1170 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 13, NO. 11, NOVEMBER 2001

On the Optimization of Hybrid Raman/Erbium-Doped
Fiber Amplifiers

A. CarenaMember, IEEEV. Curri, Member, IEEEand P. PoggioliniMember, IEEE

Abstract—A comprehensive theoretical study on the optimal
configuration of hybrid Raman/erbium-doped fiber amplifiers
has been carried out yielding a closed form analysis. In order
to compare different system configurations, a weight for the
impact of fiber nonlinearities has been introduced. The maximum
reachable distance has been evaluated as a function of the span
length and nonlinear weight, given a target optical signal-to-noise
ratio.
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Fig. 1. The analyzed system setup. We also considered the situation where the

DCF is replaced by a fiber grating.
. INTRODUCTION P y g g

YBRID Raman/erbium-doped fiber amplifiers (HFAS) Each _ d f a stretch of t ission fiber back
are an enabling and promising technology for future ach spanis made up of a SIetch of transmission Noer back-

dense wavelength-division-multiplexing (DWDM) multiterabitV2'd Raman pumped, an EDFA #1 with gdify,, a gain flat-

systems, as it has been shown in recent experimental results ing filter (GFF), a dispersion compensating fiber (DCF), and

[3]. Hybrid Raman/erbium-doped fiber amplifiers are designée ! EDF’;#Z W'thgg;GEtQH FLber length anf(_jbd|sper5|on pargm—
in order to maximize the span length and/or to minimiz €IS ar@span aN or the transmission fiber, anbipcy an

the impairments of fiber nonlinearities, and to enhance tHéeP<F for the DCF fiber.

bandwidth of erbium-doped fiber amplifiers (EDFASs). In thi%@Themtal link length i o, = NepanLepan- The transmission

letter, we do not look at the bandwidth issue and concentr eris backwa_lrd pumped in order to get .a Ra”."'a” on-—off gain
on the other two. ra[6]. Lpcr is set by the degrefe. ., of dispersion compen-

The design of an optimal HFA is a complex problem with se\f-at'toc?.:LDCF. - ._k“"ml‘llj/tDlncp' Note th? ﬂé“‘““" =1 mea\;nvs |
eral degrees of freedom. In [4], a preliminary theoretical ana{ha ISPErsion Is completely compensated every span. Ve aiso

ysis was presented. This letter extends this analysis to a gengﬁ'ﬁume that gains are set so as to perfectly compensate for the

system setup in order to draw some general rules. An expresstl%r}"fII loss of the link yielding
for the optical signal-to-noise ratio (OSNR) at the receiver is
analytically derived in Section I, taking into account Rayleigh 1
backscattering effects on the amplified spontaneous emission =

(ASE) noise introduced by a Raman amplifier (RA) [5]. Then, exp(—asLspan) Ir exp(—ancrLncr)

an optimization technique is described to evaluate the Optim%ereas andaper are the fiber loss coefficients for the trans-

gain balance between RAs and EDFAs that allows to acme?ﬁ?ssion and DCF fiber, respectively, aff is the loss intro-
the maximum reachable distance. ' X

In Section lll, the developed analysis is applied to two ditduced by the GFF. Equation (1) sets the valugof, butleaves

ferent systems based on SMF and nonzero dispersion shitjgréd.\/idual gains undetermined
. . . o we consider the propagation of signal and noise over the
fiber (NZDSF), respectively. The maximum reachable distan propag 9

8%

Gtot = GRAGFJI GFJ?

)

. ! . : N&Pstem represented in Fig. 1 under the transparency condition
is plotted as a function of span length and nonlinear weight giv (1), the OSNR at the receiver can be expressed as shown in
a target OSNR. .

(2), shown at the bottom of the next page, whékey is the
average optical power-per-channel at the input of each gpan,
is Planck’s constantf is the optical carrier frequency3s is
The analyzed system setup is shown in Fig. 1. We considetbd bandwidth over which optical noise is integrated in order to
a long-haul system composed®f,,., spans. calculate the OSNRq ra IS theequivalent input noise factor
. . _ [7] for the inline RAs that can be derived from the noise figure
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In order to compare system configurations with different TABLE |

RamanGrg.4's, and therefore, with different power profiles PARAMETERS OF THECONSIDEREDFIBERS
along z, we need an estimate of the impact of the Kerr non- Toss Raman
linearity over the whole link. We use the parametgs, [4] Fiber [dB/km] [ps,anq:m] [:,ffz] 1AW W]
callednonlinear weightwhich is, mathematically, the overall Signal | Pump

. . . . SMF 0.2 0.3 16 80 1.27 26
nonlinear phase-shift experienced by a single channel over thexzpss T 0.2 03 5 55 185 33
whole transmission link. It is defined as DCF 05 : -100 25 4.10 -

knt = / Y(2)P(z) d= of the impact of nonlinearitieyr,, and the evaluation of the
link

— Prx NopanlvLen + (s Lpan) maximum reachable (_jistance. We chus our atteption on the
TX Vspan|7Theff T YDOF €XPA— QS5 Lspan maximum reachable distance evaluation as a functidi,gf,,,
- GraGp1Tr Lest, eF] (3)  given a minimum OSNROSNR,,;,, and a maximum tolerable
) - kne = kXX, From (4), remembering tha¥,,., is equal to the
where y and ypcr are the nonlinear coefficientd,en and 44ig of the total length to the span length, the expression of the

Len,pcr are effective lengths for the transmission and DCRayimum reachable distance can be derived and assumes the
fibers, respectivelykyy, is [rad]. Note that the effective Iengthfollowing form

of the transmission fiber depends on the Raman gain, because
it is defined as the integral of the power profile along the fiber. fmax
Linax = int OSNR{™ b Lopan.  (5)

This already shows that if one wants to keep the impact of ﬁ

nonlinearity within set limits, the launched power must be mm

reduced when Raman amplification is used. Notice that a different optimal HFA configuration corre-
We then defing’; as the value aPrx, whichmakedny, =1 sponds to eachl..,.., as well as a different gain balance

after only one spanP’, is found forcing (3) to 1 withV,,a, = 1. between RA and EDFAs, a different Raman pump, and a

We also defineV; as the amount of noise entering the systegiifferent level of launched power-per-channel. From (5), one

every span, i.e., the denominator of (2) with,., = 1. Then, can also see thdt,, .. grows only a&/@-

it turns out that the transmitted power can be writtePag =

kni.P1 /Nepan, and the total amount of noise at the end of the IIl. RESULTS AND DISCUSSION

link is Vior = NspanlV1. Therefore, the OSNR at the receiver

can be expressed as follows We applied the above analysis to systems using SMF or

NZDSF. The attributes of these fibers are reported in Table I.
knL Py kNI The values are typical and are not necessarily related to specific

N2 N, N2 OSNRy (4) commercial fibers. Moreover, we assumed to completely
wpan wpan compensate dispersigR..mp = 1) at each span. We assumed

where OSNR is the ratio of P, to N; defined above. that compensation was done by either inserting a DCF span
OSNR, depends on the span lengih.,, and given the of proper length, as shown in Fig. 1, or using a fiber grating

span length, it assumes different values for each individu®&G) in place of the DCF. FGs cause extra loss, but do not add

gain of the amplifiers even if their product is fixed by theany nonlinearity. We assumed that the GFF brings 4 dB of loss

transparency condition of (1). The optimization process that W&y ) referred to the most attenuated channel. Erbium-doped
propose is the search of the individual gain of each amplifiiber amplifier noise figure has been set to 4.5 dB.

that maximizes OSNR The parameters that we vary are Fig. 2 depicts contour levels of the OSNBurface in the plan

k1 = Gra,as/(Gra,as + GE1,as), indicating how much gain of (k1, k») for the analyzed situation based on SMBCF

is provided by the RA out of the overall gain before the GFRyith L.,., = 50 km andLpcr = 8 km. Every scenario is char-

andk; = (Gra,as + GE1a)/Grot,as, Showing how much of acterized by a different surface, one for each of the tested span
Ghot.ap 1S provided before the GFF. Note that the expressiofengths. Searching for the optim@;, &2) means detecting the

of k1 andk; refer to gains(Gg.4.ap, Gr1,as, and Giorap) maximum of the surface. For the plotted case, the maximum
expressed in decibels. The goal of the optimization processOSNR, = 61.78 dB corresponds tdk;, k2) = (0.8, 0.85),

to find a lookup table giving, for each chosen valuelQf.,, that impliesGrqap = 12.2 dB, Gprag = 2.9 dB, and

the maximum OSNE?t and the optimalky, k2), called(ki, Gg2as = 2.7 dB. It can be observe@SN R, is less sensitive
k2)opt- Note that(k;, k2)opt Sets the gain of each amplifier,to a suboptimal choice of; than of k;. It means that the
and therefore, also determines the required Raman pupmductGgrs Gg1 must be set more carefully than their ratio.
power. Given this lookup table, further optimizations can be Fig. 3(a) and (b) show results of the maximum reachable
performed such as the maximizationaf,.., the minimization distanceL,,.x as a function ofL.., given a target OSNR of

OSNR =

OSNR = Prx )

Gp —1
thONspan Neq, RA + Nsp, F1 El— eXp(+aSledan) + Nsp, £2 (GFJQ - 1)
Grp1Gra
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ratio of the effective areas (80/55). When the DCF is used, the
system based on SMF presents a stronger degradation, because
of the longer £3 times) stretch of highly nonlinear DCF needed
to fully compensate for the dispersion. In this case, the NZDSF
performs better. Regardless of fiber, the combined use of RA
and EDFA always allows a substantial increasd.ip... For
instance, to reach 4000 km using NZDSF with OSAR0
dB over 0.1 nm in a system toleratiigy;, = 1, a maximum
Lspan =~ 80 km is allowed when only EDFAs are used. If hy-
brid amplification is usedL,,, Can be as large as 140 km [see
Fig. 3(b)].

Fig. 3(c) and (d) tell us how much nonlinearity the system
must tolerate, expressed &g, to reach a certain distance

Fig. 2. Contour plot of OSNRin the (ky, k») plan for a system based on Liax, QiVen Lgpay. The plotted results refer to setups, where

SMF+ DCF with span-lengtil .., = 50 km.
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compensation is achieved by means of FG, both for the optimal
HFA and for the EDFA-only case. It can be observed that the
use of a proper amount of RA is especially advantageous for
systems that must operate with low nonlinearity (smaf}.).

For instance [see Fig. 3(d)], a 5000-km-long system based on
NZDSF+ FG, with Lgpay, = 50 km, must toleratésng, = 1

if only EDFAs are used. The nonlinear impact is reduced to
knt = 0.5 when choosing the optimal HFA. Enlarging the
fiber span to 140 km, the optimal HFA configuration yields
knt. = 3, whereas if only EDFAs are used, the system should

2'2 strive with much bigger nonlinearitityy, = 5).
T Once the system has been designed using the presented anal-
15 ysis, a full phenomena split-step simulation is needed in order
_Fé 1 to verify the penalty induced by nonlinear propagation effects.

s If the penalty is too large, the design process must be redone

reducingknr. .

IV. CONCLUSION

Fig. 3. Maximum reachable distance versus span length with OCSKRR dB We h derived Ivtical . for th .
over 0.1 nm andivr, = 1. (a) SMF-based system. (b) NZDSF-based system. € have derived an analytcal expression 1or the receiver

For both systems, compensation based on either DCF or FG is conside@®NR in transmission systems based on HFAs. The analysis

Results for amplification employing only EDFAs are plotted for comparisorggyld be easily extended to other system setups than the one
For the same system setup, the maximum reachable distance is plotted against . .

k~1 . () SMF. (d) NZDSF fiber. Span lengths of 50 and 140 km are consider own in Fig. 1.

for these plots. The results show that Raman amplification, combined with

EDFAs, allow the increase of the maximum reachable distance

20 dB over 0.1 nm, and a nonlinear weight;, = 1. Re- and/orthe spanlength. Raman amplification can also be used to

sults of systems based on only EDFAs reported for comparissubstantially reduce the impact of fiber nonlinearity.

Fig. 3(c) and (d) show.,,., plotted as a function ofyy, with
OSNR= 20 dB over 0.1 nm, for two different span lengths of 50
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