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Improvement of the Optical Channel Noise
Characteristics Using Distributed Raman Amplifiers

Lidia T. Jordanova Valentin . Topchie%

Abstract ¢ In this paper a theoretical basis for simulation of II. MATHEMATICAL MODEL OF ADISTRIBUTED
amplifier noise parameters is provided. On the baseof RAMAN AMPLIFIER

propagation equations the evolution of the net sysin gain and
the added noises due to the spontaneous Raman sedtig and . .
the double Rayleigh backscattering of the signal is miulated. A The scheme of a typical DRA which uses two pump
mathematical model for the carrier-to-noise ratio CNR) of the  sources is shown on figure 1. The pump sources edasds
distributed Raman amplifier due to the noise compoents is PS1 and PS2 are placed at both ends of the trasiemispan
obtained. The influence of the pump power, the negain and the  and their power is switched in the medium of tHeasifiber
length of the transmission span on the noise parameters is py ysing optical multiplexers MX1 and MX2.
resfharfhe‘j and thef"t"r?”g’llgRregljme of the amrt)llflfetrs Opt'ml'.zf_ed When the pump power propagates in the directiothef
;grfo?mgqnixgglrjénagainsd_ anc improvement of the ampiner signal it is called co- or forwar_d pu_mpipg s_chemed when
Keywords + Distributed Raman Amplifier, Amplified the pump travels in the opposite direction it |ﬂetdac_ounter
Spontaneous Emission, Amplifier Noise. or backward pumping. If PS1 and PS2 are used irsainee
time the pumping scheme is bidirectional.
Lo In this research it is assumed that the power efpihmp
- INTRODUCTION source PS1 isSP, and the power of PS2 is {9 P,
. ) respectively, whereP, is the pump power and is a
One of the most usable in the contemporary sub@aml ., ticient showing the power that is being pumpedhe
long-haul terrestrial networks are the distributBdman signal direction.

amplifiers (DRA), which is due to many advantages:

stimulated Raman amplification can occur in angfiat any @
signal wavelength by proper choice of the pump wWength; Input MX1 MX2 Output
the Raman gain process is very fast and the efectoise (| Transmission Span | ‘

figure (NF) of the DRA is smaller than thiF of erbium-
doped fiber amplifier (EDFA) and the semiconduatptical
amplifier (SOA) [1].

In contrast with the EDFA which is a discrete devigith PS1 PS2
an input and an output, DRA can be described agsters
which consists of two pumping sources placed at the
beginning and at the end of the transmission sphithwv  The evolution of the signaP¢) and the power of the pump
length is more than 100 kilometers. The opticaéfils used source propagating along the optical fiber can be
as an active medium. The projecting of a DRA istetl with quantitatively described by differential equatiomslled
the choice of a pump power value in accordance With propagation equations. The signal and the pump poare be
transmission span length; the needed net gainiciesff and expressed as [1], [2]:
the magnitude of the added noises.

Fig. 1. Distributed Raman Amplifier.

The high level of the pump power and the long dctua " ﬂ#$ig PP$/ P @)
transmission span of the distributed Raman ampliie the dz SR
reason for adding the noises due to spontaneoissiemiand dp @)
double Rayleigh backscattering of the signal. dZS #9.P,R$/ P,

Finally the authors! goal is to use the presented
mathematical model and the research results fagmieg an  where g:[W™m™] is Raman gain coefficient of the fiber,
optical line that uses DRA at minimum level of the addednd |, are the attenuation of the signal and the pump power in
noises. silica fiber,!s and! , " signal and pump frequencies. The signs

of #+$ or #'$ correspond to forward and backwamgng.
SinceP, >> P, the first term in equation (1) is negligibly
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In the backward pumping cas&=0) the pump power is for analysis of the noise components which are Hieqbl

respectively: along the silica fiber.
4 When using forward pumping, the signal in positiois
P.% &P, O%exf)$/ , LS%( & ) higher than the input signal power and the addesentvom

spontaneous emission is not as significant as #uokviard
case. Conversely, when the signal power is venh hitge
noise from the double Rayleigh backscattering ahd t
nonlinear distortion from self-phase modulatiorréase.

whereP,(0) is the value of the pump power at pa@rtO.

[1l. DISTRIBUTION OF THEASE AND THE DRB NOISE
POWERALONG THE TRANSMISSIONSPAN

In this section it is presented the evolution o thoise
S L P power of an amplified spontaneous emission (ASH) an
TOT P B Pl i double Rayleigh backscattering (DRB) of the sigimalthe

- 07100

I R transmission span.

Gain [dB]

-==25/75
20— 50/ 50
---75/25

asll—00r0 | A. Amplified Spontaneous Emission
Mo pump
o 20 40 60 80 100 120 The molecular unstimulated transition from virtexicited
Span Length [km] state to vibration state is the reason for spomiamghoton
Fig. 2. Net gain vs span length in several pumping emission. Since the generated photons are uncuelaith
regimes. the signal power they are emitted in all directi@ml only

In the general case when a bidirectional pumpirigig3 Small fraction of them propagate in the opticaéfinedium.
used §=0+1) the laser sources work at the same wavelength

-45

and at different pump power. Therefore to calcuthgepump
power at poing it can be used the equation:
PVt # S P0dexh/ , 1 + 5) _
) 4 T
+0$S & De@ys/ , L% . & g
If the values oP, are substituted in differential equation (2) E
and it is integrated from zero tofor the signal power in the £
forward and the backward pumping can be written: @ P
.
1$ exp$/ [ Backward
P% &P OO/EX& g@PLg (6) sl ~ —B?;ij'c‘;—:onal
2 S Te— —=--Forward
#G,R% & 80, . . L . L
0 20 -'1({ 61)] [k To 100 120
Span Length [km
P% &P 4
% &P, 0YexiBo, 8% B4 & (7 Fig. 3. ASE Power as a function of the span length
4exp%./ L &Xpl 04; $ &$/ zE)# &P & in several pumping regimes.
/ s ’ ° Differently from P, and Ps, the noise power due to the

spontaneous emission is equal to zero at the syisfamh and

where G; and G, are the net gain in the forward and thet is totally created in the excited medium of thensmission

backward pumping. span. The process of creating, amplifying and atiéng of

The net gain [4] is one of the most significantgmaeters of the ASE noise is modeled by differential equati®h &nd
the DRA. It describes the signal power increasthanend of corresponds to its first, second and third ternps [5

the transmission span and presents the ratio betwlee dP )
amplifier accumulated gain and the signal losscdh be dAzSE# N,gsPh B + Or PPS§/ Pose

simply described by the expression:
wheregr is Raman gain coefficient, the plus and minus sign
Guer % &P, IR0 % & ®) correspond to the forward and backward ASE noiseepo

Using equation (8) it is calculated a group of characteristi€§MPONents and parametggis is defined by the expression:

shown on fig. 2. They describe the evolution of tie¢ gain . "0 $1 (10)
along the optical fiber in several pumping regimése results ny, #13 eXp)$hA)P$ ASE /&(T’(‘E ’
of fig. 2 can be used for describing the signall@won and
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Figure 3 shows the evolution of the ASE noise poives
120 km distributed Raman amplifier that uses a mo
large effective area fiberAlz=72 pm andgg=0.45). In the
discussed amplifier, pump powd?,=810 mW and input

distributed in a narrow waveband around the caatat they
overlap with the signal.

The phenomenon can be modeled by using the prdpagat
equations where (11) represents the Rayleigh battksing

signal powerP;=1 mW are applied so that the signal has thand (12) " the DRB [1].

same value at the input and the output of the mnéssion
span, i.eGyer=0 dB.

To simulate the signal and the noise power evaiytall
differential equations are transformed in a digcreirm of
type: P(i+1)=P(i) + 9(i) Pu(i) P(i) " z+ %[6], where P(i+1) is
the predicted value of the studied power at thatp@tl)" z,
P(i) is the calculated value of previous step of dakbon at
point i"z "z is a discretization step and(i) is gain
coefficient.

The simulations are accomplished with the main pogp
schemes " forward, backward and bidirectional slieasy to
view that at the end of the amplifying section tioése power
is highest for the backward pump; therefore ittie most
unfavorable scheme in respect of the ASE.

If the explanation relates to the fig. 2 it canrimticed that
this is due to the high gain at the end of transiois span
which is applied upon the spontaneously emittedtqimo
accumulated along the whole fiber length. On thetrewoy, at
forward pumping high amplification is applied onipon the
photons emitted around the optical channel input.

B. Double Rayleigh Backscattering

When the signal is transmitted along the fiber $fnattion
scatters in all directions. The phenomenon is knoan
Rayleigh scattering and due to small inhomogersite
microscopic variation of the refractive index. Shfigction of
the scattered light couples back into the fiber ionedand
propagates in the opposite direction. The bacleeattlight
amplifies along the fiber and creates new backseadtlight
which direction is the same as the signal. It ideallto the

a7 11

$TBZS # 7p P RS/ Pt IP$ P& -
dp - 12
ﬁ#%PPPDRB$/ Pore ¥ SPes (12

S

The amplifier parameters which are used to simulbaée
curves on the fig. 3 are also used to compute tligerpower
of double Rayleigh backscattering and the results a
presented on fig. 4. The most appropriate in thisecis the
bidirectional pumping (50/50 &), which ensures abat ten
times less generation of noise power compared with
forward and the backward pumping.

Intriguingly, when the full power is pumped at ookethe
ends of the transmission span, unfavorable reatgtattained.
This can be explained with the high pick of the ngai
coefficient. Therefore good noise performance cam b
achieved when the net gain coefficient is equaistritbuted
though the optical fiber length.

IV. RESEARCHRESULTS OF THENFLUENCE OF
DIFFERENTFACTORS ONCNR

The quality of the received signal can be evaluéedhe
parameter carrier-to-noise ratiGN|R which is determined by
the standard. On analogy with [8], the followinguations for
CNRyseandCNRyzg are obtained:

m’ P5 (13)

2P,

ASE

nt £5
2PyeeB

DRB

CNR g # CNRg#

signal as a noise power and the phenomenon is krasvnwherem is optical modulation depttd and"! are electrical

double Rayleigh backscattering of the signals [7].

Fig. 4. DRB Power as a function of the span length
in several pumping regimes.

Differently from the ASE, the DRB noise dependstba
pump and the signal power and it is strongly catesl with
the signal. The spectral terms of the DRB noise groare

and optical waveband.
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Fig. 5.CNRxsgas a function of the pump power in
several pumping regimes.
If we assume thanh=0.035,"! =13.2 GHz,B=4.75 MHz,

then equations (13) can be presented in the faligwi
convenient for engineer calculations way:
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CNR,:8B{ # P8&IB{$ P 8dE +12.3
CNR:&BG P 8B § R, B +32.3

(14)

and the totaCNRcan be calculated by:
CNRRIBY # $10 log)g 0" o0 4 1geNmnbensio @ - (15)

On fig.5 and fig. 6 are shown th@NR values of the
reviewed noise components as a function of the ppowger.

working regimes at less, equal or higher than zebgain
coefficient. In this case we have net gain - 6.5 @BB and
6.5 dB respectively.

The results show that maximum ra@iNR can be achieved
when the net gain coefficient is higher than 5 dB the value
of the parametelS is at about 0.5. When the DRA just
compensate the optical fiber attenuation the optiralue of
S is 0.6. When the net gain is less than zero, GNR is
maximal atS equal to 0.8.

It can be seen that the increase of the pump power improveshe optimized distributed Raman amplifiers guararttet

the CNRysg but at the same time deteriorates @NRygs.

Fig. 6.CNRyrg @s a function of pump power in
several pumping regimes.

In the first case the increase of the signal aednitise by
ASE depend on their current values and the valubeopump
power. Therefore the higher signal amplifies mamees than
the noise power.

In the second case, however, the DRB noise powssrdis
not only on the pump power but also on the valughef
signal. By equations (11) and (12) it can be shahthe noise
power is proportional to the product Bf andPs so that the
DRB noise power increase faster thn

Fig. 7.CNRas a function of the splitting coefficient
Sin several values @&yer.

In order to find the optimum pumping regime, islsown a
group of curves on fig. 7. The tot@INR is expressed as a

the CNR is higher than 60 dB. This allows cascading many
amplifiers in one optical channel and the taZMNR remains
more than 52 dB which is required for CATV applioas.

V. CONCLUSION

On the base of the presented mathematical models th
evolution of the two most essential noise compaémt the
distributed Raman amplifier due to the spontanesmussion
and double Rayleigh backscattering of the signal
researched.

The analysis of the results show that forward pumpi
provides lowest levels of noise power by ASE whilst
minimum of DRB noise power is achieved when bidimwal
pumping is used.

In order to find out the optimum working regime thie
distributed Raman amplifier, three cases are resiew
l. GNET: "6.5 dB, ”-GNET: 0dB 1. GNET: 6.5dB. It
appears that when the net gain is more than 5 @¢Bjmum
CNR is achieved when the paramet&=0.5. When
Gner = 0 dB, the optimum value &is 0.6 and when the net
gain coefficient is less than zef@NRis maximum at =0.8.

is

REFERENCES
1]
[2]
(3]

Ch. Headley, G. Agrawal, Raman Amplification in Fiber
Optical Communication Systef<Elsevier, 2005.

M. Islam, '‘Raman Amplifiers for Telecommunications 1 e
Physical Principle$, Springer, 2004.

S. Raghuawanshi, V. Gupta, V.Denesh, S. Taldbattu
'‘Bidirectional Optical Fiber Transmission Schemerathgh
Raman Amplification: Effect of Pump Depletionfurnal of
Indian Institute of Scieng®ecember 2006, pp. 655-665.

L. Binh, T.Lhuynh, S. Sargent, A. Kirpalani, 'Fiber Raman
Amplification in  Ultra-high Speed Ultra-long Haul
Transmission: Gain Profile, Noises and Transmission
Performance$, Technical Report MECSE-1-2007CTIE,
Monash University, 2007.

(4]

[5] D.Dahan, G.Eisenstein, 'The Properties of Ampiifi
Spontaneous Emission Noise in Saturated Fiber Raman
Amplifiers  Operating with CW  Signals$, Optics

CommunicationsElsevier, 2004, pp. 279-288.

S. German-Galkin, Computer modeling of semiconductor
systems MatlLab 640 St. Petersburg, Lumena, 2001.

C. Fludger, R. Mears, 'Electrical Measurement bfultipath
Interference in Distributed Raman Amplifier§ournal of
Lightwave Technologyol. 19, No 4, April 2001.

L. Jordanova , V. Topchiev, 'Research of the Glwderistics of
an Optical Channel of HFC CATV Systemsllectronics
Conference Proceedingsp.149-154, Sozopol, Bulgaria, 2006.

(6]
(7]

(8]

function of the paramet& The curves present the three main

23



