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Degradation of Modulation and Noise
Characteristics of Semiconductor Lasers After
Propagation in Optical Fiber Due to a Phase
Shift Induced by Stimulated Brillouin Scattering

Eva Peral and Amnon Yariu,ife Fellow, IEEE

Abstract—Here we demonstrate theoretically that stimulated In an optical fiber, the acoustooptic interaction between
Brillouin scattering (SBS) can induce a phase shift of the optical sound and optical waves differs from the Brillouin scattering in
carrier relative to its sidebands due to the waveguiding effect a bulk medium [6]. In a fiber, a large number of (longitudinal)
of the optical fiber on the acoustic wave. This causes conversion . ) o . . .
of frequency modulation to intensity modulation, which results acoustic modes are excited by the light, which are the eigen-
in an increase in the relative intensity noise and degradation modes of the cylindrical structure rather than plane waves, and
of the modulation response of directly modulated lasers after this leads to a relaxation of the wavevector selection rule. As a
propagation in an optical fiber, in agreement with our exper- consequence, spontaneous Brillouin scattering in the forward
imental observations. Suppression of SBS can be achieved atdirection was observed and was called guided acoustic wave
low frequencies and high modulation powers due to the laser ~" =~ ) 9 ‘
adiabatic chirp. Brillouin scattering [6]. It has been recently found that this

I . . . i effect can contribute to timing jitter in soliton transmission

Index Terms—Brillouin scattering, laser noise, optical fiber . .
communication, optical fiber measurement, optical modulation, SyStéms [7] and affect propagation of NRZ pulse trains [8].
optical propagation in nonlinear media, semiconductor lasers. Here, we show that the guided nature of the acoustic waves
in optical fibers can also affect backward SBS, inducing a
phase shift of the optical waves. In order that a significant
acoustooptic interaction occurs, not only do the propagation
constants have to be phase matched, but there also has to

FIBER nonlinearities may significantly degrade the pefse 5 gignificant overlap between the transverse profiles of
formance of high-speed I|ghtyvave s_ystems using hlgg’coustic and optical modes. The latter condition is satisfied
power laser sources [1]. In particular, it has been showq, . qes with phase velocity close to but greater than the
through signal-to-noise ratio (SNR) and bit-error rate (BE%ngitudinal sound velocity;. However, if the phase velocity
measurements that the onset of stimulated Brillouin scatten@ess thany,, the acoustic mode becomes a surface wave with
(SB.S) can be a major impairment in directly modulated fibeFﬁaximum ar,nplitude near the surface of the cylinder and will
opgc systemst [dz.]’ [31. hasized d dati ling f be hardly excited by the optical wave. It will be shown that this
revious studies emphasized degradations resuting ol ¢ in 5 slight asymmetry in the Brillouin gain spectrum,

ower saturation [4], spontaneous Brillouin scattering noiség_. ) . A
b [41, sp g WehICh can be observed in precise measurements of Brillouin

[5], and the effect of the backward-propagating signal on the . . :
laser source [1]. Here, we provide experimental evidence if“n spectra (see, e.g., [9, Fig. 4(a)]), and a phase shift of

an SBS-induced phase shift of the optical carrier relative to i e optical waves affected by SBS, in agreement with our

sidebands that leads to distortion of the modulation respo erimen_tal results. If most O.f the optical power Is contained
(MR) and an increase in relative intensity noise (RIN) at loW the carrier and the modulation frequency is larger than the
illouin gain bandwidth, only the carrier undergoes SBS and

frequencies due to conversion of laser frequency modulatigﬁ . ; X oo
(FM), i.e., laser chirp, to intensity modulation (IM). This phaséhus suffers an additional phase shift relative to its sidebands.

shift is explained theoretically by taking into consideration th@S & consequence, conversion of FM to IM occurs, which is
guided nature of the acoustic waves in optical fibers. experimentally observed in measurements of MR and RIN.
This paper is structured as follows. Section Il describes

the experimental setup that was used to measure the RIN
and MR. In Section lll, the effect of fiber nonlinearities on
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Fig. 1. Experimental setupL: variable optical attenuator; OMM: optical multimeter; PD: photodetector; NA: network analyzer; ESA: electrical
spectrum analyzer.

change causes an increase in RIN at low frequencies fogquency$/2x can be expressed in the form
conversion of phase noise to intensity noise. In addition, it . 12 12
is shown that SBS causes excess noise at frequencies around E =Py [1 4+ muy cos(§2 + o))

harmonics of the acoustic wave frequency for both forward and - exp[tmem sin(Qf + orm)]
backward propagating waves. Section V contains a theory of L AP 1/2
the acoustooptic interaction, including the waveguiding effect :PO/ [1 + <? exp(iQt) + c.c.)}

0

of the optical fiber on the acoustic wave. It is shown that (A o~ 1
SBS induces a phase shift of the optical carrier relative to its rexpli(Ad exp(i€t) +¢.C)] (1)

sidebands, which satisfactorily explains the measured increwﬁeremIM andmpw are the IM and FM indices, respectively.

in RIN and MR at low frequencies. Finally, in Section VI, therpo ratio A/ (AP/Py) = (mp /imm)eid%, whereAp =

main conclusions are outlined. ©orM — v IS the dephasing angle between the laser frequency

and intensity modulation, will be referred to in what follows

as the phase-to-intensity (modulation index) ratio (PIR), which

for light produced by a semiconductor laser is a function of
The diagram of the experimental setup is shown in Fig. he modulation frequenc. In the case of direct modulation

The optical source was a high-power MQW-DFB laser (ORyf the laser with modulation currem\[,,,, the PIR can be

TEL Corporation) operating at 1.58m. This laser was biasedexpressed as

at 300 mA, yielding an output power at the laser pigtail of

14.4 dBm, and had a threshold of 18 mA. The laser was PIR|A7,, = ﬂ _ <1+ “(Q)> 2)

directly modulated with the signal from a network analyzer " AP/B 2 il

(NA) using a microwave probe. The laser light was attenuatg\ﬁ]ere « is the linewidth enhancement factor and<) is

i 0 1 i 1 . .
and launched into an 85/15% fiber directional coupler. The o4 14 several laser parameters and contributes to a quasi-
85% port was connected onto a spool of standard telecoHH‘labatic chirp [10]

munications fiber (from 25 to 75 km), the output signal was Due to aroun velocity dispersion. linear propadation in dis-
photodetected and then the MR and RIN were measured WE group y cIsp ! propag

Il. EXPERIMENTAL SET-UP

AL,

NA and lectrical | ESA X tQrsive optical fiber produces a phase change of the sidebands
a and an electrical spectrum analyzer ( ), respective %lative to the optical carrier, which results in partial conver-

Angled connectors were used to minimize reflections. sion of FM into IM, which is photodetected at the fiber output

. I:j/l_easur_emef_rgs of ME r;\]nd RIN ll)efore and after pzjopagatiTE], [12]. At low modulation frequencies, the dispersion is
in dispersive fiber, with the signal output attenuated to avo, v small and the change in MR after propagation is simply

nonlinear effects, were used to determine laser parameters [ en by the fiber loss. However, our experimental results

][11]’ SUCE zlis (r;e:onllance.;rﬁquehrﬁy = 14 ?HZ' d_amfing show that, as the optical power launched in the fiber increases,
actorno = 16 GHz, linewidth enhancement factar= —4.6, oo optical power is backreflected by SBS, and, surprisingly,

photlc_m I'Tg:'hmg g}i\/IH: 10 gsihca;_rkl)er I(l;_etlme_v = 012 gorrelated with this power loss, the MR at low frequencies
g,sl _mev;/:) ps2/|.(m Z, an € TIber dispersion parametgl. a5ses. We attribute this increase to a phase change in the

The amognt of opncal power launched into the fiber w. ase change can be neglected compared to that resulting from
controlled with a variable optical attenuator, and measureme §persion However. at low. it becomes dominant and. as

of Ifj”\ll gnd MR weri pe:}forfmed acti se\&e{_)al (Ia(ptlczzl powers a_rgg consequence, the large adiabatic chirp that semiconductor
modulation powers for the forward and backward propagatifgs. o present at lofe is converted into intensity modulation.

fields. The origin of this phase change will be explained in Section V.
Let 6(€2, z) be the dephasing between the optical carrier
and the optical sideband &t due to both fiber dispersion and

fiber nonlinearity, that is,
Semiconductor lasers exhibit chirp, i.e., the frequency of the

optical field is modulated whenever the intensity is modulated. 0(Q, z) = baisp(€, 2) + ONL(Q, 2)
Thus, the complex electric field amplitude at the output of 1 3102

. . . . =—3" 2+ 5L, 2). 3
a semiconductor laser directly modulated with a modulation 2/ 4 (. 2) ®)

égtical carrier induced by SBS. At high, this small nonlinear

I1l. EFFECT OFSBS ON MODULATION RESPONSE
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30 . T . . w in [10]. We see that the theory above accounts well for the
experimental results. Fig. 3 shows the measukgd together
with the backscattered and forward output powers as a function
of the optical input power. The dotted line is the predicigd
using the theory in Section V.

At higher modulation powers, but low enough so that,
is less than 2%, even though the small-signal theory would still
be valid in the linear regime, it fails to predict the measured
MR after propagation in fiber at high optical powers. As the
modulation power is raised, the optical bandwidth increases

25 Q

20}

50 km of fiber

Modulation power -28 dBm due to a larger laser chirp, and the SBS is reduced. The
O & et raunched optcalpower 1 consequence of this is twofold. First, since the FM index
T o 2mw is a function of(2, the detected dc photocurrent fluctuates
Opv " Lnear ~atmw i as (2 varies. Second, the MR at sufficiently lo® and high
* Gamw modulation power returns to that in the linear regime.
5 ] 2 p s 5 5 Here we present a large-signal model that explains the
Modulation frequency Q/2z (GHz) observed phenomena. As the laser chirp increases, the optical

Fig. 2. Change in modulation resporg&((2, =)|2 for 50 km of fiber,—28 POWer is distributed among an increasing number of FM

dBm modulation power, and several launched powers into the fiber. Dastgidlebands with weights,, such as
line is measuredH (€2, z)|? in the absence of nonlinear effects. Solid line

is theory. E :Pé/Q Z ¢, (U Fern) (7)

n

Then, the detected photocurrent at a small-signal modulation mim A

frequency at the fiber outputAI(€2, z) is related to that at en(z = 0) = Jn(men) + == (Jnga (men)e™=

the laser outputAZ(€2, 0) by + o1 (mpa)e M%) (8)

H(Q, ) =[Lpc(2)L(Q, 2)]/? % where J,, are Bessel functions and we used the fact that
— cos 0 — 2 sin GPIR(Q) ’ () is small. Thus, after propagation in fiber, the coefficients
) are given by

The electrical transfer functioH (€2, =) is normalized by the o

loss in the fiber, wherépc(z) andL(€2, #) are the power loss cn(2) = VL0, 2) ™ D), (0). )

suffered by the optical carrier and the sideband, respectively,

due to both fiber attenuation and SBS. The detected dc photocurreft can be obtained as

Since the spectrum of the Brillouin gain is very narrow
(~15 MHz, as shown in Section IV), it can be assumed that Ipc(z) = R(0) Py Z cnl(2)cn(2) (10)
for the modulation range considered hefe;> 50 MHz, no n

cross interactions between the optical carrier and sidebanqhs R(O) is the photodiod ivit d the ohot
contribute to the SBS gain. In addition, in the small-signgy ereR(€2) is the photodiode responsivity, and the photocur-

regime, only two modulation sidebands need be taken inrt%nt atQ is given by

account. Since most of the optical power is contained in the

carrier, we can assume that the sidebands only suffer linear AL, 2) = R Py Z Cnt1(2)¢n (2)- (11)

fiber loss, whereas part of the power in the carrier is lost to "

SBS. Thus, we set Fig. 4 shows the measuredH(Q, )|?> and received
L(Q, 2) = Lpin(z) = e™% 5y power for several modulation powers. In normalizing

©) |H (R, 2)|?, we have assumed for convenience, sii¢g, »)
is difficult to measure, that the modulation sidebands
Fig. 2 shows H(Q, z)|? for a small modulation power andonly suffer linear fiber loss, i.e., we seH(Q, z) =
several optical input powers. At low modulation frequencie$LL i)Y/ 2[AI(S, z)/AI(S, 0)]. This is not a valid assump-
the laser chirp is dominated by the quasi-adiabatic term ation at large modulation powers and lof, i.e., for large
varies asl/Q. A negativefy;, results in part of this chirp laser chirp. In fact, whew/y(mgn) =~ 0, most of the optical
converted into IM, andH (2, z)|? increases with decreasingpower is contained in the first sideband, which is then partly
2 as1/€. At high ©, and using the normalization explainechackscattered by SBS, a2, z) > Lri,. As a consequence
above,|H(, 2)|? approaches its linear regime value. of the normalization we usedH (€2, 2)|* becomes negative
Since the modulation power is very smathy; ~ 0.08%), (in decibels). As the bandwidth of the signal increases, the
the small-signal approximation is valid and (4)—(6) can be us&BS is reduced, and the received power rises. The ripple in
to determine the nonlinear phase chaifige. The PIR was |H(R, z)|? and received power at low frequencies is due to the
measured by first attenuating the power launched in the filmscillatory behavior of the Bessel functions. On the contrary,
so that the linear theory holds using the method developtde structure observed in the received poweRat 0.7 GHz

Lpc =LpinInr.
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Fig. 3. Left axis: forward (solid) and backscattered (dashed) optical powers for 50 km of fiber. Right axis: nonlinear phase change (solid istaxperimen
dotted is theoretical prediction as described in text).

is due to the frequency response of the microwave prophoton fluctuations, which are generated by a Langevin noise
employed to modulate the laser. sourcefp, is given by

The large-signal theory described above was used to explain A 02 1440
the experimental data and is represented in Fig. 4 with a solid PIR|, = _(7) - ¢ _g M (12)
trace. To determine.(n(?, z) and (nf2, z), we neglect, as AP/P|g, 20 141/(8r)
we did in the small-signal case, cross interaction betwegg
sidebands. Then, we can assume that the power loss apdy,
phase change in each FM sideband can be extracted fr

the previous data in Fig. 3, for the given power in the F Ir several launched powers in the fiber. Equations (4)—(6)
band. Good agreement has been found between this simplether with (12) can be used to determifg , which is
mr(])del gng theQ rr;)easurement. 'I;_he r_nal(;l chlrepaT](_:yhoccg wn in the inset. The slight discrepancy between experiment
when [H(S, z) _ becomes negative In decibels, which ouk,y theory is attributed to the simple model used to describe
model underestimates. This is attributed to the assumption, Q. o1\ Wwhich does not include the effect of side modes
no cross interaction. ' . : X
. S 5 i [15] and FM-to-IM noise conversion due to double Rayleigh
The inset in Fig. 4 showsH (<2, 2)|" in an extended fre scattering [16]. These two effects are independent of the

guency range for both linear and nonlinear regimes. It unched .
. ; ONG power and explain witlx;, does not equal exactly
observed that at higft, and with the normalization in (4)(6), zero at small launched powers. The excess noise induced by

both curves coincide. Thus, the effect of self-phase-modulatigrés near 0 Hz reported in [14] would affect frequencies below

(SPM) that V\{as recgntly reported in [13]-does .not appear il ones here considered and does not need to be included in
our data, which indicates that SBS manifests itself at Iow%e analysis

optical powers than SPM. The RIN spectrum of the forward (backward) wave exhibits
excess noise around harmonics @f; due to mixing upon
detection of the incident (Stokes) wave with small reflections
The presence of SBS alters the RIN in two ways. Firstf the Stokes (incident) wave caused by Rayleigh scattering
excess noise appears around 0 Hz and around harmoiied. When the laser is modulated at a frequeri¢y SBS
of the acoustic wave frequency for both backward and foinduces additional excess noise at frequeneie€@g + nf2,
ward propagating fields [14]. Second, we show here that tiéth m and n integers. Fig. 6 displays the measured RIN
SBS-induced phase change in the optical carrier resultsdhthe forward and backward fields after propagation in 75
conversion of part of the FM noise into IM noise, which causdgn of fiber for frequencies around 0 Hz afity;. The power
additional excess noise at low frequencies. launched into the fiber was 13 dBm and the laser was directly
The FM-to-IM conversion of laser noise can be treated inraodulated at 300 MHz with several modulation powers. As
way similar to the case of MR in Section Ill. The PIR due t@an be observed in Fig. 6(a), the excess noise due to FM-

decreases, the PIR increases, and a small phase change
e optical carrier can result in a strong enhancement of
noise. This is observed in Fig. 5, where the RIN is plotted

IV. EFFECT OFSBSON RELATIVE INTENSITY NOISE
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14 ' i ' ' ' T T i ! inset shows the nonlinear phase change as a function of launched power.
e
1ok il SBS backscattering of the incident field sidebands rather than
beating of the small reflection of the incident field with itself.
Modulati . .
N odutation power The excess noise of the Stokes wave arofpd[Fig. 6(d)]
£ o BB | can be well explained as originating from mixing of the Stokes
g 0 dBm wave with a small reflection of the modulated incident wave
o . . . .
= caused by Rayleigh scattering. Thus, the complex electric field
@ . . . .
Bosl amplitude of the backward propagating wave at the fiber input,
2 Eg, can be expressed approximately as:
~ _1 2 . - A .
.l Ep = Pé/? + ’YRPO/ Z cneln(&2t+<,,FM)ez&th (13)
n
where Ps is the backreflected Stokes power at the fiber input,
0452 oz  os O_fs T 12 12 18 185 =2 Poisthe iptegrated power of_ the forwa_rd propa_geting field
Modulation frequency /2r (GHz) along the fiber, and/y is the field reflection coefficient due
(b) to Rayleigh scattering. The RIN power (RINP) @ + n$}

Fig. 4. (a) Change in modulation respon&&(€2, =)[2. (b) Received power €N be determined experimentally by integreting the RIN over
as function of modulation frequency for 50 km of fiber, 18 mW of launchethe spectral width of the spike (or by normalizing the RIN by
optical power, and several modulation powers. Dashed line: measured d§a value at O HZ). From (13), we find that the RINP of the

in the absence of nonlinear effects. Solid line: theory. The inset in ‘(ﬁ k d ti field. RI . ti 't 2
shows| H(22, =)|2 in an extended frequency range for 18-mW optical poweP@Ckward propagating field, RINF is proportiona 0l [*,

(triangles) and linear regime (solid) with 0-dBm modulation power. that is:

RINP5 (€25 + nQ) :2%|7R|2|cn|2. (14)

to-IM conversion also appears at harmonics of the modulation g
frequencyn(2. As discussed in Section 11, for sufficiently highFig- 7 shows the factoryr|?|c,|* determined from the exper-
modulation power and low modulation frequency, the inpdfentally measured RINg and (14). The value of’o was
optical power is distributed in many sidebands, and the SB&$timated by assuming an exponential decay of the forward
and consequently the excess noise, is suppressed. propaga’qng_ﬂelq. By comparing this witke,,|*> from _(8)

The RIN spectrum of the backward Stokes wave at 0 Hgotted line in Fig. 7), we obtaifyg|* = —35.5 dB, which
[Fig. 6(c)] can be used to determine the spectrum of Rgrees well with the value expected for Rayleigh scattering.
Brillouin gain [17] and gives a rough estimate of the Brillouin
bandwidth to be around 15 MHz. The measured RIN level of V. EXPLANATION OF SBS-NDUCED PHASE CHANGE
the Stokes wave was approximateh80 dB/Hz (irrespective  |n this section, it will be theoretically demonstrated that
of fiber length and launched power), which can be related ¢ie to waveguiding of the acoustic wave in the optical fiber,
the strength of the Langevin noise source that describes the Brillouin gain is complex. The imaginary part of this
thermal excitation of acoustic waves [18]. Residual excegain shifts the phase of the carrier relative to the modulation
noise at harmonics of the modulation frequency is due sidebands when these do not undergo SBS.
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Fig. 6. RIN of (a), (b) forward and (c), (d), backward propagating waves after 50 km of fiber at (a), (c), low frequencies and (b), (d)2arotihd laser
light was directly modulated at 300 MHz with modulation powers (MPJ0 dBm (circles) and-10 dBm (triangles).

The theory of the acoustooptic interaction in an isotropidamping factor, these modes satisfy
free cylinder is more fully developed in Appendix I. There
we show that, in the case of backward Brillouin scattering,
the acoustic wave can be well described by a material density

fluctuation p that satisfies the wave equation driven throug

electrostriction by the electric fiell, that is,
&p

a ¥
2 V? V? 2
oz <1 g ) P Ve

at

wherew; is the longitudinal sound velocity; is the damping
factor, and~ quantifies the strength of the electrostrictiv
effect. This acoustic wave originates a nonlinear polarization

PN given by

pM = T oE
Po

where py is the material density.

2

vl

2
) o=V

lon-

17)

Ihlere the operatoR’? is the Laplacian acting on the trans-

verse coordinates, ang, are the eigenvalues or longitudinal
propagation constants of the acoustic modes.
Only acoustic modes with no azimuthal variation will excite
a polarization in a single-mode fiber. These are usually referred
to as dilatational or longitudinal acoustic modes [19], [20] and

pn(T) = (

re given by

Jo(/flnT)

7ra(2:l)1/2 (Jg(klnacl) + Ji (kinacr))t/?

(18)

where a.; is the radius of the acoustic guide, which is

usually the fiber cladding radius, and the eigenfunctions are
In the absence of electric field, only a discrete set of acoustiormalized such thatp,, p,) = 1 (see Appendix Il). The

modes p,,(r, C) can propagate in the fiber. Neglecting the@alue of the transverse propagation constant of the longitudinal
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-30 ' T r b, (2, t) in a “least-squared” sense by solving the following
system of linear differential equations:

= - - = Zva(1+iszr)<k3—k2—2fzk%>—m?’r}

n

ot
= —5 KBS, pu). (21)

In writing (21), we have neglected derivatives of the electric

field envelope amplitudes; andas, second derivatives df,,

and transverse derivatives of the electric field against longi-
tudinal derivatives, and we have assumed that the modulation
frequency of the acoustic wave envelope is much smaller than
Q. Analytical expressions for the inner products in (21) have

79 . . . been found and are included in Appendix Il (these integrals

0.5 1 15 2 25 . . .
Modulation frequency Q/2n (GHz) appeared in a similar context in [7] and [8] and were evaluated

. . . numerically). In practice, only modes with, ~ &k will
Fig. 7. Factor|yr|?|cn|? derived from the measured RIN power of the . A .
backward propagating field at the fiber inputs; + n< as a function of contribute significantly to the mode expansion (20), and only
modulation frequency2/2x for two different MP’s after 75 km of fiber. The a reduced number of coefficienis, is needed to perfectly
dashed line is obtained withyp|? = —35.5 dB and|c,|? as determined {escribe the acoustic wave.
from the laser chirp and modulation power. . .
The evolution of the electric field envelope amplitudes can

be found by substituting the electric field expansion (19) and
acoustic modest;, follows from application of boundary the nonlinear polarization (16) into the optical wave equation.
conditions. If we assume that the cylindrical surface is free ¢fe obtain

- 2LQ a :| bn(pnv prn>

traction, i.e.,7 - n = 0, the Pochhammer frequency equation da, da, -
[20] is derived, from whichk, and k;, = /(Q/v)? — k2 9 =+, B + / atQ
can be calculated. When the particle vibrates in a longitudinal o 9
mode, radial and axial motions are coupled, and, contrary to ToM Ty |a2| “ (22)
what has been previously stated [7], [8], the eigenfunctions _ Jay day g 8%ay
(18), even though they form a complete set, are not orthogonal. EN St Yo Tgr +2 / o2
Let us assume harmonically varying forward and backward Q@ B 5
propagating optical waves, that is, = 5 az + =" |a1["az (23)
E(r, 2, t) = % [a1(z, 1)@t =A12e) 4 as(z, t) 9B = 2po En: bn{on, E5) (24)
.ei(wzt-l-,ﬁzz)éQ]EO(T) +c.c. (19 wherew = wy = wy, f = fi = (o, v, is the fiber group

velocity, 3" is the fiber dispersion parameter, amds the fiber
where Ey(r) is the transverse distribution of the fundamentabss. The electric field is normalized (&, Eo) = wi/f3 (see
mode in a single-mode optical fiber adgdandé, are unit vec- Appendix Il), so that the power in each optical field is given
tors in the directions of the forward and backward propagatimg |a;|>.
fields, respectively. Here, we neglect fiber birefringence (seeFrom (22), we find that the real part gf; is the power
Appendix | for a discussion on birefringence induced by thgrillouin gain, whereas the imaginary part @# is the origin
acoustic wave) and assume linearly polarized electric fieldsf,a phase modulation of the optical field. In steady state, the
both along the same direction. The beating of these two fieldgmp wave undergoes a phase changs given by
gives rises to an acoustic wave at frequeity= w; — w» Im{gp} [* )
and with wavevectol: = 3, + (32 & 47n/Xo, Where ), is Api(z) = Y / |laz|” dz
the optical wavelength and is the fiber modal index. Since
the radius of the acoustic guidg; is much larger than the
acoustic wavelength-(A\o/2n), a large number of acoustic

(25)

To a first approximation, we can neglect spatial derivatives
of b,, and can se{p,,, o) = 0 for n # m. In the steady state,

modes are excited. The acoustic modes form a complete tshet coefficientsh,, are thus given by

and. therefore, the acoustic wave can be expressed as a linear b, = _ K*(ES, pn) . (26)
combination of thep,, (r, ¢) such as ’ 2 v (14 4Q)(k2 — k2) — Q3T
N Under this approximation, we find
p(Ta Py 2y t) =a1 (Z, t)CLQ(Z, t) Z bn(z’ t)pn(T’ <P) (kz w) /2
k) 4 e, (20) p = g80 zn: ma%[J§ (klnacl) + JE (kinac)]
—iQBAQ

Inserting the expansion for the acoustic wave (20) into the den-

. . . (27)
sity wave (15) and using (17), we can obtain the coefficients (k2v} — QF)(QF +iQAQ) — iQ3AQ
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; ; ; [ ; . Fig. 9. Normalized overlap integral between the optical and acoustic modes
Fig. 8. Dispersion map of longitudinal acoustic modesfgtv; = 1.6032. ) ; h .
For €, /k, > v, the group velocity of the mode tends ?c:r the Iongitudina{/.j/””)acl<E§’ pn) as a function of the (arbitrary) mode numbefor three
sound veIocTtyi:, from above, whereas whey /k,, < v; the mode becomes different values of the normalized frequencya.,/v,;. The asymmetry is due

a surface wave and the group velocity approaches the transverse sound velé%iwe low overlapping between the optical mode and the surface waves.

vt

where Q@ = ku, AQ = 0%, and gpo = 1 ! 1 g

pw?ky? /28p0uiAQ = 4n?nTp?, /cpo)duiAQ  are  the
approximate acoustic wave frequency, width, and maximum®8
gain of the Brillouin spectrum in the absence of waveguiding 3 : :
effects, i.e., forky; =~ Q@ ~ Qpg. L S A N o
As stated above, the dispersion map for the acoustic modes, : :
i.e., the variation of the longitudinal propagation constant ogo4r--------------- """"""" """"""" S
the acoustic modek, with the frequency?, can be obtained fg ' ! j
by solving the Pochhammer frequency equation [20]. Hef€oa} - -~ - e  EEEEEERNEE R EEEEEE
we only consider modes with redl,, since modes with : 3 ‘
imaginary &, will attenuate very rapidly. On the contrary, o7 ... TR Mo LT
the transverse propagation constays can be real or purely ‘ ‘ ‘
imaginary, depending on whether the phase velo€lk, oz
is greater or smaller than the longitudinal sound veloeity
The latter case corresponds to surface waves, which ha\/_g4 ; ;
maximum amplitudes near the surface of the cylinder. Thesé! 18! 11.2061 Freql;}i?(‘em)
surface waves will be hardly excited, since the optical mode
is concentrated near the core region. Similarly, when ttf&- 10. Real and imaginary parts of the normalized gaities /gm0 @s
. . . .a function of frequency fow, /v, = 1.6032.
magnitude oft;,, is large, the transverse profile of the acoustic
mode becomes highly oscillatory and the overlap integral
between the optical field and the acoustic mode is very smaince AQ2 < Qp, this is very small. However, when (24) is
Thus, only modes wittk,, =~ & andQ/k, ~ v; will interact used, due to the low coupling to the surface wavts{gp}
significantly with the optical field. becomes slightly asymmetric, adth{gps }.m.x iS NO longer
Numerical calculations have been performed to obtain thegligible. Fig. 10 shows the real and imaginary parts of
Brillouin gain for standard single-mode fiber with; = 62.5 ggA.1/g9p0, Where A.p is the fiber core effective area,
pm and at optical wavelengthy = 1.55 um. The dispersion for AQ = 15 MHz. If waveguiding effects are neglected,
map in the regiorflaci /v & kac = 735 is shown in Fig. 8 (Im{gp}/Re{gn})|max ~ 3 x 10~%, whereas here we obtain
for v;/v; = 1.6032. The normalized overlap integral betweeniim{gz}/Re{gp})|max ~ 0.1. Using gpo/Aex ~ 0.06
the electric field and the acoustic modgg(w) ac(Eg, Pu)y  mW-l. km~! and foL laz|?dz ~ |a2(0)]2Leg/2, where
is plotted in Fig. 9 for several normalized frequencies. Thg, )2 is the backscattered power anig is the fiber
asymmetry is due to the presence of surface waves. effective length, in (25), the dotted trace in Fig. 3 is obtained
I the effect of waveguiding of the acoustic wave is ignoredo; the nonlinear phase shift. Thus, it can be concluded that
the imaginary part of the Brillouin gain at the frequency &g effect has the correct sign and magnitude to produce the
which the real part reaches its maximum value is given by onjinear phase change experimentally measured. Moreover,
A (29) the slight asymmetry in thBe{gp} has been observed in our

IIn max — Re max oy - . . . .
{on} {on} 4Q0p RIN measurements in Section IV, as well as in more precise

Aefflm{gB}/gBO

H
11.2661 11.2811
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measurements of the gain spectrum found in the literatufee change in optical dielectric constant tensanduced by

(see, e.g., [9, Fig. 4(a)]). the acoustic wave is given by
The gain spectrum depends on fiber type [9], [14] and, from o
the above discussion, we expect that the induced phase shift A(€) =p:0o (32)

will also exhibit a dependence. Experimental verification of ' . .
the effect of the fiber type on induced phase shift will be th&here p is the strainoptic tensor. It can be shown that the

subject of future investigation. tensorsy and p are proportional [22].
The form of the tensors that describe the acoustooptic
VI. CONCLUSIONS interaction can be derived from considerations of the symmetry

of the medium. In an isotropic material such as glasss

The effect .Of SBS on MR and R”\.l was studied. 1t Wa3escribed by just one parameter, which, under suitable axes,
shown experimentally that an SBS-induced phase chanlge

i . . . the value in the diagonal. On the other hand, the fourth
of the optical carrier can contribute to degradation of the
rank tensorg, n, and-~y have all the same form, and each of

_performar_lce of lightwave communic a“of‘ systems through lem can be reduced to just two constants. For the stiffness
increase in the RIN and reduced linearity of the MR at lo

frequencies. This phase change was theoretically explained ﬁnsor, these are the Lafs constants andy.. By substituting
ireque : phase g icatly exp these tensors into (31) and (32), simplified expressions for the
including the waveguiding effect of the optical fiber on the

. o : . coustic equation of motion (29) and the nonlinear polarization
acoustic wave. In addition, excess noise at harmonics of

: L are obtained as
acoustic frequency has been measured.

d%u g
APPENDIX | Po 2 [007}12 + M1 a} V(V-u)
THEORY OF THE ACOUSTOOPTICINTERACTION ) 3
A solid can become strained when placed in an electric field. B [povt + s &} VeV oxu
In isotropic materials such as glass, the linear effect vanishes, Y12 2 T
and quadratic effects have to be considered. On the other hand, + 2 VE 47V - (E-ET) (33)
certain materials develop an electric moment under stress and, PN = —45(V-E — 2944(V,u) - E (34)

as a consequence, the dielectric constant is a function of the
strain. In this case, the linear effect does not vanish and is #Bere v = (A + 2u)/po and v; = 1/po are the squared
first-order effect. Physically, reversing the sign of the strai@ngitudinal and transverse sound velocities, respectively.
changes the state of the solid from tension to compression he electrostriction constants are given by [22]
and so, in general, modifies the dielectric constant, whereas
reversing the sign of the electric field does not change the 1
physical situation, and the refractive index and strain should Yaa =neopas = n'eo = (p11 — p12) (35)
remain essentially unaltered. 2
The acoustic field variables that characterize particle motiovhere p;; = 0.121 and p;2 = 0.270 are the strain-optic
and deformation in a vibrating material medium are the partictmefficients for fused quartz, andis the refractive index.
displacement vectoa(r, ¢), the strain tensoe(r, ¢), and the  The problem described by (33) and (34) is quite involved
elastic restoring force or stress tensdr, ¢). These three field but can be greatly simplified by neglecting transversal versus
variables are related by the equation of motion [19], [20] longitudinal variations of the material displacement and the
9%u electric field, which is a valid approximation for the case of
V-1 =po 2 (29)  backward Brillouin scattering considered here in a single-mode
as well as the strain-displacement relation optical flber. As shown below, in thIS case, it is sgfﬁuent
to consider the effect of., neglecting the contribution of
og=V.,u (30) ~4, and we can express the equation of motion in terms

and the elastic constitutive equation or Hooke’s law, Whicf?f the matef'a' Qensny variatiop, which, in analogy with
Wdrodynamms, is defined as

for a nonpiezoelectric material (such as an isotropic materialy,
is given by p=—poV - (36)

4
Y12 =N EP12

do 1
T=cio+n: ot + QWZ(E -EY). (31) Substitutingp into (33) and (34), the acoustic wave equation

Here, p, is the material density; is the elastic stifiness tensor,’0" the material density fluctuation (15) is derived, where

7 is the viscosity tensor, which accounts for the existence ¢f= 712 and ’Vl — Zl/po' dure in th | hen th
dissipative or frictional forces [21}y is the electrostriction VoW We outline the procedure in the general case, when the

tensor, which describes the stress resulting from the elect‘fﬁnt”bu“on 0fy44 is included. In order to determine which

field E, and the operato¥, takes the symmetric part of theacoustic modes are excited by the electric field, we have to
displac’ement gradient ies evaluateVE? and V - (E - ET). The terms oscillating at

are given as shown in (37) and (38), at the bottom of the
oy = 1 <8ui 8uj> =0ji. next page, where the three vector components are directed
2\ 0z; O alongt, ¢, andz. Thus, the electric field will excite acoustic
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modes with no azimuthal variation,,, and modes varying A similar approach to that in Section V can be followed to
sinusoidally as2¢, uy,. determine the coefficients of this expansion.

Next we analyze the nonlinear polarization (34) to determine Equations (34) and (39) show that, even though the material
which acoustic modes can excite the fundamental fiber modke.isotropic, due to the acoustooptic interaction it becomes
The necessary condition is thaf - u and V,u have no anisotropic and birefringent.
azimuthal variation. FOK - u, this is only satisfied for modes

ug,. Let's examine nowV,u as APPENDIX Il
v 1 Our U 1 0up\, .. .. 5 Ou, .. SOME USEFUL INTEGRALS
U= {( o T T 7) GX+yy)+25, 2 The inner product used in this paper is defined as
n ou,  up 1 0ug, fcos(2) ik — 99) % ra
- — == XX — *
87’ T T 87’ cos\ =y vy <pn7 prn) = / / T pn(Tv <P)prn(7)7 (P) dT d(p (41)
NN NN 0 0
+ sin(2¢)(Xy — y%)] .
J [ug, 1 Ou, Using
+r= —9/) + = = ) [sin(2¢)(—%X 1
ar \ r r dp
N oo rJ,(pr)Jy,(qr) dr
+33) + cos(2¢) (XY + ¥X)] 0
. . Lor2pry - 7, YJo_1(pr if p=
+ <aauf T aa% >[COS(¢)>?% + sin(p)y2] _ ) (oer) = Jualpr) s or). nrea
" % =\ Lo (o) Jo(ar) = ¢Ju(pr) Joa(ar) y
n 8u¢+8uz [ sin(e)%s + cos(0)§7] b (39) P2 — 2 ) p#q
E» o sin(y)xz + cos(¢)yz| ;. (42)

From (39), it can be concluded that modes, in combination e find (43), shown at the bottom of the page. If we use a

with factors in (39) with no azimuthal variation and modgs  Gaussian approximation for the fundamental fiber mode with

in combination with factors in (39) varying & will excite  mode beam waist, Eo(r) = (wp/mw?8)Y2 exp(—r?/2w?),

the fundamental fiber mode. _ where Ey(r) is normalized so thata;|> equals the power
The approximation in Section V is justified from (39) sinc&arried by mode, i.e., (Ey, Eo) = wp/B, we find

the only terms fromV,u that contribute taPyr, are propor- -

tional to transverse variations of the material displacement. g2 , \ ~ox / rEE(r) po(7) dr

Similarly, only transverse derivatives of the electric field 0

appear in the expression f&f - (E - ET) in (38). Wit e~ ([Fimw]/2)®
The material displacement in the presence of excitation can -5 (ma2)L/2[J2 (kimaer) + J2(kimac)|/?
be expanded in terms of the eigenmodes as we did in (20), ¢ (44)

and we can write

u(r, @, z, t) =a1(z, t)as(z, t) [Z en(z, t)ugn(r, ©)

n
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OE3(r)
VEr, 2, t) =ax(z, hal(z, ey - | U | el 37)
—ikE3(r)
1 OE3(r
V(B ED g5 ) = (e, Das(e, ) 200
.
C1oChy + C1ych, cos(2¢)(C12¢5, — 1y3,) + sin(2p)(e12¢3, + €165,
-exp(—ikz) 0 | cos(2¢) (165, + eryes,) + sin(2¢)(eize5, — eryes,)
0 0
(38)
klnjl(klnacl)JO(klnlacl) - klrnJO(klnacl)Jl(klrnacl) n 7& m (43)

ny Pm =2
<p P > [kIQn_kQ

im

[']g(klnacl) + ']]?(klnacl)]1/2[']g(klrnacl) + ']]?(klrna/cl)]l/2 ’
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