum over & broad bandwidth. More pumps

may be used to similarly achieve still wider bandwidth than C/L band.

[0005] However, 2 RFA with a constant pump level will not produce a well-controlled output
'signal in response 1o large variations in the input signal level, which could be caused, for
example, by channel add/drop, accidental fiber cuts or upstream amplifier failure among other
similar events in a photonic network using reconfigurable OADMSs (optical add-drop
muitiplexer). With fixed pump PpOWeCrS, if the input signal power decreases suddenly due to
channel drops, the Raman gain becomes too high, and the output power per channel increases
more than desired. On the other hand, if the input signal power suddenly increases due to the
addition of new channels, the Raman pumps become depleted, Which causes the output power

per channel to decrease more than desired.

[0006] To stabilize the gain profiles of a RFA during channel add/drop, several control methods
are known. These include an all-optical gain-clamping technology described by inventor Xiang
Zhou and others and a PID (proportional-integral-derivative) based feedback pump power
control technique described by C. J. Chen et al., “Control of Transient Effects in Distributed and

Lumped Raman Amplifier,” Electronic Lelters, pp- 1304-05, October, 2001; L. L. Wang et al.,
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o-pumped and Counter-pumped Raman Amplifiers,” IEEL Photonics

and M. Karasek et al., “Modeling of a Pump-power-

Wideband Raman Fiber Amplifiers,” IEEE
er et al. (EP 1248334),

“Gain Transients 1n C
Technology Letter, pp- 664-666, May, 2003,

controlled Gain-locking System for multi-pump

Proceedings — Optoelectronics, pp- 74-80, April, 2004, P. M. Reepschlag
ther method is a pump powct control

Q. Patent No. 6,441,950). Ano
bed by P. Kim and N. Park, “Semi-

analytical Raman power model descri
n-clamping Method for the Fiber Raman Amplifier,” IEEE Photonics
For the three known methods, the first method 1s

the noise performance, and the third

technique using 2 half-
.analytic Dynamic Gal
Technaology Letter, pp- 768-770, April, 2005.
only applicable for a discrete RFA and will also degrade

o slow (in the millisecond to second range) to

method 1s to
4 backward-pumped RFA and tens 1o

effects (tens to hundreds of ps for

hundreds of ns for a

forward-pumped RFA).
[0007] For the « method 2), usually the Raman pumps ate

divided into several wavelength groups (at least two groups for a typical C-/L. band WDM
ups are controlled by different feedback

PID-based feedback control method (1.

and the power adjustments of different pump gr0

wn in Figure 2). According to Figure 2, there

(each with different feedback signals as sho
first and second PID control

ro first and second pump groups 202-1 and 201-2 controlled by

circuits 204-1 and 204-2 which receive feedback via power splitter 203 feeding optical fibers

rming different feedback paths for the two pump

OF1 and OF2 and diodes PD1 and PD2, fo
tively

-1 and 202-2 shown. This second method has the capability to control the rela

slow gain transient due to counter-propagating s1gn ! backward-

pumped RFA but is not fast enough to control gain transients due to co
interactions in a forward-pumped RFA. In addition, this second method

provide channel gain spectral information because each
for a fast channel monitor not

groups 202

-propagating signal-signal

requires a fast channel monitor 10

ires an independent feedback signal. The need
es cost of the design.
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[0008] Recently, the inventors, have proposed and demonstrated a simple
linear/log-linear feed-forward dynamic gain profile control technique for both a
forward-pumped RFA and a backward-pumped RFA. The proposed technique allows
us to control very fast gain transients due to both co-propagating signal-signal Raman
‘nteraction and co-propagating signal-pump Raman interaction in a forward-pumped
RFA. The proposed technique also allows the control speed 1n a backward-pumped
RFA to be accelerated due to the essence of the deterministic algorithm. The
inventors have extended the proposed linear/log-linear feed-forward control technique
from controlling a gain of a single RFA to control an overall gain of multiple
cascaded RFAs by adjusting the pump powers of only one RFA or adjusting the pump
power of more than one RFA but using only one feed-forward signal monitor.
Finally, the inventors have proposed that transient tilt control may be achieved using a

fast dynamic gain control of an RFA.

[0009] The proposed foed-forward control technique works well for a
forward-pumped distributed/discrete RFA  (Figure 1(a)) as well as a
backward-pumped discrete RFA (Figure 1(b)), though, 1ts advantage in the control of
a backward-pumped distributed RFA ‘s not so obvious because the location ot the
signal monitor and the location of the backward Raman pumps arc geographically
separated. Therefore, a telemetry channel is required to send the feed-forward signal
to the control unit of the backward Raman pumps. For this case, a feedback-based
control technique has an advantage because the feedback signal may be monitored
right after the RFA. In addition, there is a chance that using a feed-forward dynamic
gain control technique alone may not be enough for some ULH WDM system with
higher performance/margin requirements. Consequently, one can see that there is still
2 real need in the art for a faster and more cost-effective feedback-based dynamic gain

control technique.
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BRIEF SUMMARY OF THE INVENTION

[0009a] Certain exemplary embodiments can provide a dynamic gain control circuit
for a wave division multiplexing system comprising a multi-wavelength-pumped
Raman fiber amplifier, the dynamic gain control circuit for monitoring only a single
optical signal wavelength selected trom a plurality of wavelengths transmitted via the
wave division multiplexing system, controlling a plurality of Raman pumps based on
an output power at the single optical signal wavelength, using the output power as d
feedback signal for controlling the plurality (M) ot Raman pumps wherein a required
power adjustment (APL ) for a jth Raman pump (j=1 to M) of the plurality (M) ot

Raman pumps is based on a linear function of a total input signal power variation
(ASy), the linear function being defined as APL (j) = CLL()ASL, wherein Cypy, 1s a

coefficient.

[0009b] Certain exemplary embodiments can provide a dynamic gain control method
for a wave division multiplexing system comprising a multi-wavelength-pumped
Raman fiber amplifier, the dynamic gain control method comprising: monitoring only

a single optical signal wavelength selected from a plurality of wavelengths

transmitted via the wave division multiplexing system, controlling a plurality of

Raman pumps based on an output power at the single optical signal wavelength, using
the output power as a feedback signal for controlling the plurality (M) ot Raman
pumps wherein a required power adjustment (APyp) for a jth Raman pump (=1 to M)
of the plurality (M) of Raman pumps '« based on a linear function of a total Input

signal power variation (ASy), the linear function being defined as

APy (7) = CLL()ASL, wherein C;; is a coefficient.

[0010] An improved feedback-dynamic gain control technique, in which only
one feedback signal is required for control of multiple Raman pumps compares to
the traditional method requiring multiple feedback signals discussed above such
that the present method results in substantial simplification of the control circuit
and also exhibits faster control speed. Moreover, the proposed method allows us

to use the total signal gain as the feedback signal, which 1s more

4a
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robust against polarization-related issues than traditional method using signal powers at several
different channels as the feedback signals. The impact of polarization-related issues may be
reduced for a feed-back based gain control circuit when out-of-band amplified spontaneous
emission (ASE) noise 1s utilized as the feedback signal. In accordance with one aspect of an
improved feedback dynamic gain control circuit and technique for a multi-wavelength-pumped
Raman fiber amplifier, a dynamic gain control circuit for such a wave division multiplexing
system may monitor the power of one single wavelength and control a plurality of Raman
pumps. The single monitored wavelength may be one selected from the wavelengths transmitted
with a typical WDM signal or may be chosen, as introduced above to comprise amplified
spontaneous emission (ASE) noise which is out-of-band from the transmitted signal. According
to a second aspect of the improved technique, a dynamic gain control method for a wave division
multiplexing system comprising a multi-wavelength-pumped Raman fiber amplifier comprises
the steps of monitoring the total power of an input optical signal for a feed-forward control
circuit, monitoring one signal wavelength or monitoring the total power of an output optical
signal for a feed-backward control circuit and controlling a plurality of Raman pumps via said
feed-forward and feedback control circuits, the feed-back circuit having gain control responsive
to said monitored input and oufput optical signals. Other aspects of the improved feedback gain

control technique will now be described with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1(a) shows a forward-pumped distributed/discrete Raman fiber amplifier; Figure
1(b) shows a backward-pumped distributed/discrete Raman fiber amplifier, either of which may

utilize aspects of the invention.

[0012] Figure 1(c) shows how a plurality of pumps may flatten the composite gain characteristic

of an optical amplifier over a wide bandwidth.

[0013] Figure 2 is a schematic block diagram of a Raman fiber amplifier using PID

(proportional-integral-derivative) based feedback pump power control technique having at least

two Raman pump groups.
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[0014] Figure 3 is a schematic block diagram showing an embodiment of a Raman amplifier
where M pumps are controlled by a single PID (proportional-integral-derivative) based feedback

control circuit wherein OF denotes an optical filter and PD a photo-detector.

[0015] Figure 4(a) is a schematic block diagram of an experimenta] system for evaluating the
dynamic gain control circuit and method of Figure 3 and subsequent Figures 5, 6(a) and 6(b);
Figure 4(b) is a graph showing total input signal power versus required pump power for linear
coetfficients, Cy (j) for j = 1 to 4 pumps; and Figures 4 (c) and (d) represent graphs for the
twenty-six drop patterns for dropping channels and surviving channels and results with and

without control.

[0016] Figure 5 is a schematic block diagram showing a further embodiment of a gain control
circuit and technique including an optical coupler OC and fiber Bragg gratings for monitoring

two wavelengths of interest.

[0017] Figure 6(a) is a schematic block diagram showing a further embodiment of a gain control
circuit and technique providing both feed-forward and feed-back control for M pumps 103 and
Figure 6(b) is a similar schematic block diagram to Figure 6(a) showing an optical supervisory

channel between control circuits for feed-forward control.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

[0018] As discussed briefly in the background of the invention, the total input signal power of a
RFA may vary due to intended or accidental channel add/drop in a dynamic optical network.
With varying input signal power, the launch powers of the Raman pumps 103 need to be
adjusted accofdingly in order to maintain a constant gain profile, for example, as shown in
Figure 1(c). Recently we have experimentally found that there exist two approximate linear
relationships between the required individual pump power adjustment and the input signal power
variation in both forward-pumped RFA and backward-pumped RFA, even with more than one
Raman pump and operating in a deep-saturated mode. Moreover, we have found that the
required pump power adjustment is mainly determined by the total input signal power variation.
Also, the impact of the detailed channel spectral distribution information on the individual pump

power adjustment i1s small and may be neglected for most of the RFAs under practical

6
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applications (C-band, L-band, Extended C-band or extended L-band). For convenience, let us

consider a RFA with M Raman pumps 103 and N signals 100, for example, as shown in either
Figures 1(a) or 1(b). According to our investigations, the required power adjustment of the j-th

pump (j=1 to M) may be approximated as only the linear function of the total input signal power

variation AS, as

APL(f)“”“CLL(f)ASL EQ. 1
AP, ()= C..(NAS, EQ. 2

for any channel drop pattern. In EQ. 1 and 2, ¢, (j)and C,, (/) denote the approximate hnear

coefficients, and the subscripts d and L denote log scale and linear scale, respectively (Such a

definition holds throughout). The lincar coefficients only depend on the passive optical hink

parameters such as fiber loss in fiber 101 and Raman gain coefficient and therefore can be
predetermined by either direct measurement using a predetermined channel drop pattern or by
simulation using the measured basic optical link parameters. EQ. 1 and EQ.2 may be used as the

control algorithm of a feed-forward-based dynamic gain control circuit as described, for example,

in “Fast, low cost method for control of gain and tilt transients 1n a forward-pumped Raman
amplifier”, ECOC 2005, paper Wed, p. 36 and “A new technique for dynamic gain profile

control in a multi-wavelength backward-pumped discrete Raman amplifier”, OFC 2006,

paper OWD1. (EQ. 1 works better for a backward-pumped RFA while EQ. 2 works better
for a forward-pumped RFA). The method may also be used to improve the feedback-based

dynamic gain control technique as is detailed below.

{0019] From EQ. 1 and EQ. 2, one can observe that the required power adjustments to maintain

a constant gain profile for different Raman pumps 103 (also see Figures 1(c) and 2) are not

independent. For example, if the required power adjustment of the first Raman pump 1s known

as AP, (1) or AP, (1), then the required power adjustments of any other Raman pumps, say the j-th

pump, can be given by the following two equations

~ _ Cu()
AP, (j) = c,, O AP, (1) EQ. 3
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AP, ()~ g((f)) AP, (1) EQ. 4
dl,

One can see that EQ. 3 and EQ. 4 allow us to use only one feedback signal to control multiple
Raman pumps 103.

[0020] Referring now to Figure 3, there is shown a first embodiment of the present invention,
where the output power at one single wavelength is used as the feedback signal to control the M
Raman pumps 103 in a backward-pumped RFA. As an illustration, here, a PID algorithm is used
as the control algorithm; (another algorithm such as proportional algorithm may also be used as

the feedback control algorithm). For convenience, we assume that the time dependent output
power at the shortest-wavelength signal, S, (1,£), is monitored and used as the feedback signal.

Then the dynamic control equation for pump j in accordance with the linear equation of EQ.
1/EQ.3 is given by

Cr(J)
Cu (D)

and the dynamic control equation in accordance with the linear equation of EQ. 2/EQ.4 is given
by

P (j,t+d)=P (j,1)+

[Do (S, (LO~S,,()+ D, -j;-(SL (LO~S,, (1))] EQ. 5

. N . Co(J) _ a —
F,Ust+at)y=~ F(j,0) + C [DO(SL(lst) S,0(D)+D 7 (5,10 Sz,o(l))] EQ. 6

where S, (1) denotes the target output power at the shortest wavelength channel as linear scaléd,

and D, and D, denote the common proportional and derivative control coefficients as described

by Karasek et al., respectively. Comparing Figure 3 with Figure 2, one can see that the proposed
control circuit and method is significantly simpler than the exemplary circuit and second method
described above involving independent feedback loops. Moreover, the proposed circuit and
method of Figure 3 avoids the extra oscillations that may occur due to independent pump power
adjustments in a traditional method using more than one feedback signal and therefore may allow
the control speed to be accelerated. In addition, the feedback signal used in Fig. 3. may be one
of the normal WDM signal or, as introduced above, it may also be out of signal band ASE
(amplified spontaneous emission) noise. The traditional feedback gain control method always
uses several independent WDM signals as the feedback signals. But recently we have found that

a feedback gain control circuit using independent WDM signals as the feedback signals may
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suffers from various polarization-related issues because the normal WDM signals are polarized.
For example, polarization dependent loss (PDL) from the passive optical components and
polarization dependent gain (PDG) from the amplifiers may result in time-dependent per channel
power variation even without amplifier gain transients. On the contrary, if we use out of band
ASE noise as the feedback signal, the impact of polarization-related issues on the gain control
performance can be essentially eliminated because ASE noise is inherently depolarized. In
accordance with the present invention, if a WDM transmission system has a relatively high
PDL/PDG (e.g. >0.3 dB per span), it is advantageously to monitor one of the out of band ASE
noise as the feedback signal. The bandwidth of the monitored ASE noise may be chosen to be
wider than the WDM channel spacing to reduce the sensitivity requirement of the power detector.

In fact, the whole out of band ASE may be monitored as the feedback signal.

[0021] Because the performance of the depicted feedback gain control circuit per Figure 3
depends on the accuracy of a linear/log-linear relationship of EQ. 1/EQ. 2, an experimental
circuit as constructed to verify the validity of the linear relationship between the required
individual pump power adjustment and the total input power variation in a four-wavelength
backward-pumped RFA as shown in Figure 4(a). Referring to Figure 4(a), there is shown our
expertmental circuit involving a 40 channel ASE source for use at C band. Raman pumps A B C
D operate at optical circulator OC. For test purposes, 99% is output to OC and 1% 1s monitored.
Figure 4 (b) shows the measured linear coefficients (in accordance with EQ. 1) for the four
wavelength backward-pumped C-band RFA (per Fig. 4 (a)) with a target gain level of 16 dB,
where the four Raman pumps (A, B, C, D) are fiber grating stabilized Fabry-Perot lasers with
wavelengths centered at 1425, 1436, 1452 and 1466 nm, respectively. In our experimental
embodiment, a flat C-band ASE source is shown followed by an 80-channel, 50 GHz channel
equalizer (wavelength blocker or alternative filter) to create up to 40 channels of sliced ASE
(power stability better than 0.05 dB per channel) at 100 GHz spacing. We used this ASE source
to eliminate uncertainties caused by polarization issues in the experimental arrangement. About
5% of the output of the 40 channel source was tapped off to monitor the total input signal power
variation at power detector PD. The 40 wavelengths were launched into a 12 km DCEF fiber (as
described above, alternative fiber types may be used) at a signal power level of -3 dBm/channel,

and an OSA 1s used for monitoring spectral flatness and total Raman gain per wavelength.
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[0022] Our method for measuring the approximate linear coefficients for a specific target gain
profile is given as follows. First, we measure the required pump power at each pump wavelength
given above at a reference operational point. Second, we measure the required power adjustment

(relative to the reference point) of each Raman pump A, B, C and D at a predetermined channel

drop pattern. Let AP, (j)denote the required power adjustment of pump j in accordance with a
total input signal power variation of AS,, then, the approximate linear coefficient of pump ; is

given by AP, (j)/AS,. In the experimental arrangement of Figure 4(a), we chose full load (with

all 40 signal channels) as the reference point, and a channel pattern with evenly distributed 10
signal channels was used as the predetermined channel drop pattern. The measured results are
illustrated in Figure 4 (b). The validity of the approximate linear relationship of Total input
signal power in milliWatts versus Required pump power in milliWatts shown in Figure 4 (b) has
been verified by using them as the control algorithm in a feed-forward-based dynamic gain
control circuit with twenty-six distinctive channel drop patterns as shown in Figures 4(c) and
4(d). Figure 4 (c) shows the twenty-six distinctive channel drop patterns that may be used as an
effective gain control performance test, and Figure 4(d) shows the measured maximum gain
deviation (the worst wavelength) at various channel drop patterns with and without control. One
can see from Figure 4(d) that the linear control algorithm works very well for all the twenty-six

patterns, correcting up to 9 dB gain deviation (drop pattern 4) to within 0.32 dB.

[0023] Fig. 5 shows a second embodiment of the present invention. N signal channels 100 are
shown lighting fiber 101 in a WDM system 102 having M pumps 103. A coupler 201 provides a
- feedback signal to optical circulator OC where diode PD detects a signal for PID control circuit
204. The sum of the output signal powers at several different WDM wavelengths are monitored
as the feedback signal. In this specific example, the power sum at two different wavelengths is
monitored by using optical circulator OC with two cascaded FBGs (fiber Bragg grating, a
reflective optical filter) designated FBG1 and FBG2. Theoretically, three or more wavelengths
may be monitored using corresponding additional fiber Bragg gratings. Simﬁly by replacing the
output signal power at a single wavelength in the first embodiment with the power sum of
several wavelengths, EQ. 5 or EQ. 6 may be used as the dynamic control equation of Fig. 5 for
PID control circuit 204. Compared to the second method shown in Fig. 2, the method shown in

Fig. 5 may achieve faster control speed, better performance and slightly reduced complexity.
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Compared to the first embodiment of Figure 3, the circuit and method of Figure 5 may achieve

better performance but at the cost of increased complexity.

[0024] Fig. 6 (a) and (b) illustrate a third embodiment of the present invention. Figures 6(a) and
6(b) differ in the use by Figure 6(b), not shown in Figure 6(a), of an optical supervisory channel
and first and second control circuits 603-1 and 603-2 for providing gain and feed-forward signals
S;n. Both the total input signal power S;, and the total output signal power Sout are monitored 1n
the embodiments of Figures 6(a) am:1 6(b). The total input signal power S;, is used as the feed-
forward signal for the feed-forward control circuit 601, and the total gain (defined as Sow/ Sin) 18
used as the feedback signal for the feed-back control circuit 602. For the feed-forward control
circuit 601, EQ. 1 or EQ. 2 may be used as the control equation. For the feed-back control
circuit 602, EQ. 5 or EQ. 6 may be used as the control equation (replacing the output signal
power with the total gain). For a backward-pumped discrete RFA, both S;, and S, may be
monitored right before/after the RFA as is shown in Figures 6 (a) and 6(b) at couplers 201-1 or
201-2. But for a backward-pumped distributed RFA, as is shown in Figure 6(b), a telemetry
channel may be required (the existing optical supervisory channel may be used as the telemetry
channel) to send the information of S, to the control unit (circuits 601) of the Raman pumps as 1s
shown in Fig. 6 (b). In the case that the time delay between the control branch and the signal
transmission branch is beyond the system requirement, an extra fiber delay line may be
introduced in the transmission path (not shown) between the N signal channel source 100,
coupler 201-1 through fiber 101 and WDM 102 to coupler 201-2 of either Figure 6(a) or 6(b).
" Because the circuits and methods shown in Figures 6(a) and 6(b) use the total signal gain as the
feedback signal, it is more robust against polérization-related issues (such as polarization
dependent loss/gain) than the traditional method using signal powers at several signal
wavelengths as the feedback signals. In addition, using the total signal gain as the feedback
signal also allows us to add a feed-forward control almost at no cost (no need to add extra
monitor for the feed-forward control circuit). The use of both feed-forward and feedback

controls may achieve better performance than using each of them alone.

[0025] The above three example embodiments all are backward-pumped RFA, though, the
proposed method may also be used in a forward-pumped RFA, especially in a forward-pumped

discrete RFA. More over, the proposed method may be used to control the overall gain of
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multiple cascaded RFAs (each RFA may be a forward-pumped RFA or a backward-pumped
RFA) by adjusting the pump powers of only one RFA through the proposed feedback control
technique. For example, the proposed feedback control technique may be used to control the
overall gain of a bi-directionally pumped WDM system (using both forward-pumped RFA and
backward-pumped RFA in the same fiber) by adjusting the pump powers of only the backward-
pumped RFA or only the forward-pumped RFA.

[0026] Thus, there has been shown and described improved feedback-based dynamic gain
control circuits and techniques for a WDM system using a multi-wavelength-pumped RFA, in
which only one feedback signal is required for control of multiple Raman pumps. Compared to
the traditional method requiring multiple feedback signals, the proposed method results in
substantial simplification of the control circuit and also exhibits faster control speed. Moreover,
the proposed method allows the total signal gain to be used as the feedback signal, which i1s more
robust against polarization-related issues than the traditional method using signal powers at
several different channels as the feedback signals. Using the total signal gain as the feedback
signal also allows us to introduce a feed-forward control circuit without adding extra feed-
forward signal monitoring. The described circuits and methods may be combined or used
separately, used in forward and backward pumped applications and for feed forward or tfeedback.

The invention should only be deemed to be limited in scope by the claims that follow.
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CLAIMS

1. A dynamic gain control circuit for a wave division multiplexing system

comprising a multi-wavelength-pumped Raman fiber amplifier, the dynamic gain

control circuit for monitoring only a single optical signal wavelength selected from a

e division multiplexing system.,

plurality of wavelengths transmitted via the wav

r at the single optical

plurality of Raman pumps based on an output powe
o the

controlling a
the output power as a feedback signal for controllin

signal wavelength, using

plurality (M) of Raman pumps wherel

M) of the plurality (M) of Ram
(ASp), the linear function being

n a required power adjustment (AP ) for a jth

Raman pump (=1 to an pumps is based on a linear

function of a total input signal power variation

defined as APL () = CrL()ASL, wherein Cypp is a coefficient.

2. A dynamic gain control circuit according to claim 1 further comprising a

signal coupler for providing the single optical signal wavelength.

3. A dynamic gain control circuit according to claim 2 further comprising at least

— —
»

two fiber Bragg gratings for monitoring

>
P s
¢
oo
U
o+
-
{
g
-
U
Putss
JQ
e

4. A dynamic gain control circuit according to claim 2 having a first coupler for

monitoring an input signal to a feed-forward control circuit and a second coupler for

monitoring an output signal to 2 feed-back control circuit.

5. A dynamic gain control circuit according to claim 4 further comprising a gain

circuit coupled to said feed-back control circuit for controlling gain in response 10

monitored input and output optical signals.

6. A dynamic gain control circuit according to claim 4 further comprising a
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gain control method for a wave division multiplexing system

7. A dynamic
-wavelength-pumped Raman fiber amplifier, the dynamic gain

comprising a multi
a single optical signal wavelength

multiplexing system, controlling a plurality of Raman pumps based on an output

power at the single optical signal wavelength, using the output power as d feedback

aman pumps wherein a required power
) of the plurality (M) of Raman

a] power variation (ASy), the

signal for controlling the plurality (M) of R
adjustment (APy) for a jth Raman pump =1 to M

'« based on a linear function of a total input sign

pumps
wherein Cy 1 is a coefficient.

linear function being defined as APy (7) = CrL(/)ASL,

8. A dynamic gain control method according to claim 7 further comprising:

coupling to an optical signal source for providing the single optical signal wavelength.

9. A dynamic gain control method according to claim 8 further comprising:

filtering a monitored optical signal using at least two optical filters for monitoring at

least two signal wavelengths.

10. A dynamic gain control method according to claim 9 wherein said optical

filters comprise fiber Bragg gratings.

11. A dynamic gain control method according to claim 8 wherein said coupling

comprises: monitoring an input optical signal to a feed-forward control circuit and

monitoring an output optical signal to a feed-back control circuit.

12. A dynamic gain control method according to claim 11 further comprising:

controlling gain to said feed-back control circuit in response 10 monitored input and

output optical signals.

13. A dynamic gain control method according to claim 4 further comprising:

using a telemetry channel for said feed-forward control circuit.
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