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Abstract—We theoretically and experimentally analyze the
operation of Brillouin optical correlation-domain reflectometry
(BOCDR). First, we experimentally confirm that BOCDR is not
based on stimulated Brillouin scattering but on spontaneous
Brillouin scattering. Then, we theoretically prove that the spatial
resolution of BOCDR is given well by the same expression as
that of Brillouin optical correlation-domain analysis (BOCDA).
Finally, we demonstrate that the modulation amplitude of the laser
frequency, which has been conventionally limited to a half of the
Brillouin frequency shift, can be enhanced further by employing
a sensing fiber shorter than a half of the measurement range.

Index Terms—DBrillouin scattering, correlation, distributed mea-
surement, modulation, nonlinear optics, reflectometry.

I. INTRODUCTION

RILLOUIN scattering-based fiber-optic sensors have

been widely studied as a promising technology for mon-
itoring conditions in various materials and structures, due to
their capability of a distributed measurement of strain and/or
temperature along a fiber under test (FUT). Above all, the
following three techniques have been extensively studied:
Brillouin optical time-domain reflectometry (BOTDR) [1], [3],
[4], Brillouin optical time-domain analysis (BOTDA) [5]-[11],
and Brillouin optical correlation-domain analysis (BOCDA)
[12]-[15]. BOTDR and BOTDA have the measurement range
as long as several tens of kilometers, and BOCDA has an
extremely high spatial resolution (~1.6 mm [14]). However,
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the inherent limitation of the spatial resolution in basic time-do-
main techniques is about 1 m [16], [17], though several methods
have recently been developed to enhance the resolution [4],
[8]-[11]. Meanwhile, in standard BOCDA, two lightwaves
must be injected into both ends of the FUT. Even in the linear
configuration of BOCDA [15], where a mirror is employed at
one end of the FUT, if part of the FUT cracks, the distributed
measurement can no longer be performed.

In order to achieve a high spatial resolution and substantial
one-end accessibility simultaneously, we have proposed Bril-
louin optical correlation-domain reflectometry (BOCDR) [18],
which is based on the correlation control of continuous light-
waves. So far, 13-mm spatial resolution has been obtained for
a silica fiber [19]. By using a tellurite glass fiber as the FUT,
6-mm resolution has also been achieved [20].

It has been assumed that BOCDR is based on spontaneous
Brillouin scattering, not on stimulated Brillouin scattering
(SBS). However, it was not clarified yet. On the other hand,
the expression for the spatial resolution in BOCDR has been
assumed to be the same as that in BOCDA [18], but this was
not theoretically proved yet. Furthermore, the modulation
amplitude and the modulation frequency of the laser frequency
must be increased to achieve a high spatial resolution, but their
theoretical limitations were not clarified yet.

In this paper, first, we experimentally show that BOCDR is
not based on SBS but on spontaneous Brillouin scattering. Next,
we describe that BOCDA and BOCDR are based on quite dif-
ferent operating principles, and that the operation of BOCDR
should be analyzed independently of that of BOCDA. Then, we
theoretically show that the spatial resolution of BOCDR is given
well by the same expression as that of BOCDA, and clarify
the theoretical limitation of the modulation frequency. Finally,
we analyze the Rayleigh scattering-induced noise, and theoreti-
cally and experimentally clarify the limitation of the modulation
amplitude.

II. PROOF THAT BOCDR Is BASED ON SPONTANEOUS
BRILLOUIN SCATTERING

If the power of the incident light is extremely high, SBS is
observed even when the light is injected into only one end of
the fiber. This is because the backscattered Stokes light due to
spontaneous Brillouin scattering works as a probe lightwave in
SBS. In this section, we experimentally clarified that SBS is not
dominant in BOCDR.

0733-8724/$26.00 © 2010 IEEE
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Fig. 1. Conceptual setup of the basic BOCDR system. The OSA is used to di-
rectly observe the Stokes light spectrum. AC, alternating current; DAQ, data ac-
quisition; DC, direct current; DFB-LD, distributed-feedback laser diode; EDFA,
erbium- doped fiber amplifier; ESA, electrical spectrum analyzer; FUT, fiber
under test; OSA, optical spectrum analyzer; PC, personal computer; PD, photo-
detector.

Fig. 1 depicts the schematic drawing of the BOCDR system
[18]. Spontaneous Brillouin scattering caused in the FUT makes
interference with the reference lightwave, which is detected with
balanced photo-detectors (PDs). By modulating the laser fre-
quency with a sinusoidal waveform, a correlation peak is synthe-
sized at one point along the FUT [18]. In the experiment to con-
firm that the Brillouin scattering caused in the FUT of BOCDR
is spontaneous one, the reference path was removed in Fig. 1,
and an optical spectrum analyzer (OSA) was employed to ob-
serve the backscattered Stokes light. The frequency-modulated
light beam from a distributed-feedback laser diode (DFB-LD)
at 1550 nm was amplified up to 28 dBm with an erbium-doped
fiber amplifier (EDFA), and was injected into a 1-km FUT. The
modulation frequency of the laser frequency f,, was fixed at
68.62 kHz. Since it is difficult to accurately measure the modula-
tion amplitude A f because of the limited resolution of the OSA,
the peak-to-peak output voltage of the function generator (FG)
providing alternating current (AC) to the DFB-LD was substi-
tuted for A f, and it was set to 0, 20, 100, and 1000 mVy,.

Fig. 2 shows the measured optical spectra of the Stokes light
when A f was increased. With no modulation applied (Af = 0
GHz), the power of the Stokes light is higher than that of the
Rayleigh-scattered light by more than 20 dB, which indicates
the presence of SBS. However, as A f was increased, the power
of the Stokes light drastically decreased; when the AC was 1000
mV,,, corresponding to A f of about 3 GHz, it was lower than
the power of the Rayleigh-scattered light by about 20 dB. This
change in the power of the Stokes light seems to be caused by the
transition from SBS to spontaneous Brillouin scattering. Since
A f in BOCDR is generally set to several GHz [18], it was clar-
ified that BOCDR is based not on SBS but on spontaneous Bril-
louin scattering. Therefore, the Brillouin signal of BOCDR is
expected to be weaker than those of SBS-based techniques such
as BOTDA and BOCDA.

III. ComMPARISON BETWEEN BOCDA AND BOCDR

We compare the operating principles between the two cor-
relation-domain techniques: two-end-access BOCDA [12] and
one-end-access BOCDR [18]. As shown in Fig. 3, in both sys-
tems, the pump light is reflected everywhere in the FUT due to
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Fig. 2. Measured optical spectra of the reflected light.
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Fig. 3. Principles of BOCDA and BOCDR.

spontaneous Brillouin scattering. In order to resolve the posi-
tion, in BOCDA, SBS is induced selectively at one specific po-
sition in the FUT by injecting the frequency-modulated, or cor-
relation-managed, pump and probe light beams into each end
of the FUT. Strictly speaking, the effective Brillouin gain spec-
trum (BGS) obtained in BOCDA is built up of the sum of the
Brillouin signals at all the positions along the FUT, and only the
Brillouin signal at the correlation peak is sharp and contributes
to the effective BGS, while the Brillouin signals at other sections
spread out [12]. In contrast, in BOCDR, the Stokes light due
to spontaneous Brillouin scattering from one specific position
in the FUT is selectively observed by the heterodyne detection
with the frequency-modulated, or correlation-managed, refer-
ence light (See Fig. 1). Thus, BOCDA and BOCDR are based
on quite different operating principles, so we need to analyze
the operation of BOCDR independently of that of BOCDA.

IV. THEORETICAL ANALYSIS OF BOCDR OPERATION

A. System Formulation

First, we derive the expression of the effective BGS, which is
the final signal observed with the electrical spectrum analyzer
(ESA) in BOCDR. We define the position of the correlation peak
in the FUT as z = zp,, which corresponds to the measuring
position. Suppose the electric field spectra of the reference light,
the pump light (per unit length), and the Stokes light (per unit
length) are E,(f)(= F{E:(1)}), Ep(z — zm, f)(= F{Ep(z —
Zm,t)}),and Es(z—zm, f)(= F{Es(z—2m,t)}), respectively.
Here F'{-} denotes the operation of Fourier transform. Then, as
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shown in Fig. 4, Es(z — Zm, f) is approximately expressed as
(See Appendix)

ES(Z — Zm; f)

Ep(z = zm. f + f5(2)) @5 D(z. f)
E.IS(Z_ZWMf) ®fD(Z7f)7 (1)

where fg(z) is the Brillouin frequency shift (BFS),
@y represents a convolution concerning frequency, and

D(z, f)(= F{D(z,t)}) is a complex Lorentzian function
given by
g2
(2, f) 1—j2f/Avg’ 2)

where gpy is the Brillouin gain coefficient, and Avg is the Bril-
louin bandwidth. The Stokes light generated along the whole
length of the FUT is given as

/ dz - Es(z — zm, t), 3)

FUT

and the total electric field on the detector is expressed as

E.(t) +

FUT

dz - Es(z — zm, t). 4

Then, the interference signal I(zn,,t) between the Stokes light
and the reference light is given as

2

I(zm,t) < E.(t)+ / dz - Es(z — zm, t) >./ (5)

FUT

where (-) stands for time-averaging operation, and its AC com-
ponent around the BFS is

Tac(zm,t)
x / dz- (EX(t)Es(z — zm,t) + c.c.)
FUT
= / dz- <E:(t>E;‘(Z — Zm, t)D(2,t) + c.c.> (6)
FUT

where c.c. is a complex conjugate term. Then, I ac(zm, f)(=
F{Isc(zm,t)}) is expressed as

fAC(Znn f)
~ / - F[E* () Es(z — 2, )D(2,1) + c.c]
FUT
= / dz{D(z, f) @ B(z = zm, f) + c.c.}, ()
FUT
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where the beat spectrum B(z — zy, f) is defined as

B(z = zm, [) = F{E[(t) - Es(z = zm, 1)}, (8)
Here, B(z — zm, f) can be expressed as B(z,, — z, f) because
it is a function only of the relative distance between z,, and
z. When sinusoidal modulation is applied to the LD frequency,

B(z — zm, ) is a real function [12], so (7) can be transformed
as

INAC(vaf)
x / dz-[{D(z, f) + D*(z, f)} ®f B(z = zm, f)]
FUT
— / dz-[Re[D(z, )] @ Blzm — 2, f)] ©
FUT
In (9), the real part of D(z, f) satisfies
- _ V9BO
RAD( ) = Re
14 j2f/Avp] 1
Re [1 +4f2/Au,2J T1r42/AvE 98(2 1),
(10)
where we define the intrinsic Brillouin gain gg(z, f) as
D P~ B0
Therefore, (9) can be further transformed as
fAC(Zmaf)
x / dz-lgs(z, ) @y B(Zm -z, f)]
FUT
= / dz / dfl 'gB(va_fl) B(Zm _va/)v
FUT —o0o
(12)

which leads to the following expression of the effective BGS:

BGS(2m, f)
2

= /dz/df'~gB(z,f—f')~B(zm—z,f/) . (13)
uT -

Equation (13) shows that, when the measuring position is z,,
the effective BGS is determined by the square of the 2-dimen-
sional convolution of gg(zm, f) and B(zm7 f). In contrast,
in BOCDA, the effective BGS is given by the 2-dimensional
convolution of gg(zm, f) and | B(zm, f)|? [12]. Although the
derivation and the physical picture are different, (13) is similar
to that of BOCDA.
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Fig. 4. Definitions of each symbol in (1).

B. Spatial Resolution

Since the effective BGS in BOCDR is determined by the 2-di-
mensional convolution of the intrinsic Brillouin gain and the
beat spectrum as well as in BOCDA, the expression for the spa-
tial resolution in BOCDR can be derived in the same way as that
in BOCDA [12].

We need to separate in the cases of fast f,, and slow fy,
where f, is the modulation frequency of the laser frequency
[12]. When f,;, is higher than the Brillouin bandwidth Avg,
we define the spatial resolution Az as the distance between the
correlation peak and the position where the beat spectrum falls
to a half of its peak value. In this case, we estimate only the 0-th
component of the beat spectrum, because the other components
are outside Avg [12]. Then we obtain, as in BOCDA [12],

152y,

T 2nAf]

z (14)
where v, is the light velocity in the fiber, and A f is the modula-
tion amplitude of the laser frequency. Thus, when f, > Avg,
the resolution is in inverse proportion to A f.

In contrast, when fy, is lower than Avg, we must estimate
many components of the beat spectrum within Avg [12]. We
define the spatial resolution Az as the distance between the cor-
relation peak and the position where the full width of the beat
spectrum broadens twice as wide as Avp [12]. Then we obtain

veAvp

AZ = m, (15)
from which we know that, when f,, < Avpg, the resolution is in
inverse proportion not only to A f but also to f,,,. Then, the spa-
tial resolution of BOCDR is given well by the same expression
as that of BOCDA. According to (14) and (15), it is clear that
fm higher than Avg does not contribute to the enhancement of
Az.

When f,, = Awg, the resolution given by (14) becomes ap-
proximately 1.5 times larger than that given by (15). This is valid
because the definitions of the resolution for f,,, > Awg and
fm < Avpg are the least consistent around f,, = Awvg, where
there are several, neither one nor many, components of the beat
spectrum within Avg.
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V. LIMITATION OF MODULATION AMPLITUDE

A. Motivation

The measurement range dy,, of BOCDR, which is the distance
between the neighboring correlation peaks, is given by [18]

_ Yy
2w

As shown in (15) and (16), there is a trade-off between the mea-
surement range and the spatial resolution, and the ratio of the
two values is purely dependent on the modulation amplitude of
the laser frequency A f. Therefore, A f needs to be increased in
order to obtain substantial improvement in the performance of
BOCDR. Conventionally, A f has been limited to a half of the
BFS because of the Rayleigh scattering-induced noise, which
was also experimentally demonstrated [18], [20].

In this section, however, we theoretically and experimentally
show that, by using an FUT shorter than a half of the measure-
ment range, it becomes possible to enhance A f beyond a half
of the BFS.

(16)

B. Theory

The electric field of the reference light E, (¢) at the heterodyne
receiver is given as

() = ay exp) {% Sin (2 font) + ¢><t>} . an

m

where a, is the amplitude, and ¢(t) is the phase noise of the
laser. Then, the electric field of the Rayleigh-scattered light
ER(t) can be expressed as

En(t) = anexp {% Sin(2 fnk + @) + Bt + ﬂ} 7
(18)

where ag is the amplitude, and 7 is the time delay; ¢ is the
phase difference of the sinusoidal modulations between the two
lightwaves at the heterodyne receiver. While ¢ becomes 0 at the
correlation peaks, ¢ becomes 7 at the middle of the intervals of
two neighboring correlation peaks (0 < ¢ < m). Then, the
beating noise between the two lightwaves T,eqt(¢) can be given
as

Theat (t) = (| En(t) + Eg(t)[?)
= a? + a%z + 2a,aR

- (cos [{#(t) = 9(t +7))

—Qﬁlf cos (27rfmt + %) sin (g)} > .(19)

So, if ¢(t) — ¢(t + 7) is negligible, the Rayleigh scattering-
induced noise spreads from 0 Hz to the following frequency:

max {% . % {—2£nf cos (27rfmt + %) sin (g) H
=2Af - max {sin (27rfmt + %) sin (%)}
= 2Af - max {sin (%)} ,

(20)
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Fig. 5. Definitions of L and ! in (21).

which must be lower than the BFS. This means that, if there is
no point in the FUT where ¢ = w, Af can exceed a half of
the BFS. The limitation of A f is given, by a function not only
of BFS but also of measurement range d,,, FUT length L, and
the distance ! between the measuring position and the circulator
(See Fig. 5), as

2y

BFS
A fmax = — cosec { .

mmax(L —1,1) }
where, of L — [ and [, the larger length contributes to the limita-
tion of A f. When a distributed measurement is performed, the
measuring position must be scanned along the whole length of
the FUT. Therefore, A fi,,.x as a sensing system is given by

5 cosec mL
> dm s

Afas = 255 22)

which means that we can enhance A f beyond a half of the BFS
by using an FUT shorter than a half of the measurement range.

C. Experimental Verification

The experimental setup to verify (21) is the same as that
reported previously [18], [19]. Using a 100-m FUT (L = 100
m), the modulation frequency f,, was set to 286.90 kHz, which
corresponds to d, = 349.2 m and [ = 1 m. Fig. 6(a) shows the
measured whole spectra of the electrical output when A f was
increased from 0.1 GHz. As Af became larger, the Rayleigh
scattering-induced noise spread from 0 Hz. When the noise
began to overlap the BGS peak at about 10.85 GHz, A f was
about 6.9 GHz as shown in Fig. 6(b), which is the optical
spectrum of the reference light after passing the optical filter.
The spectrum is slightly assymetric due to the dependence
of the LD output on injection current. According to (21), the
theoretical limitation of A f is calculated to be 6.98 GHz, which
is in good agreement with the experimental result.

The same experiment was also performed when f,, = 296.17
kHz, d,,, = 338.3 m, L = 100 m, and [ = 80 m. The ex-
perimental results shown in Figs. 7(a) and (b) indicate that the
limitation of A f was about 7.95 GHz. This is in good agree-
ment with the theoretical value of 8.01 GHz. The slight discrep-
ancy seems to originate from the assumption that the time de-
pendence of the phase noise, that is, the linewidth of the light
source, is negligible in deriving (21).

According to (15), either f,,, or A f must be increased to en-
hance the resolution. In [20], by setting f,, = Avg and Af to
a half of the BFS, 6-mm resolution was obtained using a tellu-
rite glass fiber. So the fact that A f can be higher than a half
of the BFS indicates that the spatial resolution even higher than
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Fig. 6. (a) Measured electrical spectra when A f was increased from 0.1 to
6.9 GHz. Each spectrum is shifted by 20 dB. The values on the ordinate are
valid only for Af = 0.1 GHz. (b) Measured optical spectrum of the reference
light after passing the optical filter.
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6 mm is feasible in BOCDR. This kind of usage, however, is not
beneficial from the viewpoint of the effective number of sensing
points. In order to enhance the measurement range substantially,
we need to employ either a temporal gating scheme [21] or a
double-modulation scheme [22].

VI. CONCLUSION

We theoretically and experimentally analyzed the operation
of BOCDR. First, we clarified that BOCDR is not based on SBS
but on spontaneous Brillouin scattering. Next, we showed that
the effective BGS in BOCDR is given by the 2-dimensional con-
volution of the intrinsic Brillouin gain and the beat spectrum.
Although the derivation and the physical picture are different,
this expression is almost the same as that of BOCDA. Then,
we derived the expression for the spatial resolution of BOCDR,
which was the same as that of BOCDA. Finally, we demon-
strated that the modulation amplitude of the laser frequency,
which determines the spatial resolution, can be enhanced be-
yond the conventional limitation of a half of the BFS by em-
ploying an FUT shorter than a half of the measurement range.
We believe that the presented results improve our understanding
of BOCDR, and provide helpful guidelines for its practical use
in smart materials and structures.
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APPENDIX

We verify (1) and (2) when the linewidth of the pump light
is 0. When f;, is the frequency of the pump light, E,(z, f) is
expressed as

Ey(z, f) = 8[f = £, (A1)

where the amplitude was normalized. Then, Es(z — 2, f') can
be calculated, using (1) and (2), as

ES(Z - Zm7fl)
=0[f + fB(2) = fpl ®f D(z, f)

- /_ df - 8Lf + fu(z) = £,]- D(z. f' — f)
D(z, f = fp + f5(2))
1/2
9Bo
1—32(f" = fp+ fB(2))/Avs
1/2
_ 9Bo

C1=52(f = (fp + f(2))/Av’

(A2)

which is the correct expression for Es(z — zm, f').
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