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ABSTRACT

A perturbation analysis of stimulated backward Brillouin scattering (SBBS) in single mode optical
fibers is presented. The nonlinear interaction between the pump and Stokes waves, optical loss and Bragg
diffraction have been all considered. The analytic expressions of the threshold, output Stokes intensity,
efficiency for the SBBS fiber amplifiers and lasers are derived. We show that the stronger Bragg diffraction
will increase the Brillouin diffraction efficiency and decrease the threshold of SBBS. Effects of acoustic
guidance conditions of optical fibers on the above SBBS parameters will be discussed.

L INTRODUCTION

The attractiveness of coherent optical fiber transmission systems are their long repeater spacing and
large transmission capacity. To utilize the available bandwidth and to increase the system margins, a narrow
optical spectra and high transmitter powers are required. However, these two requirements will ultimately
be limited by optical nonlinear effects such as stimulated backward Brillouin scattering (SBBS) [1]. It has
been demonstrated that over 60% of the input power of a 13.5 km single mode optical fiber (SMOF) can be
reflected back to the input end due to SBBS [2]. Since SBBS imposes a serious limitation on the input power
launching into the fiber, it is then necessary for a SMOF long transmission system to operate at input power
levels below the threshold of SBBS, Py,,. Thus high Py, is desired for such application. SBBS can be also
used as a sensing tool for distributed strain [3] and temperature [4] sensors. It also plays an important role
in fiber Brillouin lasers [5]. These sensor and laser applications prefer low Pr,.

SBBS involves three important mechanisms: (1) the nonlinear coupling between the pump and Stokes
waves, (2) optical loss and pump depletion and (3) Bragg diffraction. Recently many theoretical studies have
been devoted to SBBS in SMOFs [1,2,6-12], however, it appears that none of them has considered the above
three factors simultaneously. Moreover, Py, was studied only in [1,6]. In this article, we include the above
three parameters and use a perturbation analysis to investigate the Brillouin diffraction efficiency and Py, of
SBBS theoretically.

2. COUPLED MODE EQUATIONS

The development of SBBS in optical fibers requires the consideration of mutual interaction between
the pump and Stokes waves. Under steady-state conditions, applicable for a cw or quasi-cw pump, such an
interaction is governed by the coupled wave equations

dE, 1 2. O
e glEI E, +2E,—1KE (1a)
dE, 2 o
- =75 ¢lE) E, -~ E, +ixE, (1)

where E, and E, represent the Stokes wave and pump wave respectively. z is the distance along the

longitudinal axis of the fiber. g is the Brillouin-gain coefficient. a is the optical loss in the fiber and this loss

is normally very small (< 1 dB/km). x is the coupling coefficient between the pump and the Stokes waves
due the Bragg diffraction.
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E, =+\Le" (2a)
and
E, =~I,e" (2b)

where I, and I,, and , and , are the amplitude and phase of Stokes and pump waves respectively.
Substituting (2a) and 2(b) into (1a) and (1b) we obtain

dl
Zf=_ LI +od, +2xsin Ay, (3a)
dl, :
—, =8l — o, +2xsin A, | (3b)
dw: IP
—=-Kcos Av\/: (3c)
dy, V\/I_'
e —KcosA 2 (3d)
where
Ay =y, -V, @

Since the Stokes waves is generated by a backward Bragg scattering from a moving index grating or
acoustic guided waves that represents the phonon field, we can say that the phase of E, to be locked to that

of E,. It means d(Ay)/dz = 0. We have found that Ay =—n/2. Then we have

dl,(z)

2L = g1, @), 2) + o1, @) - 2V @) (50)
dl
20 g1, o), (2) - o 2) - 2V ) (5b)

In Fig.1 we show the schematic diagram for the propagation of the pump and Stokes wave in a long single
mode optical fiber transmission system. L is the length of the fiber.

In previous analyses, [6], [1] & [7] and [8] had assumed =0 & k=0, 020 & x = Oanda=0&
Kk # 0, respectively; [9], [10] and [11] only investigated the Bragg diffraction mechanism and neglected the
nonlinear coupling between the pump and Stokes waves and optical loss. In this article we used Eqns.(5a)
and (5b) to evaluate the Brillouin diffraction efficiency and P, of SBBS in SMOFs.

Since it is very complex to solve Eqns.(5a) and (5b) directly, here a perturbation method is used. First,
a small K is assumed. We neglect the third term at the R.H.S. of Eqn.(5b), solve the Eqn.(5b) and obtain [12]
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(1-bAE)

1,(2) =S5, 1, (0) exp(~0z) (6)

where
A(z) =exp{(1 - bo) (g/) [1 — exp(—oz)]} @)
by =1,(0)/1,(0) @®

Also g, = g1,(0). The parameter b, is the conversion efficiency from the pump power to the Stokes power.
The parameter g, is the small signal gain associated with the SBBS process. It is noted that Eqns.(6-8) have
included the effects of the pump depletion.

Substituting Eqns.(6-8) in Eqn.(5a) we obtain L, (z) including the first order perturbation effect due

to K,

() = X (@ (L) expl-odL  2)] ©)
where

KAL) -AQM 1

X = I (- b A L) — b a0

and
L)
b= 7.0 11)

The parameter b; can be considered as the initial SBBS signal at z = L which will be amplified through the
fiber length L. At z =0, b, in Eqn.(8) indicates what fraction of the input pump power is converted to the
Stokes power. The relation between b, and b, can be expressed as:

b _{bm_zxm)"*— 1]}’ (1-by)exp(aL)
i~ |Y0

12
2o(1-52) AL) by (12

3. NUMERICAL RESULTS

In order to show the relation among the conversion efficiency by, the Bragg diffraction effect kL and
the normalized distance z/L, the normalized Stokes intensity I,(z/L)/I(0) is evaluated and shown in Fig.2 as

a function of z/L for different values of xL and a fixed value of b; =0.01. I,(z/L)/I,(0) can be obtained with
the use of Eqns.(8-11) together with some changes in variables. The parameter b, =0.01 was chosen arbitrarily
but Agrawal also used this value in [12]. It is noted that in our analysis acoustic attenuation is assumed to
be negligible and also very low o exists in the fiber, therefore the imaginary of x is considered to be negligible
as well. Hence we use real values of k in our numerical calculations. Figure 2 indicates that a larger kL
converts more pumped energy into the Stokes energy, thus a higher conversion efficiency. With a constant
Brillouin gain gL = 5 in the fiber, the relation between b, and b; (Eqn.(12)) is given in Fig.3 for different
values of KL. A larger b; and kL implies a higher b,.
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4. BRILLOUIN THRESHOLD
As mentioned earlier, the threshold Py, is a very important parameter of SBBS. So far, Py, has been
reported [6,1,12] without the consideration of pump depletion and Bragg diffraction. In the following section,
we would like to express Py, with the inclusion of the above two parameters.

Let us define the saturate gain of the Brillouin amplification process [12], G,, be

1,(0)
* 7 I(L)exp(~oL) (13
and we can have
_ A (L) - bo 2
G, =15 XO) (14)

The Brillouin threshold Py, is defined as the input pump power at which the Stokes power becomes
equal at a fiber length /, or P, = P,(I) = P,(I) = Pyexp(—od), where P, = (0)A. Following the approaches
taken by Smith (Eqns.(9) and (17) in [1]), at the threshold we obtain

VT[ s Acﬁ' 2 PdlgBch
iad A4 = 1

In Eqn.(15) the Brillouin gain is assumed to have a Lorentzian spectral profile and gj is the peak gain. Af is
the spectral width of the Brillouin-gain spectrum [12]. K is Boltzmann’s constant. T is the temperature and
f, is frequency of the acoustic phonon [1,6]. Substituting Eqn.(14) to (15) we can have

8Ly PugsL g 1-b,
Un( )Af [ ) AN

{1+ 2dAL)”-1] }”]
gob!*(1-b))*[AL)~bd"*] 77"

(16)

Equation (16) is an improved expression for P, because both pump depletion and Bragg diffraction effects
are included. We have evaluated Eqn.(16) and found that increasing kL decreases the threshold Pr,.

3. CONCLUSIONS

A perturbation analysis including the nonlinear interaction between the pump and Stokes waves, pump
depletion, optical loss and Bragg diffraction of stimulated backward Brillouin scattering (SBBS) in single
mode optical fibers has been presented. With the consideration of the pump depletion and Bragg diffraction,
an improved expression for the threshold of SBBS has been derived. We have also found that a larger kL.
induces a higher Brillouin conversion efficiency b, and decreases the threshold of SBBS Pr, and this
phenomenon has been experimentally observed in Ref.[13].

* on leave of absence from Escola Politécnica da Universidade de Sdo Paulo, Sdo Paulo, Brazil
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Fig.1 Schematic diagram showing propagation of the pump and the Stokes wave in a long single mode
optical fiber transmission system.
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Fig.2 The normalized Stokes intensity /,(z/L)/I,(0) versus z/L for different values of x and a fixed value of
b;=0.01.
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Fig.3 The conversion efficiency b, versus b; (Eqn.(12)) for different values of kL and a fixed value of g,L.=5.
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