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Abstract: We investigate effects of amplified spontaneougechnology have been reported, but so far, therevany few

emission noise (ASE), noise figure (NF) and disperghromatic
on the performance of DWDM networks using distrdzlibptical
fiber Raman amplifiers (DRAs) in two different
configurations, i.e., forward and backward pumpif found that
the pumping configurations, ASE noise, and dispergpblay an
important role in network performance improvingcant reduces
noise figure and bit error rate (BER) of the syst&imulation
results show that the lowest bit error rate andsedigure when
using forward pumping configuration. Moreover, wavé also
compared ASE noise powers of the simulation witbséhof the
experiment, they are match.

Keywords. Dense Wavelength Division Multiplexing (DWDM),

DRA (Distributed Raman Amplifier),
emission (ASE).

amplified spontans

1.

Nonlinear effects within optical fiber such as stlated
Raman scattering, stimulated Brillouin scattering
stimulated four-photon mixing may also be employted
provide optical amplification by injecting a higlwwer laser
beam into optical fiber. Among these Raman, angaltfon
exhibits advantages of self-phase matching betweepump
and signal together with a broad gain-bandwidth
comparison with the other nonlinear processes. Tihus
attractive for current dense wavelength divisiontipiexed
(DWDM) systems since it provides gain over therenfiber
band [1].

One of the most usable in the contemporary submaaird
long-haul terrestrial networks is the distributecanfan
amplifiers (DRAs) used stimulated Raman scatte(BgS)

I ntroduction

theoretical nor experimental reports on the noexéopmance
comparison between the pumping configurations efldw-

PUMP phower pumped Raman amplification system for thedieid

distance networks. Thus, based on proposed arti¢eave
analyze the effects of ASE noise on the performaotce
DWDM networks.

In this paper, we use theoretical and simulatiordehoof
distributed Raman optical amplifier in SMF-28 balitional
optical fiber with two different pumping configurans at
pump wavelength of 1470 nm and pump power of 880mW,
which is smaller than traditional Raman amplifiegamp.
We calculated ASE noise powers and its affectiobiterror
rate and noise figure of the system. Moreover, & a
compare these noise powers with experimental esfilthe
real WDM network system.

The rest of this paper is organized as followsSéttion II,
we present the theoretical analysis of differentmpu
oschemes. In Section IlI, we show the simulatiousedf a
DWDM system, the simulation and experiment reswats)
discussion. Finally, Section IV concludes the paper

2. Theoretical Analysis

I?n this section, we analyze distributed Raman dinption

in DWDM transmission systems using both forward and
backward pumping. Consider the simplest situatiomtich

a single continuous wave (CW) pump beam is laundtied

a single-mode fiber with distance L of a transnoisssystem

to amplify several CW signals. The evolution of tinput

signal power ofith channel in DWDM systenP; and the

effect, which has many advantages: stimulated Ramatput pump powerP, propagating along the single-mode

amplification can occur in any fiber at any signalvelength
by proper choice of the pump wavelength; the Ragein

process is very fast and the effective noise figiNE) of

DRA is smaller than the one of Erbium-doped fibepéfier

(EDFA) and/or the semiconductor optical amplifi2r3].

In a DWDM system to reach a long transmission dista
and have flat gain-bandwidth, we used a DRA angslifi
However, such an optical amplifier also generataplified

spontaneous emission (ASE) noise [4], which withili

system performance to an electrical signal to noédi® at
the photodiode determined by the spontaneous-speots
and carrier-spontaneous beat noise. Several trasiemi
experiments using distributed Raman

optical fiber in milliwatt, can be expressed by fodowing
different equations called propagation equatioms itnclude
pump-to-pump, signal-to-signal and pump-to-signaiman
interactions, spontaneous Raman emission and
temperature dependency, stimulated Raman scattgrimgyp
depletions due to Raman energy transfer, high-ostigtes
generation, multiple Rayleigh backscattering, fikeess and
spontaneous emission noise can be expressed by the
following equations (1, 2, 3) [5-9]. Noise propagmin both
directions with power$" andP; .

its

amplification
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Where g, is the Raman gain efficiency in Wm™ of the
fiber normalized with respect to the effective amga = 7r?

of the fiber,a,, ay and a, are the attenuation coefficients
in km™ at the pump, thith WDM component of the signal

and noise frequenciesf(, f;, andf,), ) is the the Rayleigh

backscattering coefficient in klnThe upper signs of and
F in three equations correspond to the forward prafag
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pump and the lower signs correspond to the backward
propagating pump. K is the polarization factor
(9: =9,/ KA, ), Af is the frequency intervalh is Plank's
constant, k, is the Boltzmann's constant and is the
absolute temperature.

T + F - N tpo+ — J + 1
d—z" =Fa,P; P +Iz:1:f—s‘:gRPp P; +(.Z=1: g Prhf Af j[hm} (1)
dp; - + - +pD+ + 1
— - =-agP + YRy + 9P R+ 2hfsiAngPp 1+ h(f,—f5)/kgT )
dz e’ -1
L P* 4 P74 g PP £ g PERE A 14— T 3
E“J"an n VR 20 p'n 0 p'n eh(fpffn)/kBT -1 ( )
Two first terms in these equations are fiber lass$ Rayleigh _fiaa .
backscattering, two last terms in Eq. (1) refethe signal Fa(a.u) _-([t expt it (10)

and the ASE noise induced pump depletion. The taird
fourth terms in Eq. (2) include stimulated and spoBous
Raman amplification. The last term in Eq. (3) reféw the
spontaneous emission noise power generated atetipeehcy
f, over a bandwidtif.

It is possible to derive an explicit analytical \win using a
simple iteration method [5] in two following pumgin
configurations.

2.1 Forward Pumping

In forward pumping case, signal and pump waves are

propagated from z=0 to z=L in +z direction. Thefatiéntial
equations are solved by analytical method withoump
depletion at point z as in [8].

P (2) = P,(0)expt-a,z) @
P;(2) =R, (0) exp{—ag Z+ ngp (O)]#Mpz)
p
(5)

P (2) =[hf Af exp(-q; )@; )"

a a
x g P, (B2 g expla.z ))
(-1 ( ap Qn )— 1 ( ap Qn p( s ))(6)

x expta,z+q, (& exp(a,z ))

Ry (2) =[hf,Af exp(e; )@, )™

a, N a, .
X (_2 (:H-a_n qn eXp(asZ ))-r2 (a:a_ Qn exp’@’sL )

P P

x expta,z—-q, (& exp{a,z ))]

(7)
Where
P (0
q; =250 ®)
ap
My(a,u) = [t expg it 9)

2.2 Backward Pumping

The backward pumping case can be considered imidasi
fashion. Here pump wave is propagated from z=L io 6z
direction, solutions of Equations (1-3) with pumeptetion
due to the backward stimulated process is neglextd].

Pp_(Z) = Pp(L) exp(—arp L-2))

P, (2)= P, (0) exp[—as. Z+0, |:>p L)
expCa,z)-1

X exp(-apl_ )aip

Pr (z) =[hf,Af exp(a, )@, y '

a. a, _
x (-2 (:H-_n qn exmsz ))-I_Z (a:_ Qn J
ap ap

x expta,z+q, (exg,z ¥ 1))

(11)

(12)

(13)
- - -\anla Q’n - \
P (2) =[hf, Af exp(-q; )@, )" * (T, (I G expe.L )

p

-, @2 g expt,z ))
a

p

x expt,z-q, (expia,z ¥ 1]

(14)
Where
- = gRPp (L) exp(_apL )

O, (15)

a,

The total variance of the noise current is the sofmall
variances of thermal noise, shot noise, beat ramsecan be
written as

O = O+ O + O (16)
Where o,, is thermal noisegy,, is the shot noise which is
generated by signal, pump and A8, is beat noise, it

consists of the signal-ASE beat noise, the ASE-Affat
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noise (beating between the spectral componentsecddded between a NRZ signal and a continuous wave (CWgrlas
amplifier ASE), the pump-ASE beat noise and thenaig source is carried out by using a Mach-Zehnder naidul

signal beat noise [10]. ) ) )
Signals are multiplexed at a multiplexer and theeytare

Finally, the bit error rate (BER) can be calculaasd combined with the pump at a WDM coupler that traitsm
them into the bi-directional single-mode opticalefiin the
same direction, it is called forward pumping scherre
addition to, has also a pump laser is located ebthtput of
Where erfc(.) is the complementary error function, andhe optical fiber: it is called the counter or baekd

BER=%erfc(SNR) 17

signal- to- noise rate is written as [2] pumping. The signal then will be amplified by stiated
| . Raman scattering scheme in single-mode fiber medium
_ ' signal (Ith) 18
NR= J2 (18) In the receiver side, the signal is converted ptiotocurrent
a-total 2

by using a PIN photodetector. BER of the receivigda is

lsgna (It IS photocurrent ofith channel at the output of 5oy 7ed by using a BER analyzer in combinatioth ifow

photodiode. pass Bessel filter.
3. Simulation and Experiment Results 3.2 Simulation Results
3.1 Simulation Setup Simulations have been carried out to estimate tieete of

) ) ) ASE noise, noise figure, and chromatic dispersian o
In this section, we set up a DWDM network modelusing  performance of the network in different pump coufagions.

OptiSystem 7 software to compare ASE noise poweits W Key parameters used for this simulation are ligteBable 1.
previous experimental results. In this model, wedusa

distributed Raman amplifier with different two pump Tablel. Simulation parameters

schemes are forward and backward pumping. Fig.olvsh Name Symbol Value

the system with the propagation of 16 DWDM channelslength of DRA L 0+ 90 km

located between 193.1 THz and 193.85 THz, 50 Gldzexpp ~ Effective area B 80 L

to each other, and a pump wavelength of 1470 nRRBS  gj; rate R 10Gbps

ger_werator generates the downstream traffic of ehahm_al, Signal frequencies f, 193.1 — 193.85 THz

which generate pseudo random bit sequences. Thiése b

sequences are then used to control NRZ generators t~UmPwavelength A 1470 nm

generate non-return-to-zero signals. OOK modulationPump power P 880mwW
Dispersion chromatic D 14, 15, 16 ps/ nm.km

SN 7 R B

Dual Port WDM Anahyzer

| ica wer Mates S ERFYS
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!

Optical Power Mater_1

Cutoff frequency = 0.75 = Bit rate Hz

Pump Laser 1
Freguency = 1470 nm

;
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s ] -

Optical Spectrum Anahyzer

Figure 1. Block diagram of a DWDM system using distributeaihfan amplifier

Figure 2 shows how the first channel signal andppowers loss. This power loss will increase the possibibifynoise
vary with the DRA amplifier length for different pwing altering the quality of the signal.

configurations, i.e., forward and backward pumpMée can Figure 3 shows forward and backward noise powera as
see that, as the amplifier length increases, pumpiower function of the amplifier length of the first signehannel
increases in backward direction. While in the faidva (193.1THz) whenP, =-10dBmand We can see that in the

pumping it decreases. . o forward pumping case both forward and backward DRA
In the forward pumping case, there is a larger gaithe ise powers are smaller than those in backwardpjngn
signal power. This result, increasing effects ofilinearities rqpward pumping is more advantageous than backward
in the fiber length [5]. In the backward pumpinbge tgain pumping from the viewpoint of minimizing noise.

occurs towards the end of the fiber after the suttst! power
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Figure 2. Signal and pump powers as a function of amplifiefFigure 4. Noise figure as a function of DRA amplifier length
length (L) withp,(0)=-10dbm P, = 880w (L) with P,(0) =-10dbm P, = 880nW

Fig. 4 shows the noise figure as a function of BiRA

Lp . 10° T T T T
amplifier length for forward and backward pumpirg we —e— BER with ASE, backward puming
can see when amplifier length is short noise figisrehe BER without ASE, backward pumping
same, on the other hand, for longer fiber lengthobee 10 | - - _| 77* 7" BER with ASE, forward pumping |

. . ===0~= BER without ASE, forward pumping

remarkable because of the accumulation of noisegatbe ‘ ‘ ‘ ‘
fiber is different in the two cases. The noise figis no . 1 1 1
change when the length of amplifier increases imwénd 107 fommmm oo i i e

pumping configuration. However, it has increaseitkjy in é 1 |
the backward pumping case. 1 1

-10

—6— Forward noise, forward pumping
20} - | —B— Backward noise, forward pumping
-=-©&--- Forward noise, backward pumping
=-5/-= Backward noise, backward pumping

[ [ [ I Transmitted power (dBm)

‘?'_'-‘V'_'V"' RFmm _ |

“0"-?--—5 Figure5. BER vs. transmitted power withRLOGbps,
: D=16 ps/nm.km, L=90 km
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Figure 3. Noise powers as a function of amplifier length (L) 100 L---
with P,(0) = -10dbm,P, = 8860w I N SS -

In figure 5, we fix dispersion chromatic ‘
coefficientD =16ps /nmkm and the amplifier length of 90 100 TS L .
km. We investigate BER versus transmitted powertfay 1 1 1 1 1 A w
cases, with and without ASE noise in forward andkbard 30 29 28 -27 26 -25 -24 23 -22

. . . . Transmitted power (dBm)
pumping configurations. It is seen that the effettASE
increases in backward pumping case. More specitily, Figure 6. BER vs. transmitted power with D= (14, 15,
power penalty due to ASE noise at BER16 about 2dB 16) ps/nm.km, L=90 km, forward pumping (FP)

when forward pumping. While in backward pumping,
increases to 2.3dB. It is because, according to g5, 13,
14) and Fig. 3, ASE noise powers in the backwantgiog
scheme are greater these in forward pumping case.

ItFigures 6 and 7 show the dependence of BER on the
transmitted power for two cases, forward and bac#twa
pumping with three different values of dispersidm@natics

D (14, 15 and 16 ps/nm.km). It is seen that, BE¢tdases
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when D increases. Moreover, in Fig. 6, the forwaudhping

case, the power penalty at BAR™® without ASE is about 2
dB (D=16ps/nm.km) while it increases up to 2.3 dBew

ASE noise is considered as denoted in Fig. 7.

0
10 T T T T T T T T
} } } —&— 16ps/inm.km, BP, with ASE
2 | | || =—©— 15ps/nm.km, BP, with ASE
10 [~——+-—--—--14 14ps/inm.km, BP, with ASE

==EF= 16ps/nm.km,
==p==- 15ps/nm.km,
-'-*“" 14ps/nm.km,

BP, without AS
BP, without AS
BP, without AS

I I I I I
I I I

S e
& I I

BER

-26
Transmitted power (dBm)

-25 -24

Figure 7. BER vs. transmitted power with D= (14, 15,
16) ps/nm.km, L=90 km, backward pumping (BP)

3.3 Experiment Results

Experiments have been carried out on the real Wpstem
to investigate spontaneous and stimulated Ramatesng
effect in SMF-28 fiber. For no extra-high power gusource
is available, three pump lasers at 1470nm withta fmower

of 880mW, combined through a combiner, are used as
replacement. In this system we used a 1480/1550 WDM]

coupler to couple total pump power in the forwanection
into the fiber where signals pass through it.

Figure 8 shows the emission spectral of signal at
wavelength of 1552.52nm without and with Rama
amplification. It is seen that the signal amplifiep to 11dB
while its bandwidth and wavelength are no changevéver,
the ASE noise power at the signal wavelength irsgea
about 13dB compare with the case the signal ismgified.
This proves that, ASE noise is considerably in ghesence
of amplification.
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4. Conclusion

In this paper, we have analyzed the theory and lated a
DWDM network system using a distributed Raman afiepli
pumped in two different directions. Moreover, wealgmed
the effects of ASE noise, noise figure, and dispers
chromatic on the performance of DWDM-based sysiata.
found that the different pumping configurations,EABoise,
and dispersion play an important role in network
performance improving since it reduces noise ficamd bit
error rate (BER) of the system. Simulation ressitew that
the lowest bit error rate and noise figure whemgi$orward
pumping configuration when the fiber amplifier Iémgf 90
km. These results are also compared with the =esfilthe
experiment and they are matched. These resultsluctnc
that DRA with low pump power (<1W) is the promisikegy
technology for short— and/or middle-distance DWDM
transmission networks.
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