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(8) (b) 
F i g 2  Output power of surviving channel after pre-stage, DCRA, EDFA in each trace when input power 
of DC-HFA is changed from -2dBm to -5dBm, and vice versa. (a) Experimental results (b) Numerical 
simulation results 
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- A new block diagram of Raman amplifiers with 
I multiple backward pumps is proposed, for use in 

times are shorter by more than an order of magni- 
tude as compared with the full solution of the 

~ ,> 4 I, commercial simulators. Transient computation p.. 
:: is 

a 
* 

$ propagation equations. 

.a Introduction 
P* i" .,,, The need to enlarge the optical transmission band- 

development of multi-pumped Raman amplifiers 
!* (L due to their large amplification bandwith with 

reduced gain ripple and low noise figure [I]. Gain 
transients due to sudden channel addidrop, or to 
burst-mode transmission as in IP-over-WDM. 

9 j.65 
I -1 5 width to increase system capacity has favored the 

Fig.3. Output power of surviving channel after pre-stage, DCRA, EDFA in each trace with pump power 
control (a) in each stage (b) in EDFA only 

in EDFA is mainly determined by the decay time 
of Er-ion and the signal, pump powers, while the 
transient phenomena in DCRA are given by the 
transit time of DCF. 
The dynamics of DC-HFA can be explained with 
the help of numerical calculation. The models of 
EDFA's [4] and FFLA's [5]  to describe the transient 
dynamics are realized for each stage of DC-HFA. 
The add-drop of channels is simulated by the 
change of power in single saturation tone located 
at the wavelength of 1 5 4 7 ~ 1  Fig.2-(b) shows the 
results of the transients after each stage of DC- 
HFA. The results are very similar to the experi- 
mental results shown in Fig.2-(a). 

4. Gain control In DC-HFA 
Because the gain excursions in surviving channel 
in DC-HFA is quite large and the transient time is 
fast as 24 psec due to the high output power in 
EDFA, the gain control electronics should be very 
fast to suppress the gain deviation sufficiently. 
However, the transit time of DCF can be used as 
the delay time for the control electronics with 
monitoring the input power of DC-HFA. The gain 
control in DC-HFA has sufficient time for the 
control electronics, therefore it can reduce the 
gain deviation of surviving channel more effec- 
t1vely. 
Moreover, because the gain excursion after pre- 
stage and DCRA are smaller than afler EDFA and 
the transients after pre-stage and DCRA are rela- 
tively slower than &er EDFA, the gain of s w i v -  
ing channel may be controlled by controlling the 
DumDine Dower of EDFA onlv. We comoared the 
kaniiedi bhenomena when thk gain of e k h  stage 
was controlled separately and only the pump 
power of EDFA was controlled without control- 
ling in pre-stage and DCRA. The results are dem- 
onstrated by the numerical simulation exolained 

I ,,. 
where the pump power is Bhjusted followed by 
the change of input power in fedforward 
scheme. The delay time of control electronics was 
assumed to be 5 psec for the pre-stage, and 68 
psec that colresponds to the transit time of DCF 
for DCRA and also for EDFA. The gain deviation 
after EDFA was smaller than +/- 0.4 dB. In Fig.3- 
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have been shown to exist even in saturated Raman 
amplifiers [2]. A simple system model forthe sat- 
urated Raman amplifier with single backpropagat- 
ing pump has been introduced in [3]. Such model, 
based on the solution of a single update equation 
for the pump depletion, allows drastic savings in 
gain transient computation times when a large 
number of time-varying wavelength division mul- 
tiplexed (WDM) channels feed the amplifier, with 
very little accuracy degradation, as long as the 
signal-induced pump depletion remains below 
.n 0," 111 

transient and steady-state amplifier response. We 
give a block-diagram scheme of the amplifier, 
which could be implemented in any commercial 
simulator, much as with Erbium amplifiers [4]. 
We apply the model to two realistic case studies, 
showing the ~ C C U T ~ C Y  of the model and discussing 
its limitations 

Model 
Suppose M pumps propagate backwards in a fiber 
of length L at speed v and N WDM signals propa- 
gate fonvard at the same speed v. By casting the 

backscattering (DRB), and direct signal-signal 
Raman crosstalk 8s in [Z], we obtain the following 
expression for the output signal powers: 

j = I, .., N 
(1) 

where a. is the attenuation of the j-th channel, 
SF(t) thk input signal power; 

where yj, is the Raman gain coefficient [W'kni'] 
for signal at wavelength 5 and pump at and 

r", (2) 
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the unsaturated steady-state pump profile file and 
x (1) is thep-rhpump depletion. The M unknown 
p{mp depletion variables x (1) are found by SOIV- 
ing the following imdicir \Wem of M cauuled 
equations: 

zP(t) = 
R 

j=l 
Sp” ( t )  @ hjp(t) ,  p = I, .., Ar 

(2) 

where @ denotes convolution, and the filter 
impulse response is 

-14. 

is the unsaturated gain at d=ZUv the walkoff 
parameter, and n( t )  the gate function, equal to 1 
for -0.5660.5, and zero othewise. 
In summary, the procedure to solve the gain tran- 
sient problem is the fallowing: 
i)compute the pump evolution along z, 

.. 
. . . . . .. . .  , . , .. . . . 

in the absence of signals. This implies solving the 

esuations f i r  pump dep le ths  (2j. 
In essence, the procedure amounts to calculating 
the steady-state amplifier bias point without satu- 
rating signals (points i) and ii) ), and then evaluat- 
ing the time-varying signal-induced p u p  
depletions from such bias point. Clearly, since the 
method makes a fundamental distinction between 
signals and pumps, schemer in which such dis- 
tinction is blurred, such as resonant Raman pump- 
ing schemes, may not be accurately reproduced 
by our method. 
It is interesting IO note that our model can be 
described by the input-output black diagram 
shown in Fig. 1, and therefore implemented in 
commercially available block-diagram simulators 
lA l  
L .,. 
In the scheme, we have also introduced funher 
functional blocks: 1) the RIN filters h,”(l). 
o=I ...., M151. which take into account the (oossi- 
bly preseni) ;elalive intensity noise (RIN) a;mod- 
ulation on each pump; 2) the pre-emphasis gain 
blocks 7il$j=l ,... N, [6] which are used as a sim- 
ple approximate way to account for the power tilt 
in the signals bandwidth due to direct Raman 
crosstalk, which can be significant in distributed 
Raman amplifiers. ’, 

Numerical results 
We applied our model to two recently proposed 
Raman amplifiers, to test their dynamic behavior 
in deep saturation in order to get a realistic idea of 
the accuracy of our method. 
A) We first consider the distributed amplifier pre- 
sented in [7], which has an 80 km non-zero dis- 
persion fiber (NZDF) with backpropagating 
pumps at 1423, 1443, 1464 and 1465 m, with 
total input power of 590 mW. We considei the 
amplification of 80 WDM signals in the [1520, 
16101 nm band, with 0 dBmich input power, 
which drive the amplifier in deep saturation. 
In Fig. 2(a) we show the sfeody-slole gain versus 
wavelength. The solid line shows the prediction 
of our model, the dashed line the exact solution of 
the complete propagation equations, and the dot- 
ted line the same exact solution but neglecting 
ASRS and DRB. The fiber lass profile across the 
channels is also shown in dash-dotted line. We 
note that in such heavily saurated amplifier AS€ 
and DRB are negligible, and our model very well 

t ba 
Fig. 2 Distributed multi-pumped Raman amplification in a 80 km NZDF: (a) Raman saturated steady- 
state gain and fiber lass profile and (b) output power time evolution ofchannels at 1545, 1565, 1585 nm. 

matches the exact solution, the emor with respect 
to the complete solution being less than 0.5 dB 
across the whole bandwidth, and mostly due to 
the approximations in the lT/l blocks [6]. When 
compared to the unsaturated gain profile [7], one 
notes a general gain decrease, and a pronounced 
tilt due both to saturation and to the signal-signal 
dlrect Raman interaction. In [7] it was noted that 
it is possible to change the Raman pumps in order 
to counteract such direct Raman tilt. 
We then ONIOFF modulated all 80 channels with 
a random pattern and a “slot” duration of T=200 
gs, thus emulating packet slotted burst-mode 
transmission. The time behavior of three selected 
channels, marked with big dots in Fig. 2(a), is 
shown in Fig. 2(b), where solid line curves are the 
output of our model, while dotted lines are the 
output of the complete time-dependent propaga- 
tion model (which neglects ASRS and DRB). We 
note sharp transients across the packets, which 
indicate a markedly sahlrated dynamic regime. To 
give an idea of the execution time savings, run- 
ning the computations in Matlab on an 800 MHz 
Pentium V took 2 minutes for our model to bath 
compute the steady-state profile and the transient 

behavior, while it took over 2 hours for the com- 
plete solution of the propagation equations. 
B) We next consider the discrete Raman amplifier 
presented in [XI, which has a 5 km dispersion 
compensating fiber (DCF) with 6 backpmpagat- 
ing pumps at 1428, 1445, 1467, 1484, 1491 and 
1507 nm, with total injected power equal to 968 
mW. We consider 24 input WDM signals in the 
range [1530, 16101 nm, with 4 . 5  dBdch input 
power, as in IS]. 
Fig ,(a) again shows the steady-state gain, and we 
note a better match between model and exact 
solution as compared with the distributed ampli- 
fier, because of the absence of direct Raman tilt. 
We then applied random ONIOFF modulation to 
all 24 channels with the same period of 200 ps per 
slot, and the time behavior of the 3 selected ehan- 
riels marked in Fig 3(a) is shown in Fig. 3@). 
From the figure, it is clear that the amplifier is 
deeply s a h t e d ,  and the match ofour model with 
the exact solution is quite satisfactory, with the 
largest dynamical emor being smaller than a few 
percent, and oecuning at steady-state. 
As for the computation times, our model took 
around I minute to m both the static and 
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Fig. 3 Discrete multi-pumped Raman amplification in a DCF with length 5.5 km: (a) Raman saturated 
steady-state gain (b) output power time evolution ofchannels at 1546.3, 1566.7, 1587.1 m. 

resolution a i  that of the- exa&pl; A), is due the 
fact that the amplifier is shorter, and the number 
ofchannels is smaller Please note that the savings 
of  our analytical model become more evident 
when the channel count is larger. 
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We investigated the third order nonlinear effect of 
linear optical amplifier (LOA) under the condi- 
tion of amplification of Xch*IOCbls WDM sig- 
nals. We obselved the remarkable inter-channel 
cross talk caused by FWM in the saturated region. 

Introduction: 
Recently, many attractive optical amplifiers were 
developed far WDM solution. Erbium doped tel- 
lurite fiber amplifier (EDTFA) has broad gain 
region from C to L band [I]. Bismuth co-doped 
erbium-doped fiber amplifier (EDFA) is well 
known as gain-flattened and short length EDFA 
(21. On the other hand, erbium doped waveguide 
amplifier (EDWA) shows the possibility of size- 
reducible amplifier far optical integrated circuits 

law~c&pared td EDFA"and semiconductor opticil 
amplifier (SOA) because the carrier population 
was saturated along the mi re  length of amplifier. 
As a result, the inter-channel cross talk caused by 
gain transition was negligible. Moreover, the 
dimension of  LOA were vely small, typically I 
mm x 0.5 mm x 0.15 mm, like as SOA. On the 
other hand, the gain flamess was very good 151. 
Thus, LOA seems to be ideal optical amplifier 
except output power (- +I3 dBm typically). 

the Of nonlinearity is lack- 
ing' we want to the limitation Of 

especially appropriate for operation high condition region' based and on system Offer 
requirement. We investigated mainly third order 
nonlinear effects in LOA. We observed the eener- 

dynamic simulation, while the exact static and 
dynamic solutions took about 15 minutes. Such 
shorter time. obtained by keeoine the same time 
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Conclusions 
We oronored a new block diaeram descriotion of ~, . , 
the ba&&d pumped~R&" &&her with i d -  
tiple pumps, which could be used in commer- 
cially-available block diagram simulators, and 
tested its validity in Two realistic case-studies. We 
found that the proposed model, which neglects 
ASRS and DRB saturation, yields gain values 
with an accuracy better than half a dB across the 
whole bandwidth of a distributed Raman ampli- 

more than a i  order of  magnihlde as compareh 
with the full transient solution of the propagation 
equations, the gain becoming more evident far 
large WDM channel count. 
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with WDM nehuorks. 

XI: +2dBm 
&: -1ZdBm 

I 


