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Distributed Beat Length Measurement in Single-Mode
Optical Fibers Using Stimulated Brillouin-Scattering
and Frequency-Domain Analysis

Torsten Gogolla and Katerina Krebber

Abstract—\We present a method for distributed measurement Rayleigh light is detected with high temporal resolution. For

of beat length, differential group delay, strain, and temperature in - the measurement of DGD, the polarization state of the backscat-
long length single-mode optical fibers. Toward this aim, we employ tered Rayleigh light is evaluated.

the polarization state sensitive effect of stimulated Brillouin scat- In thi t ¢ thod based
tering (SBS). The distributed measurement is realized by applying n this paper, we present a measurement metho ase

frequency-domain analysis. We present the analytical relationships On the stimulated Brillouin interaction of two counter-
between the Brillouin interaction of two counterpropagating waves propagating waves in the fiber [25]. The use of Brillouin
in the fiber and the polarization states. Experimental results con- scattering for distributed fiber measurements was demon-
firm the ability of the method to measure distributed beat length. strated by Horiguchi and Tateda in 1989 [10]. They used
Index Terms—Beat length, differential group delay, distributed a counterpropagating pulsed pump wave and a cw Stokes
measurement, optical-fiber frequency-domain analysis, polariza- probe wave and estimated the fiber loss from the Bril-
tion mode dispersion, single-mode fibers (SMF's), stimulated Bril- |5in amplification of the Stokes wave. A first theoretical
louin scattering (SBS). investigation of this method, named Brillouin optical-fiber
time-domain analysis (BOTDA), was also carried out by
I. INTRODUCTION Horiguchi and Tateda [11]. Because of the temperature and

PTICAL fibers have become important elements in con"1;-train dependence of the frequency s_,hift_between the pump
nd the Stokes waves, so called Brillouin frequency shift,

munication network systems due to their high efficienc%

of light transport and their large bandwidth. Single-mode fibe OTDA_sensor systems can be used_ n_ot only for fiber
(SMF’s) imply the highest bandwidth because of their low disqttenuanon measurement but also for distributed temperature
d strain measurement [12]-[15]. The sensing methods

persion. However, in practice these fibers are two-mode fibeft! tioned ab I K in the time d . hich
because orthogonal components of the electrical field stren ntioneg above all Work In the time domain, which means
e spatial resolution is realized by sending a short pulse

of the light guided in the fiber have different propagation con- : . .
stants due to birefringence. This birefringence is caused by FHQng the fiber and detecting the transmitted or backscat-

ternal and external stress and by non perfect circularity of th%red “ghhtf W'gh. th.'ght :jemporal resolliupn.thAnf alternatws
fiber core. If the chromatic dispersion is small, the birefringen proach for distributed measurement IS the irequency-do-

induced polarization mode dispersion (PMD), i.e., the differef?a!n method,. which Qetermmes the tran;fer function of
tial group delay (DGD) between two polarization modes, will b Iength_ of fiber. Optlcal frequency-domaln rgflec_tometry
the most dominant effect that reduces the transmission capa yFDR_) is analyzed n d_eta||, 9. _by Ghafoori-Shiraz a_md
of single-mode fibers. Since the signal-to-noise ratio (SNR) | oshi [16]. The Brillouin optical-fiber frequency-domain

broadband digital and analog fiber-optic transmission s stem?@alySis (BOFDA) is the frequency-domain alter.na.tive to
g g P y e well-known BOTDA sensor concept for distributed

reduced as well [1]-[3] by the described effect, the knowled%é ¢ d strai t This techni h
of DGD is of high interest. Various methods have been used peraiure and strain measurement. This technique nhas
Rgen analyzed by [17]-[20]. Since the Brillouin interaction

the PMD measurement [4]-[8]. However, these methods give ; - . .
distributed information about DGD along the fiber but only thgtren_gth_ is additionally sensitive to the evaluatlor_1 of
overall DGD of the link. Further, they are quite expensive. Rolarlzanon -stat_es of the pump and Stokes waves in the
method for distributed measurement is proposed by [9]. ThB?er’ the Brillouin effect can be used for Fhe measurement
use the optical time-domain reflectometry (OTDR), where % DGD as well. Hence, this paper describes a completely

short laser pulse is sent along the fiber and the backscatteP&4/ technique for distributed measurement of DGD based
on the BOFDA sensor scheme.

In Section Il, we describe the stimulated Brillouin effect and
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fiber

Il. POLARIZATION STATE DEPENDENCE OFSTIMULATED pump wave probe wave
BRILLOUIN INTERACTION ( ( ( ) Eg
. . . . . . AVAY ” - — PN,
Fig. 1 shows the waves involved with the stimulated Brillouin /“ o =0T
interaction. Here, the narrow width pump light of field strength »acoustlc wave Stokesswave 1
Ep(0) is coupled into the near end of the fiber:at= 0 and k

the narrow width probe light of field strengffiz (L) is coupled
into the far end at = L. Thus, the probe wave at= L is the
boundary conditiorEs(L) of the Stokes wave in the fiber. The
frequency of the probe lighfs is downshifted compared to thatrig. 1. Waves involved with stimulated Brillouin interaction.
of the pump lightfp. If the frequency differencép = fp — fs

equals the characteristic Brillouin frequengy of the fiber, the - with the complex amplitudes

acoustic wave will be excited. Consequently, a maximum Bril-

z=0 z=L

louin interaction between the pump, Stokes, and acoustic waves # _ (t 2) <COS(06P) exp(— jkp,xz + j5P) )
occurs and a power conversion between the counterpropagating ~— ’ sin(ap) exp(—jkpyz — jép)

pump and Stokes waves takes place. Therefore, the Stokes wave = Ep(t, z) exp(—jkpo?)

Es(z) is damped by the fiber attenuation and simultaneously it cos(ap) exp(—j0.5Akpz + j6p)
experiences Brillouin gain while it travels along the fiber. <Sm(ap) exp(+j0.5Mkpz — j6p) ) (2c)

The fiber-optic Brillouin interaction withf, = fg can be
described by three partial differential equations:

cos(as) exp(jks »(z — L) + jbs)
Es = Eg(t,2) <sm a:: ) exp( J/éy( —L) —j(i))
= Eg(t,2) exp(jkso(z — L))
cos(as) exp(70.5Aks(z — L) + j6s) ) 2d)
sin(as) exp(—j0.5Aks(z — L) — jbs)

pEs  (la)

15] c d c I n2piamc
ot ' n oz Ep=j

15] c 0 c = n2piame , =
{at n dz + ga} Es=J Apo rEp (1b) . .
Ep(t,z) = Ep(t, z) exp(jop(t, 2)) (2e)
d
15] 15] Eon-pP1a2m an
+c +’7:|p_J7E E. (1c) R .
[f% 2R s 7 E(t,2) = Bs(t, 2) expliips(t, 2)). (2

wheret is the time,z the fiber location,c the speed of light «¢ anda p are the initial angles of the entered pump and Stokes
in vacuum,cs the speed of the acoustic wavethe refractive field strength vectors with respect to the slow and fast axes of
index of the fiber coreq the fiber attenuation coefficient of propagation £- andy-components of field strengths)s and

the field strengthys the attenuation coefficient of the acousti¢, describe the initial states of polarization of the waves fed
wave,p;» the elasto-optic coefficient of the fiber materialthe into both ends of the fiber. I6s andép are 0 ors /2, the en-
wavelength of the pump light, the average density of the fibertered waves will be linear polarized. If they arg4, they will
material, and the influence constant of vacuui,, Es, and  be circular polarized. Other values f6¢ andép characterize

p are complex amplitudes of the pump, Stokes, and acouséifiptical polarization states. The phase tergms and ¢ p are
waves in the fiber. They are dependent-oandt. Since the insignificant for this consideration and consequently they will
difference between the pump and Stokes wavelengths is veut be closer describeéip . andkp,, are wave numbers of the
small, the relatiol = As = Ap is used in (1a)—(c). Now, z- andy-components of the pump wave field strength &rd.

we assume a fiber length of homogenous birefringence andand ks, are that of the Stokes wave. The wave numbers for

polarized harmonic waves in form of the Stokes and pump waves are slightly different, because the
Stokes frequency is downshifted compared to that of the pump
Ep = Ep(t, 2) one. The wave numbers of the andy-components of the field
cos(ap) cos(2r fpt + p(t, z) — kpoz + 6p) strengths are different because of fiber birefringence. Further, it
< sin(ap) cos(2m fpt + ¢ p(t, z) — kpyz — 6p) ) IS
2m
(22) Akp =kpa —kpy = Ir (ne —ny) (29)
and
o . 27
Es = E'S(t7 Z) Aks = k57,7; — ksw = i(nr — ny) (2h)

o cos(as) cos(2m fst + ps(t, z) — ks (L — z) + bs)
sin(ees) cos(2rm fst + os(t, z) — ks y(L — z) — bs)
(Zb) prﬂ; = Ifno + 0.5Akp (2I)
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. g a
kpy = kpo—0.5Akp (2)) 99 | Is = vgulpls (5b)
cdt 0Oz
with the polarization factor
ks. = kso+ 0.5Ak 2k 1
& S0 vehs (2K) v = 5[(:052(045 —ap) —cos?(as + ap)]
and X [1+cos[2Ak - z — Ak - L+ 2(85 — 6p)]]
ks, = kso — 0.5Aks. @) + cos®(as + ap) (5¢)
n, andn,, are the refractive index's of the andy-directions. the intensity of the pump wave
Since the frequency dependence of the refractive index's is NEOC, & 12
Ip = |Ep| (5d)

weak, it is neglected in this paper. Even for high birefringence 2 =
fibers, the difference., — n, is very small. Therefore, in
(1a)—(c) the relatiom = n, = n, can be used. The refractive
index's must be distinguished only in the phase terms, where Is = |Eg|. (5e)
the differenceq,, — n,, exists. This can not be neglected.

The attenuation coefficient of the acoustic wave for typicdlhe dependence of the Brillouin gain coefficigmt on the fre-
single-mode fibers is abouk = 1.6 - 10® s~*. Consequently, quency differencep = fp — fs is of Lorentz shape [18]:
for field strength variations which are finished in perigds>

vt & 6,4 ns, (1c) can be simplified gp=—I (6a)
144 fo—fB
( Afx

where gg is the maximum gain coefficient at zero detuning
i ) _ (fp = fr—fs = fr) andA fg the bandwidth of the Brillouin
With (2¢)—(d) and (3a), it follows: gain profile. For standard SMF’s, they ajg = 2.26 - 1011
m/W andA fg = 50 MHz. The maximum Brillouin gain coef-

and the Stokes one

=i~ ErEs (3a)

. Eoﬂ5p127TEp(t7 Z)E*s(ta 2)

pP=1 Nvse ficient is given by
SCS
x exp[—j(kpo + ks,0)z + jks,ol] bp = 27%npt, (6b)
X [cos(as — ap) cos(¥) — jcos(as + ap)sin(¥)]. cApoyscs
(3b) In order to initiate Brillouin interaction in the fiber, the pump
and Stokes waves have to produce a propagating interference
with pattern, which excites an acoustic wave by electrostriction (see

CnerAL ) - AL (1c)). By this acoustic wave Brillouin interaction between the
¥ =0.5(Akp + Aks)z = 0.54ks L + 05 = ép. (30) pump and Stokes waves is induced (see (1a)—(b)). Interference

For unstrained standard single-mode fibers at a temperatQREUTS only for parallel field strengths components of the pump
of 23°C, the Stokes frequencfg is about 12.8 GHz less thanand Stokes waves. When the polarization fagt@not equal to

the pump onefp, wherefp = 227 THz is assumed [18]. Con- unity, the polarization states of the pump and Stokes waves are
sequently, the rélative difference different and only that component of the Stokes field strength

vector which is at a certain position in the fiber parallel to that
Akp — Aks < _ f_s) <6.10-° @) of the pump wave experience Brillouin gain. In this case, the
Akp fr Brillouin gain coefficient is reduced by the polarization factor
) . . . 7. However, the Brillouin gain for the orthogonal component of
IS vgry small _and_ the apprqxwgghcxfskp g Alfs = Ak _'S the Stokes field strength vector is zero. The apparent maximum
feasible. Multiplying (1a) with& p, (1b) with E's, and using  gyijiouin gain coefficientyjz, which is influenced by the po-

the relations larization states of the pump and Stokes waves, can be measured
NEpEy) OEp = OEp - by a BOFDA or BOTDA at each fiber location Since the char-
_8u_ = (;ﬁ Ep+ ﬁﬂp acteristic Brillouin frequencyg _depends linear on fiber strain
and temperature [18], the maximum of (6a) has to be found at
and each fiber locatiory by varying the frequency differenge, be-
= ot = = tween the pump and probe lasers.
HEsLs) _ 9Es E*S + 9Ls E The beat lengtl 5 is given by the distance between two fiber
Iu I Iu locations where the polarization states of a wave are identical. In
(u = z,t), one obtains form (3b) and (1a)—(b) this case, the phase difference betweenttendy-components
of the field strength from (2a) is
n o g _
[E& + 9z + a} Ip = =ygplrls (52) kp.Lp—kpyLp =27
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and with (2i), (2j), and (4), it follows: pumplaser " fiber 9911;\‘““‘1“ probe laser
Pp(2,0) ( () )y B@D
I 2n c Ap o @ *— : ‘ 0 Py XM‘WL_MF_I‘_*'
B= —— = = = = =
Ak fplng — nyl 2 — nyl n?fpAc fo 1:1-diviéer Jrnodm 5%
whereAcis the velocity difference between the orthogonal field w
strength components. By evaluating the measured maximum PD PD
Brillouin gain coefficientygg as a function of the fiber loca-
. . : . ~Po(t,L)y ~B(L) Q’ SG
tion z with respect to the complete spatial cyélg, one obtains R L
from (5¢) the relatioR AkLp = 2x. Hence, with (7), it follows: S IFFT | {1 #Ua)
pulse | signal [*]| WMWY T
Lg=2Lp (8) response Processorf | perwork analyzer

The differential group delay per unit fiber length is, from gl'9- 2 Basic configuration of a BOFDA.

ementary theory [24]

I1l. THE BRILLOUIN OPTICAL FREQUENCYDOMAIN ANALYSIS
dAT  dAk  |ng —ny n 27 fp

dne _ dny

dw dw

(9a) The Brillouin optical frequency-domain analysis is based on
the measurement of a complex baseband transfer function that

Ar is the total differential group delay of the fiber. In weakly€lates the complex amplitudes of counterpropagating pump and
guiding fibers of doped silica, the dispersion in the near-infrarézfokes powers at one end of a fiber [17]-[19]. One experimental

dz dw C C

is very weak, i.e. configuration of a BOFDA sensor system is shown in Fig. 2. The
cw light of a narrow-linewidth pump laser is coupled into one

dngy dny |z — nyl end of a single-mode fiber. At the other end the cw light of a

do  dw w ’ narrow-linewidth probe laser is coupled in, whose frequency is

downshifted by the differencgp o compared with that of the
Therefore, the last term in (9a) can be neglected [24] and it fgump laser. Here, the probe-induced Brillouin loss of the pump
mains wave is used.
The light of the probe laser is modulated in amplitude by
AT = =~ = —Ac= . (9b) an electrooptic modulator (EOM) with a variable modulation
dz ¢ ¢ frls frequency/mod,m. The modulated intensity of the probe laser
If ¥ from (3c) is zero andvs — ap = /2, then the field IS the boundary condition for the Stokes wave that interacts

strength vectors of the pump and Stokes waves are orthogof{ih the pump wave in the fiber. Consequently, the initial con-
and consequently the polarization factowill be zero and no stant pump power obtains an alternating part as well. For each
Brillouin interaction exists at the fiber location In the case of Value of fuod,m, the modulated probe power that equals the
ap =00ras =0, i.e. if the field strength vector of the pumpStokes powePs(#, L) atz = L and the alternating part of the

or Stokes waves is oriented along the slow or fast axis of tH@nsmitted modulated pump powep(t, L) are recorded. The
fiber, then the firstterm in (5¢) is zero and consequently, the spiitPut signals of the photodetectors (PD's), which are propor-
tial cycle L » cannot be determined. In order to prevent this statéonal to the modulated pump and Stokes powers &t L, are

the orientation of the entered field strength must be changld! to & network analyzer (NWA). Here, the signals are down-
by adjusting the polarization before coupling the waves into tig@nverted to a low-frequency range, digitized by analog-to-dig-
fiber ends. Further, the axes of birefringence, i.e., the fast al@} converter, and fed to a digital signal processor which cal-
slow axes can alter abruptly along thexis of the fiber. Here, culates and_ stores the phase and amplitl_Jde data of the d_own-
fiber lengths of a spatial constant axis of birefringence are callé@nverted signals. These measured amplitude and phase infor-
rotation lengths [9]. In the following investigation, the fiber ignation agree with those of the detected optical powers at the
composed of various fiber sections of homogenous beat and?giusted modulation frequency. Hereafter, the frequency is in--
tation lengths. Different axes of birefringence of the composé&#eased and the same procedure is executed. Thus, the ampli-
fiber cause different initial orientationss anda > of the Stokes tudes and phases of the detected Stokes and pump powers are
and pump field strengths at the opposite ends of the fiber sétccessively measured by the network analyzer/ atquidis-
tions. Consequently, the angleg and > and the amplitude t&nt modulation frequenciefinod,m = MA fmod, With m =

of the polarization factory can change abruptly and randomiyf: 12+ -; M — 1. Afuea is the frequency step. The modu-
from one fiber section to another. dfp # 0 andas # 0, in lated probe power at = L can be described as

a section of spatially constant rotation length, the polarization _ R

factor+ is periodic and the complete spatial cyélg and thus Ps(t,L) = Ps,1, 4+ Ps,1.(fmod,m)

the beat lengtll. 5 can be determined by the following BOFDA X co8(27 frmod.mt + Ps 1.(fmoa,m))  (10)
method for distributed measurements. For the few fiber sections

whereap = 0 or as = 0, the initial orientation of the enteredwhereP&L is the average ValUéA?57L(f111od7m) the amplitude,

field strength vectors must be changed and then the measamed ¢ s 1.( fmoam) the initial phase. The amplitude and phase
ment must be repeated. are weakly dependent ofy,oq,. The transmitted pump power

dAT _ |ne —ny|  n° 1
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at> = L, which is influenced by the modulated Stokes poweavhere R is the number of the equidistant laser frequency dif-

in the fiber, is given by ferences and\ fp is their step. The apparent Brillouin gain
- . coefficientygp can be calculated with the measured Brillouin
Pp(t,L) = Ppr+ Pp r(fiodm) sensor signal [see (14)] as a function of the fiber location and

X coS(27 frmod.mt + @p.L(fmodm)) (1) the frequency difference between pump and probe lasers [20].
The maximum of this coefficient at each fiber location is at a
wherePp 7 is the average value of the transmitted pump powdrequency difference that equals the characteristic Brillouin fre-
Here, the amplitquf)P,L(fmod,nz) and phasebp 1 (fumod,m) dUENCY, which is linearly dependent on strain and temperature.
are influenced by temperature, strain, polarization state distgonsequently, with the Brillouin frequencies of each fiber loca-
bution, and fiber attenuation. They are strongly dependent B@n, the strain or temperature at these locations can be calcu-
the modulation frequency. With the stored amplitude and phdaéed. Sincegjp is constant, the polarization factgraccording
values, the digital signal processor determines the discrete, cdn(5¢) can be determined with the maximum apparent gain co-
plex modulation transfer function: efficientvgg at each fiber locatior,. The beat length can be
calculated with (8) by finding out the complete spatial cytle

B ijrl(fmodjm) of ~ in different fiber regions. Here, (8) follows according to

H{fmoam) = P exp{j @, L fmod.m) Section Il from the Brillouin equations (1a)—(c).
5,2 {fmod,m) The maximum fiber length, which can be investigated by the
- j(I)S,L(fmod,m)} (12) gth, g Yy

frequency-domain approach, is limited by the modulation fre-

Subsequently, the signal processor calculates the invers faggney Stemd fiod. The maximum length is given by [18]

Fourier transform (IFFT) of this discrete transfer function. I ¢ 1
For a linear system, this IFFT is a good approximation of the T 20 Afmod
discrete pulse response according to the Brillouin interaction

at the adjusted frequency differengg o between pump and _The two-point resqlution of aBOFDA sensor, whichis the_min—_
probe lasers. It is imum resolvable distance between two points along the fiber, is

[18]

h(tqa fD,O) = IFFT{H(med,rn,)} (13) Ay — C 1

anr fmod,max

(15)

(16)

wheret, = gAt,withg=10,1,2,...,M—1. Atisthe temporal ] ) ]
resolution. The sensor signal is finally given by the real part of FOr & 10-km-long fiber and a spatial resolution of 1.22 m,

the pulse response: the maximum modulation frequency gnd the freq_uency_step
are 81.96 MHz and 10 kHz, respectively. For this configu-
heens (g, f1.0) = Re{h(2z4ng /¢, f.0)}- (14) ration, 8196 single measurements at equidistant modulation

frequencies are necessary. Here, the IFFT requifes= 2¢
In (14) the time coordinate, is substituted bz, n, /cinorder With ¢ = 1,2,3,... In a BOTDA system, the two-point
to obtain a spatial resolution,, denotes the group refractiveresolution is proportional to the time difference between two
index of the fiber core. Itis, = ¢Az with the two-point reso- time-domain sampling points. It is equivalent to the reciprocal
lution Az = Atc/(2ng,). of the maximum modulation frequency/ fmodmax fOr a

The physical pulse responsgy,(t), which is measured di- frequency-domain measurement.

rectly in the time domain, is real. The modulation transfer func-
tion Hpu(fmoa) is the Fourier transform of the real pulse re- IV. STATISTICAL CALCULATION OF BEAT LENGTH

sponsehy,,(t). For real pulse responses, it#,(—/mod) =  Inthe case of the Brillouin optical frequency-domain method,
HE;\(fmoa) [21]- In the frequency-domain analysis, the mode polarization factos(z,) can be determined at discrete fiber
ulation transfer functiort (fucq) is measured in the positive gcationsz,. This factor describes the statistical properties of
frequency rang® < fuod < fmodmax, With the maximum  the peat length along the single-mode fiber. In long fibers there
modulation frequencyfiod,max = Afmed(M — 1). Hence, exist many different beat lengths in different fiber regions. The
H(fmoa) = 0 fOr fmoa < 0. Pulse responses of transfer funcheat length is given by complete spatial cyclesyf,) (see
tions, which are zero for negative frequencies, are complex [2@.)). Hence, it can be found out by discrete Fourier transform

In our special case, the transfer functioln can be consideredB&T) of intervals ofy(z,), in which the beat length has to be
an invers Fourier transform of an analytical signal [21] and th@easured. Thus, it is

physical pulse response is then given by the real part of the ana-
lytical oneh(t). The imaginary part ok(t) is the Hilbert trans- I'(€u) = DET{(z¢)} 17)
form of the real part. It contains no further information. . .

If the strain or the temperature distribution and consequen tth 4 Izl_Ql_t’ @1 +_1’ Q2= 1, Q. Z.?ﬁ anijzgadescrge tTe
the characteristic Brillouin frequency of the fiber are not hdhterval limits. &, = u/(2qz — zq) With u = 0,1,..., U —

mogeneous, the frequency difference between pump and prgﬂgU = Q2 — () are spatial frequencies. The measured spatial

lasers has to be varied in order to find the maximum of the Brﬁ”yCIe isLp,. = 1/£. and consequently with (8), it follows:

louin gain coefficient at each fiber locatienThe frequency dif- 2

ferences ar¢p , = fpo+rAfpwithr =0,1,2,...,R—1, Lpu= 57 (18)
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which means, several beat lendil ,, can exist in the interval electric signal at the converter output is in a frequency range

(201, z02]. With (9b), the differential group delay is given by between 1.3-1.5 GHz. It is fed to a frequency counter. A
computer acquires the measured frequency, determines the

= Su . (19) frequency shift, and stabilizes it by temperature and piezo

2fr electric control of the laser resonators. The pump laser power

Now, we define the normalized transformed polarization facté} atténuated down to 1 mW before it is coupled into the test

fiber. The probe laser power at the probe input is 400.
I'(€.) The probe light is intensity modulated by the EOM succes-

AT

Pn(&u) = SUIT(EL) (202) sively between 100 Hz and 18.2 MHz in steps of 8.9 kHz.
- Thus, in a maximum fiber length of 11.3 km, a spatial reso-
so that lution of 5.5 m can be achieved. The average optical powers
U—1 of the transmitted pump and probe light as well as the input
Z In(é,) =1 (20b) one are measured by power meters. As described above, the
—0 NWA determines the complex modulation transfer function

t equidistant modulation frequencies. The real part of the

Thus, for the total dlﬁgrentlal group delay in the fiber 'ntervaialculated pulse response gives the sensor signal (see (14)).
[201. 702, One can write

This is determined at equidistant frequency differen¢gs

U—1 between pump and probe lasers. With this sensor signal and
A7 = Z A7l T (&) the measured average powers at the fiber ends, the apparent
=0 Brillouin gain coefficientygg can be calculated as a func-
U—1 ¢ tion of the fiber locationz and the frequency differencg,
= Z 5 . In(€) (21) [20]. At each positiorz, the gain coefficient as a function of
u=0 Ir fp is of Lorentz shape (see. (6a)). The maximums of these

different located Lorentz functions are Ab = f5(z). Since
the Brillouin frequencyfg(z) at the locationz is linear de-
In— 1 22) pendent on strain and temperature, these quantities can be
B fpAT! determined by evaluating the maximum Brillouin gain co-
) ) ) efficient at each fiber location:.
For the dominant beat lengths aom, I'(uom) IS maximum. 1, rig 3. 4 plot of the measured Brillouin gain coefficient is
By determining the equivalent beat lengths of various intervalg,qwn. Light areas represent high values and dark areas rep-
a distributed measurement bf; is feasible. resent low values. At = 4.5 km, the Brillouin frequency
is 12.885 GHz and thus the strain of this 50 m long region is
V. EXPERIMENTAL RESULTS 0.17%. In this measurement, the spatial resolution is 22 m and
In the experiment, we use the BOFDA configuration aconsequently the Brillouin gain fluctuation caused by polariza-
cording to Fig. 2. The test fiber is a standard Gebped tion variation will be equalized if the complete spatial cyEle
SiO, single-mode fiber for the telecommunication. The corsom (8) is less than 22 m.
diameter is 9um, the refractive index of the core is about Evaluating the maximums of the Brillouin spectra at each lo-
1.47, and the characteristic Brillouin frequency of the urgationz, the strain distributior(z) along the fiber can be de-
strained fiber at a temperature of °Z3 is 12.8 GHz. The termined. Itis shown in Fig. 4. Employing a polarization scram-
strain and temperature coefficients of the Brillouin frequendyler before either the pump or the probe wave is coupled into the
are 500 MHz/% and 1.2 MHz/K, respectively. The maxfiber, the polarization effects can be eliminated and the strain or
imum Brillouin gain coefficient is2.26 - 10~!1 m/W. In temperature measurement can be improved.
the range0 m < z < 9600 m the fiber is wound on a However, for beat length measurement, the polarization ef-
drum 150 mm in diameter and in the rang600 m < fects are essential and the polarization scrambler has to be deac-
z < 11000 m, it is wound on one with a diameter oftivated. In this case, the maximum apparent Brillouin gain coef-
1200 mm. The pump and the probe lasers are frequency-tfinient is determined at each fiber locatienlt is demonstrated
able single-mode diode-pumped Nd:YAG-ring lasers with ia Fig. 5.
vacuum wavelength of 1319 nm, a linewidth of less than Here, the spatial resolution is 5.5 m and thus the Brillouin
5 kHz, and output powers of 160 and 1 mW, respectivelgain fluctuation originated by polarization variation is not equal-
Both lasers are optically isolated. The frequency of the probeed. At> = 9.6 km, the spatial cycle becomes larger because
laser is downshifted compared with that of the pump lasé¢he drum diameter changes at this position. Dividing this max-
Since the strain in our test fiber differs with 0.17%, thémum gain coefficient by the maximum possible vaRiécé -
frequency shift is varied between 12.75 and 12.95 GHz i®~!! m/W, one obtains the polarization facte(z). Evalu-
steps of 5 MHz. For stabilizing the laser frequency differating this factor for various fiber regions, as shown in Section IV,
ence, the beat signal of the pump and the probe light éme obtains the distribution of the equivalent beat length in de-
detected by a 40-GHz-photodetector and is downconvertited intervals along the fiber. In Fig. 6, the normalized Fourier
by a low-noise-satellite-converter (LNC) with a local osciltransform ofy(z) according to (20a) in the interv8i20 m <
lation frequency of 11.45 GHz. Consequently, the resulting< 6840 mis shown. The dominant spatial frequency is 0.0216

and the equivalent beat length in this interval is given by (9b)
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calculated in the intervals [0 m, 420 m], [5.5 m, 425.5 m], [11
m, 431 m], etc. In the rangeém < z < 9.6 km, the equivalent
beat length is around 55 m and fer> 9.6 km, it amounts to
about 105 m. Thus, the differential group delays are 0.08 ps/km
and 0.044 ps/km, respectively.

This measurement agrees good with that in [9], where they
wound a single-mode fiber on a drum 100 mm in diameter and
used a wavelength of 1550 nm. Here, a beat length of 29 m has
been measured. In the range up to 9.6 km, we wound the fiber on
a drum 150 mm in diameter and applied a wavelength of 1320
nm. The beat length is proportional to the wavelength (see (7))
and for small drum diameters it is proportional to the square
of d [22]. Since it is

. < 100 mm) 2
o0 M-

150 mm
the 55 m beat length measured with our technique matches very
good the 29 m beat length shown in [9]. The polarization factor
~ as a function of the locationin Fig. 5 looks random. This is
caused by abrupt changes of the rotation lengths, which in turn
cause abrupt changes @f> andas and thus of the amplitude
of v [see (5c¢)]. However, in Fig. 5 one can see that a change of
the beat length at = 9.6 km causes a significant change of the
periodic cycle. Furthermore, the results of these measurements
match very well theoretical results of wound fibers [22] and the
results of Galtarossat al[9].

The frequency-domain method offers some advantages com-
pared with the time-domain one [18], [23]. An important aspect

1550 nm
1320 nm

=28.7m

Fig. 5. Maximum apparent Brillouin gain coefficient as a function of fiberiS the possibility of narrow-bandwidth operation in the case of

location.

BOFDA. For BOTDA, broad-band measurements are necessary
to resolve pulse rising times of several nanoseconds, but in a

m~1. According to (18), the dominant beat length is 93 m anflequency-domain measurement the baseband transfer function

the equivalent one, which is calculated by (22), amounts to 58 is.determined pointwise for each modulation frequency, thus,
Fig. 7 illustrates the calculated beat length as a function ofly one frequency component is measured by a network an-

the fiber locationz. Here, the equivalent beat length has beealyzer with a narrow resolution bandwidth (e.g., 100 Hz) at
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each time. The resolution bandwidth is the bandwidth of the
downconverted intermediate frequency signal, which contain&?!
the phase and amplitude of the detected signal. This IF-signal
can be analyzed in a very narrow frequency band. Since the digs=]
crete Fourier transform induces additional averaging effects for
uncorrelated noise signals, the noise level is far lower than that
for a time-domain measurement [23]. However, in the time-do{14]
main, one applies high-power laser pulses which produce an ad-
equate SNR, although the noise level is high. But in a BOFDA;5
sensor, low-power grating stabilized diode lasers of wavelengths
around 1300 or 1550 nm can be used. These wavelengths are es-
sential for the telecommunication and thus for distributed beag
length measurement.
VI. CONCLUSION il
We present a method for distributed beat length measurerg
ment in optical SMF’s based on stimulated Brillouin interac-
tion of two counterpropagating laser waves. In order to realize a
spatial resolution, we apply the Brillouin optical frequency-do-
main analysis (BOFDA), where sinusoidally intensity modu-
lated laser light is evaluated with respect to amplitude differ{20]
ences and phase shifts at equidistant modulation frequencies.
The dependence of the Brillouin gain coefficient on the po-21]
larization states of both waves in the fiber has been theoreti-
cally shown. Further, the BOFDA method has been presente[az]
and experimental results of a frequency-domain measurement
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demonstrate the feasibility of the BOFDA sensor concept for
distributed strain, temperature, and beat length measurements.
The results agree good with that of other methods.
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