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Abstract.  Sensitivity of a fibre scattered-light interferometer to 
external phase perturbations is studied for the first time. An expres-
sion is derived for an average power of a useful signal at the inter-
ferometer output under external harmonic perturbations in a signal 
fibre of the interferometer. It is shown that the maximum sensitiv-
ity of the scattered-light interferometer depends on the dispersion 
of the interferogram intensity. An average signal-to-noise ratio is 
determined theoretically and experimentally at the output of the 
interferometer at different amplitudes of external perturbations. 
Using the measured dependences of the signal-to-noise ratio, the 
threshold sensitivity of the fibre scattered-light interferometer to 
external phase perturbations is found. The results obtained can be 
used to optimise characteristics of optical time-domain reflectom-
eters and to design individual phase-sensitive fibre-optic sensors. 

Keywords: backscattered radiation, fibre scattered-light interfer-
ometer, useful signal power, signal-to-noise ratio, threshold sensi-
tivity.

1. Introduction 

Recently, optical time-domain reflectometry has considerably 
developed  thanks  to  its  unique  property  of  locating  breaks 
and  dynamic  anomalies  in  lengthy  fibre-optic  lines  [1 – 5]. 
However,  despite  a  large  number  of works  devoted  to  this 
subject,  many  parameters  of  coherent  optical  time-domain 
reflectometers (OTDRs) remain poorly understood. A basic 
object that allows one to study the main properties of a coher-
ent  OTDR  is  a  fibre  scattered-light  interferometer  (FSLI), 
which in the simplest case is a segment of a single-mode opti-
cal fibre backscattering coherent laser light. A fibre-optic line 
of a more complex object – a coherent OTDR – can be repre-
sented as a cascade of FSLIs, following one another. 

A key  feature of  scattered-light  interference  is an essen-
tially  random  nature  of  the  processes  occurring  during  the 
summation  of  quasi-monochromatic  scattered  fields;  there-
fore, scattered-light interferometry and coherent optical time-
domain  reflectometry  can  be  properly  addressed  only  by 
using statistical methods. In previous works we examined in 
detail statistical properties of coherent backscattered light in 
a single-mode optical fibre [6 – 8], obtained expressions for the 
average intensity and backscattered light intensity, as well as 
for the average spectral characteristics of backscattered light 
[9]. In this paper we consider the problem of the FSLI response 
to  the  external phase perturbations  in an optical  fibre. The 
results of this study can serve as a basis for assessing the sen-
sitivity of a coherent phase-sensitive reflectometer [10, 11]. 

In contrast to the classical Michelson and Mach – Zehnder 
interference  schemes,  a  FSLI  is  characterised  by multipath 
interference of random fields of radiations scattered by differ-
ent scattering centres, i.e. thermodynamic irregularities in the 
refractive index of optical fibre. We showed in [9] that a FSLI 
(on average over an ensemble of independent distributions of 
scattering  centres,  which  we  denote  by  { r})  can  be  repre-
sented as a combination of an infinite number of elementary, 
independent  Michelson  interferometers  in  which  scattering 
centres  act  as  reflecting  mirrors.  As  any  interferometer,  a 
FSLI responds to external perturbations and therefore can be 
used  as  a  sensor of  external  actions  in  an optical  fibre. An 
external perturbation, provided  that  it does not  lead  to  the 
loss of the radiation power, causes phase modulation of opti-
cal radiation propagating in the FSLI. The FSLI response to 
external perturbations, i.e. the change in intensity of scattered 
light  at  its  output  during  the  action  on  a  sensitive  fibre, 
depends both on the position of the operating points of all the 
elementary Michelson  interferometers  formed  by  scattering 
centres and on the scattering amplitudes of these centres. By 
virtue  of  the  fact  that  under  the  influence  of  the  ambient 
medium the  field amplitudes and phases of  scattered  radia-
tion vary  randomly,  the  interferometer  response also varies 
randomly. 

Changes in the scattered light intensity at the output of a 
FSLI under an external perturbation, which we will also call 
a useful signal, can be characterised by its power varying with 
the change in the realisation of the distribution of the coeffi-
cients  of  scattering  centres  { r}  in  fibre.  For  practical  pur-
poses, of  interest  is  the average value of  this power,  i.e.  the 
useful signal power averaged over { r}. In this paper we con-
sider  a  simple  but  important  case  of  an  external  harmonic 
perturbation in optical fibre. 

The value of the useful signal at the FSLI output and the 
ensemble-averaged power depend on the interferometer con-
figuration and on the location of the perturbation in the scat-
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tering segment. In this paper we consider the scheme of a sym-
metric two-channel FSLI (an interferometer with two scatter-
ing segments of the same length), in which one segment of the 
fibre is a measuring one, and the second is a reference one. We 
choose  this  scheme due  to  its  similarity  to  the  scheme of  a 
coherent  OTDR  with  a  double  probe  pulse  [10,  11].  We 
assume that the main reason for the phase modulation of the 
radiation under perturbations in a scattering segment of the 
FSLI is its elongation under the action of an external force, 
and that the length of the affected region is much smaller than 
the  length of  the  entire  scattering  segment,  i.e.  the  external 
perturbation is point-like. 

By  simulating  a  scattering medium, we  assume  that  the 
complex amplitude coefficient of scattering centres r is a cir-
cular  complex  Gaussian  random  variable  with  zero  mean 
[6,  7,  12 – 14],  i.e.,  its  real  (Rer)  and  imaginary  (Im r)  parts 
have a Gaussian distribution over the ensemble, the dispersion 
of  the  real  and  imaginary  parts  being  equal.  Physically,  this 
assumption is equivalent to the fact that during scattering the 
complex amplitude of the field source is multiplied by the ran-
dom  variables  with  Gaussian  distributions  of  the  real  and 
imaginary parts with zero mean. We also assume that the com-
plex  amplitude  scattering  coefficients  of  different  scattering 
centres  are  statistically  uncorrelated  with  each  other. 
Mathematically the lack of correlation of the complex coeffi-
cients  of  scattering  centres  with  longitudinal  coordinates  zm 
and zn, as well as equality of dispersions of their real and imag-
inary parts can be written in the form of two expressions [14]: 

Erá r(zn)r(zm)ñ = 0,  (1)

Erá r*(zn)r(zm)ñ = r0d(zn – zm),  (2)

where Erá. . .ñ is the averaging over { r} (or averaging over an 
ensemble  of  independent  scattering  segments);  r0/2  is  the 
dispersion over an ensemble of the real and imaginary parts 
of the scattering coefficients r; and d( . . . ) is the delta func-
tion. 

The light source is assumed to be quasi-monochromatic, 
whose  autocorrelation  function of  the  complex  field  ampli-
tude As(t) is [6 – 8] 

ET áAs(t + t)As
*(t)ñ = Isexp(–|t|/tcoh),  (3)

where ET  á. . .ñ is the averaging over time, Is is the intensity of 
the light source, and tcoh is the coherence time of the source 
field.

2. Average power of the useful signal  
at the two-channel FSLI output under external 
harmonic phase perturbation 

Consider  the  response of  a  two-channel FSLI  consisting of 
two scattering segments of equal length L (Fig. 1); additional 
delays of the fields for radiations propagating in the interfer-
ometer and scattered by the first and second segments will be 
treated equal to each other, i.e., the scheme of a two-channel 
FSLI is symmetric. Without loss of generality, we assume that 
the scattered radiation is partially polarised with the degree of 
polarisation P; the case of total polarisation will be a particu-
lar case. 

The  Hermitian  coherence  matrix  of  partially  polarised 
quasi-monochromatic light can be diagonalized by means of 
a unitary transformation [13]. As a result, in the new basis the 
partially polarised monochromatic light of intensity |A|2 can 
be  represented  as  the  sum  of  two  uncorrelated  radiations 
polarised orthogonally in the sense of orthogonality of their 
Jones vectors. The intensities of each of the two orthogonal 
polarisation  components  thus  have  the  forms  |A|2(1  – P )/2 
and |A|2(1 + P )/2 [13]. 

Let one of scattering segments of a symmetrical two-chan-
nel FSLI at some point O separated from the beginning of the 
scattering  segment  by  distance  l  be  exposed  to  a  harmonic 
perturbation with frequency w and amplitude m of the form

j(t) = m sin(wt),  (4) 

which leads to a periodic elongation of the fibre segment of 
the FSLI in the mentioned small region, perturbation in the 
second segment being absent. We will call  the segment sub-
jected  to  external  perturbations  a  signal  segment  and  the 
other  a  reference  one.  Consider  how  the  light  intensity 
changes at the output of a two-channel interferometer. 

A perturbation leads to a phase modulation of light scat-
tered by the region after point O. Mentally we divide the ref-
erence segment of  the FSLI  into two segments by point O', 
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Figure 1. Scheme of the experimental setup of a two-channel FSLI. Here, A1, A2, A3 and A4 are the complex amplitudes of the fields scattered by 
the segments [see (5) – (8)]. 
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which  is  also  located  at  a  distance  l  from  its  beginning. 
Assuming that the polarisation states for radiations scattered 
by the two scattering segments, signal and reference ones, are 
the  same, we will write  the complex amplitudes of  the  light 
fields for the four fibre segments under consideration in the 
form [6, 12] 

( ) ( ) ( )exp i dA t A t z kz z z2 2scat s
gr

sig

l

1
0 u r= - -

r c m6 @ y ,  (5)

( ) [ ( )] ( )exp i i dA t A t z kz t z z2 2 2scat s
gr

sig
l

L

2 u hj r= - - -
r c m6 @ y ,  (6)

( ) ( 2 ) ( )exp i dA t A t z kz z z2
scat s

gr
ref

l

3
0 u r= - -

r c m6 @ y ,  (7)

( ) ( ) ( )exp i dA t A t z kz z z2 2scat s
gr

ref
l

L

4 u r= - -
r c m6 @ y ,  (8)

where k is the constant of light propagation; ugr is the group 
velocity of  light; h  is  the proportionality factor between the 
external and phase perturbations in the optical fibre; and sub-
scripts sig and ref indicate that the scattering centre with the 
longitudinal coordinate z belongs to a signal or to a reference 
scattering  section,  and  the  superscript  r  indicates  that  the 
complex amplitudes are written for a fixed realisation of the 
distribution of the scattering coefficients of centres { r} of the 
signal  and  reference  segments.  Note  also  that  expressions 
(5) – (8)  are  written  under  the  assumption  that  an  identical 
radiation power  is coupled  into  the signal and reference seg-
ments  of  a  two-channel  FSLI.  Attenuation  of  the  power  of 
radiation propagating along the fibre is neglected because of its 
smallness at characteristic lengths (100 – 200 m) of the sections. 
On writing  (6) we have neglected  the  change  in  the  complex 
field  amplitude of  the  source,  caused by  an  additional  delay 
that occurs when the fibre is exposed to perturbations. 

Because the backscattered radiation is expected to be par-
tially polarised with the degree of polarisation P, the intensity 
of the respective orthogonally polarised component [13] can 
be written as 

[I rscat(t)]pol1 =  2
1 (1 – P)ET á([A rscat(t)]1 + [A rscat(t)]2

  + [A rscat(t)]3 + [A rscat(t)]4) ´ c.c.ñ,  (9)

[I rscat(t)]pol2 =  2
1 (1 + P)ET á([A rscat(t)]1 + [A rscat(t)]2

  + [A rscat(t)]3 + [A rscat(t)]4) ´ c.c.ñ.  (10)

Consider the intensity of totally polarised scattered light, 
bearing in mind that the intensities of partially polarised light 
for each of the polarisation components are obtained by mul-
tiplying by (1 – P)/2 and (1 + P)/2, in accordance with (9) and 
(10 ): 

I rscat(t) = ET á([A rscat(t)]1 + [A rscat(t)]2  

+ [A rscat(t)]3 + [A rscat(t)]4) ´ c.c.ñ.  (11) 

After multiplying we obtain 16 terms, ten of which are inde-
pendent of  the  external perturbation j(t);  they describe  the 

intensity varying with  the realisation { r}  in  two sections of 
the  interferometer.  Six  terms with j(t)  contain  information 
about  the external perturbation. Equation  (11)  represents a 
transfer function of a two-channel FSLI; this function deter-
mines the response of the interferometer to the external per-
turbation j(t), corresponding to a fixed realisation { r} of two 
sections. The FSLI response changes from one realisation of 
the distribution of centres { r} to another in a random man-
ner. Response  (11)  is  nonlinear with  respect  to  an  external 
perturbation j(t);  therefore,  the signal at the  interferometer 
output will  contain  frequency harmonics  that  are  absent  in 
the original signal of the external perturbation. A method of 
demodulation of such a FSLI signal has been considered ear-
lier in [10, 11]. 

We estimate the power of the useful signal – fluctuations 
of  the  scattered  light  intensity under  external perturbations 
(4) for some fixed realisation of the distribution of the scatter-
ing coefficients of centres { r} of the signal and reference FSLI 
segments. Terms in (11), containing information about exter-
nal perturbations, have the form

ET á[A rscat(t)]1 [A rscat(t)]*2 ñ = exp[2ihj(t)]F *,  (12)

ET á[A rscat(t)]*1 [A rscat(t)]2 ñ = exp[– 2ihj(t)]F,  (13)

ET á[A rscat(t)]3 [A rscat(t)]*2 ñ = exp[2ihj(t)]G *,  (14)

ET á[A rscat(t)]*3 [A rscat(t)]2 ñ = exp[– 2ihj(t)]G,  (15)

ET á[A rscat(t)]4 [A rscat(t)]*2 ñ = exp[2ihj(t)]H *,  (16)

ET á[A rscat(t)]*4 [A rscat(t)]2 ñ = exp[– 2ihj(t)]H.  (17)

Here we have introduced the following notations for double 
integrals: 

F E A t z A t z2 2*
s

gr
s

gr
T

l

Ll

0

1 2
u u= - -c cm myy

  (2 2 ) ( ) ( )exp i i d dkz kz z z z zr r# - sig sig1 2 1 2 1 2
* ,

G E A t z A t z2 2*
s

gr
s

gr
T

l

Ll

0

1 2
u u= - -c cm myy

  (2 2 ) ( ) ( )exp i i d dkz kz z z z zr r# - ref sig1 2 1 2 1 2
* ,

H E A t z A t z2 2*
s

gr
s

gr
T

l

L

l

L
1 2

u u= - -c cm myy

  (2 2 ) ( ) ( )exp i i d dkz kz z z z zr r# - ref sig1 2 1 2 1 2
* ,

and have also made an assumption that the external perturba-
tion changes slowly compared to the time fluctuations of the 
source  field.  This  allows  us  to  remove  the  corresponding 
exponential factor from the averaging sign ET á. . .ñ. Expressions 
(12) and (13), (14) and (15), and (16) and (17) form complex 
conjugate pairs. We denote the sum of 10 terms in (11), which 
do not contain information about the external perturbation, 
by I0; then, the transfer function of a two-channel FSLI takes 
the form 

I rscat(t) = I0 + exp[– iLsin(wt)]F + exp[– iLsin(wt)]G +
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 + exp[– iLsin(wt)]H + exp[iLsin(wt)]F *

  + exp[iLsin(wt)]G * + exp[ iLsin(wt)]H *,  (18) 

where L = 2hm. We will write (18) in the form 

I rscat(t) = I0 + 2cos[Lsin(wt)]ReX+ 2sin [Lsin(wt)]ImX,  (19) 

where we introduce the notation X = F + G + H. The useful 
signal power – temporal intensity fluctuations at the output of 
a two-channel FSLI – for a fixed realisation of the distribu-
tion of scattering coefficients of centres { r} of two sections 
corresponds  to  the  dispersion  of  equation  (19);  in  other 
words,  it  is equal to the difference between the total output 
signal power and the power of a constant component of the 
signal at the interferometer output: 

(sI
r)2 = Et á I rscat(t)I rscat(t)ñ – [Et á I rscat(t)ñ]2,  (20) 

where Et  á. . .ñ denotes averaging over time t of the external per-
turbation. From expression (20) we obtain (see Appendix 1) 

(sI
r)2 = 8( ) [ ( )] 8( ) [ ( )]Re ImX J X Jk

k
k

k

2
2

2

1

2
2 1

2

0

L L+
3 3

=

+

=

/ /   (21) 

or

(sI
r)2 = 2(ImX)2L2  (22)

for small L. We can say that the powers of even components 
with frequencies 2w, 4w, . . . , 2kw are equal to 8(ReX )2 [J2k(L)]2, 
and of odd components with frequencies w, 3w, . . . , (2k + 1)w 
are equal to 8(ImX )2 [J2k + 1(L)]2. As can be seen, the power of 
the useful signal at  the output of a  two-channel FSLI for a 
specific  realisation  { r}  depends  on  the  amplitude L  of  the 
external perturbation as well as on (ImX )2 and (ReX )2. 

Consider now the average value of the useful signal power 
(21)  over  the  ensemble  of  independent  distributions  of  the 
scattering coefficients of centres { r} of two sections; we call 
this value an average power of the useful signal at the output 
of a two-channel FSLI. To do this, we average expression (21) 
over the ensemble { r}: 

r
( ) ( ) [ ( )]ReE E X J8I k

k

2 2 2
2

2

1

s s L= =
3

r r
=

I /

  ( ) [ ( )]ImE X J8 k
k

2
2 1

2

0

L+
3

r +

=

/ .  (23)

The  expressions  for Erá(ReX )2ñ  and Erá(Im X )2ñ  are  calcu-
lated in Appendix 2. As a result, the expression for the useful 
signal power averaged over the ensemble { r} at the output of 
a two-channel FSLI with two identical scattering segments of 
length L in the case of exposure of one of the segments to a 
harmonic  phase  perturbation with  amplitude L  at  point O 
located at  a distance  l  from  the beginning of  the  scattering 
segment is given by 
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where  ( /2)I I Tscat
mean

s gr 0u r=   is  the  scattered  light  intensity 
averaged over  the  ensemble { r}  for one  scattering  segment 
[9]; q = 2l/ugr; and T = 2L/ugr. 

At small L the average power of the useful signal takes the 
form 
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T
I scat
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2 2
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  ( )exp expT T
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2 2coh

coh coh
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2t
t t

q t q# - - - + -c cm m; E' 1. (25)

Consider  the  case  of  partially  polarised  scattered  light 
with the polarisation state that is the same for two scattering 
segments. In this case, the intensity of each of the orthogonal 
polarisation components is found by multiplying the intensity 
of totally polarised light by (1 – P)/2 and (1 + P)/2, according 
to (9) and (10). Consequently, the average useful signal pow-
ers contained in orthogonal polarisation components can be 
expressed  in  terms  of  the  average  useful  signal  powers  of 
totally polarised scattered light (24) or (25):

(1 )Ppol
2

1 4
1 2 2s s= -I I6 @ , 

(26)

(1 )Ppol
2

2 4
1 2 2s s= +I I6 @ .

The total useful signal power averaged over the ensemble 
{ r} for partially polarised scattered light in the case of expo-
sure of the signal segment of a two-channel FSLI to an exter-
nal harmonic perturbation is the sum of the average powers 
of  two  polarisation  components  because  they  are  uncorre-
lated: 

(1 )Ppartpol
2

2
1 2 2s s= +I I6 @ .  (27)

Thus, the average useful signal power at the output of a 
two-channel FSLI for partially polarised light is less than for 
totally polarised radiation by (1 + P 2)/2 times. 

Figure 2 shows the dependences of the average useful sig-
nal power with a small external perturbation (25) at the out-
put of a two-channel FSLI, normalised by the square of the 
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Figure 2. Dependence  of  the  average  normalised power  of  the  useful 
signal at the output of a two-channel FSLI under a small external per-
turbation  of  highly  coherent  (upper  curve)  and  low-coherent  (lower 
curve) laser sources on the relative position of the perturbation region 
in the signal segment l/L. 
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mean  intensity  of  the  output  of  a  two-channel  FSLI, 
/[ (2 ) ]I scat

mean2 2s L2
I , on the position of the point of the external 
perturbation along the signal fibre for two values of T/tcoh. 

3. Relation of the average useful signal power  
at the FSLI output with the dispersion  
of the scattered light intensity over an ensemble 
of independent scattering segments 

Consider  how  the  normalised useful  signal  power  averaged 
over the ensemble { r} at the output of a two-channel FSLI is 
related to the dispersion of the scattered light intensity over 
the  ensemble { r}, which determines  the  contrast of a FSLI 
interferogram or the contrast of a coherent OTDR reflecto-
gram [7, 8]. The dispersion of the intensity of totally polarised 
backscattered light for a scattering FSLI segment of length L 
has been found in our previous work [8]:
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expD I
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2
2

2
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coh

coh
coh2

2 2 2t
t

t t= - - +c m; E.  (28) 

The dispersion of partially polarised  scattered  light has  the 
form 

[ ( )] (1 ) ( )D I P D Iscat partpol scat2
1 2

= + .  (29) 

Figure 3 shows the experimental interferogram at the out-
put of a two-channel FSLI. One can see that the maximum 
useful signal power averaged over the ensemble { r} is reached 
under perturbation at  the beginning of  the signal  scattering 
segment, i.e. at l = 0, or at q = 0; then, from (25) for totally 
polarised scattered light we obtain 
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s t
t
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which coincides with (28) up to a factor that determines the 
amplitude  of  the  external  perturbation L2.  Thus,  we  have 
obtained an important result: a maximal normalised average 
power  of  the  useful  signal  at  the  output  of  a  two-channel 
FSLI is reached, when it is exposed to an external harmonic 
signal at the beginning of the signal scattering section and is 
equal  to  the  dispersion  of  the  scattered  light  intensity  of  a 
single  scattering  segment.  Therefore,  the  dispersion  of  the 

backscattered light intensity limits from above the sensitivity 
of a two-channel FSLI to external phase perturbations.

4. Experimental measurement of the average 
signal-to-noise ratio at the output  
of a two-channel FSLI 

We will use the results obtained for the average useful signal 
power at the output of a FSLI exposed to external harmonic 
perturbations,  as  well  as  for  the  average  level  of  the  noise 
power at the FSLI output found in [9] to estimate the average 
signal-to-noise ratio (SNR) and the threshold sensitivity of a 
two-channel FSLI. We have shown in [9] that the noise level 
at the output of a two-channel FSLI near zero frequency is 
mainly determined by phase fluctuations of the light source. 
This  circumstance  is  due  to  the  fact  that  a  FSLI,  unlike  a 
Mach – Zehnder  and  Michelson  interferometer,  cannot  be 
balanced (between its interfering fields of scattered light there 
is  always  a  phase  delay).  The  noise  power  spectral  density 
(NPSD) of the intensity at the FSLI output has a rather cum-
bersome expression (see [9]); however, in the frequency range 
close  to  zero  (less  than  200  kHz),  the NPSD  of  a  FSLI  is 
weakly  frequency  dependent  and  therefore  can  be  approxi-
mated by a constant (independent of frequency) of the form [9] 
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Expression  (31)  is  valid  for  totally  polarised  scattered  light 
with the same polarisation states at the output of the signal 
and reference scattering FSLI segments. It can be shown that 
in  case  of  partially  polarised  scattered  light  and  under  the 
assumption of coincidence of the polarisation state and degree 
at the outputs of the signal and reference scattering segments, 
the factor (1 + P2)/2 will appear in (31).

Estimates of  the mean-square value of different compo-
nents of noise currents – shot, thermal and coherent – in the 
range Df = 50 kHz show that the predominant contribution to 
the noise at the FSLI output (with an excess by 30 dB) is made 
by the coherent noise caused by phase fluctuations of radia-
tion of a semiconductor laser. Thus, in assessing the average 
SNR  and  the  threshold  sensitivity  of  the  FSLI  we  should 
properly  take  into  account  only  this  kind  of  noise with  an 
average power spectral density near zero frequency (31). We 
also  note  that  in  measurements  we  should  also  take  into 
account  the  flicker  noise  of  the  laser  and  the  experimental 
setup. 

The  scheme  of  the  experimental  setup  corresponded  to 
that shown in Fig. 1, the length of the scattering and reference 
sections being L = 47.5 m. The external phase perturbation 
was provided by a piezoceramic cylinder, onto which a fibre 
having  the  length of about 1 m was wound,  l/L = 1/4. The 
piezoelectric  cylinder  with  the  wound  fibre  had  previously 
been calibrated to establish a precise correspondence between 
the amplitude of the voltage applied to it and the amplitude of 
the  resulting  phase  perturbation.  The  harmonic  signal 
applied to piezoceramic cylinder had a frequency of 5 kHz. 
The spectral measurement bandwidth of  the FSLI response 
was Df = 50 kHz and was limited by a low-pass filter. We used 
two types of laser sources with a wavelength in the region of 
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Figure 3. Experimental  FSLI  interferogram.  The  white  dotted  line 
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mean , the gray area is the standard dispersion 
of the intensity [the square root of variance (28)]. 



  A.E. Alekseev, B.G. Gorshkov, V.T. Potapov970

1555 nm: a laser with a high degree of coherence and with a 
spectral  bandwidth  Dn  =  2  kHz,  and  a  laser  with  a  short 
coherence length and Dn = 570 kHz. 

To determine the average SNR at a fixed amplitude of the 
external  harmonic  phase  perturbation  in  fibre, we  digitised 
and measured for 30 s the signal from the photodetector that 
was installed at the output of a FSLI whose signal arm was 
exposed to an external modulating signal. Then, using the fast 
Fourier  transform we  constructed  a  periodogram using  the 
Hann window [15]. A typical view of the periodogram, cor-
responding to an estimate of the average power spectral den-
sity of the output interferometer signal for a laser with a high 
degree of  coherence  is  shown  in Fig. 4. The averaged  spec-
trum of  the output FSLI  signal  exhibits  spectral harmonics 
having  frequencies  that  are  multiples  of  the  frequency  at 
which  the  fibre  is  externally  perturbed.  The  appearance  of 
additional  harmonics  is  associated  with  the  nonlinear 
response of the FSLI, as follows from (24). One can see from 
Fig. 4 that the flicker noise increases the total noise level at 
the interferometer output, its level being above the noise level 
given by theoretical calculations (31). 

Thus,  using  the  experimental  spectral  characteristics we 
obtained two different estimates of the average SNR: 

(i) assuming that the flicker noise is absent, the noise level 
is taken to be its average level shown in Fig. 4 by a horizontal 
white line and related to the phase fluctuations of a semicon-
ductor laser; and

(ii)  taking  into account  the  total noise power  (including 
the  flicker noise of  the  laser and receiver),  the noise  level  is 
taken  to be  its  level  shown  in Fig. 4 by a descending white 
curve. 

The average level of the useful signal power in the detected 
radiation was  estimated  by  the  periodogram,  using  powers 
contained in the first harmonics. Figure 5 shows the results of 
experimental measurements of average SNRs for a two-chan-
nel FSLI with a  laser of high and  low degree of coherence. 
The frequency f of the external phase perturbation in the sig-
nal  segment was  5  kHz,  the  amplitude  of  the  external  har-
monic phase perturbation L varied from 0.0122 to 0.49 rad, 
and the spectral measurement bandwidth Df was 50 kHz. We 
measured both the average SNR without the flicker noise of 
the  laser and the receiver and the average SNR with all  the 
noise in the spectral band Df = 50 kHz. 

Solid curves  in Fig. 5 show the  theoretical values of  the 
average  SNR with  allowance  for  the  noise  associated  with 
phase fluctuations of the laser source; the power spectral den-
sity  is determined by  (31) and  the power  level of  the useful 
signal – by (24) or (25). Dashed curves in Fig. 5 correspond to 
the theoretical curves shifted down the y axis by an empirical 
correction factor equal to 4.5 dB for a laser with a high degree 
of coherence and 3.5 dB for a laser with a low degree of coher-
ence. Thus, taking into account the flicker noise reduces the 
average SNR compared with the theoretical one by 4.5 dB for 
a  highly  coherent  laser  and  by  3.5  dB  for  a  low  coherence 
laser, respectively. One can see from Fig. 5 that the calcula-
tions agree with the experiment within the error of ±1 dB for 
both  lasers.  In  this paper we do not attempt  to  explain  the 
causes for flicker noise appearance at low frequencies at the 
FSLI output. 

The  degree  of  the  scattered  light  polarisation  under  the 
assumption  that  it  is  identical  for  the  signal  and  reference 
arms of the FSLI does not affect the final value of the average 
SNR at the output, because for partially polarised scattered 
light the expressions for the average useful signal power (27) 
and  for  NPSD  (31)  contain  a  factor  (1  +  P2)/2,  which  is 
reduced by dividing. Similarly, the difference in the polarisa-
tion  states  of  light  scattered  by  the  two FSLI  arms  has  no 
effect on the final value of the average SNR, since the expres-
sions for the average useful signal power and for the average 
NPSD  contain  the  same  scalar  product  of  the  polarisation 
vectors of the interfering scattered fields. 

Using  the data of Fig.  5, we  can  estimate  the  threshold 
sensitivity and minimum detectable signal for a two-channel 
FSLI with  two  types of  sources. We assume  that  the  signal 
can be separated from the noise at an average SNR equal to 
3  dB  in  the measurement bandwidth Df =  50 kHz,  and  the 
noise  power  will  be  calculated  taking  into  account  all  the 
noises in this spectral band. For a laser with Dn = 2 kHz the 
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Figure 4. Periodogram  of  the  signal  at  the  output  of  a  two-channel 
FSLI  for estimating  the average power  spectral density of  the  signal. 
The vertical black lines correspond to the harmonics of the useful sig-
nal. The horizontal white line is the level of noise caused by phase fluc-
tuations of the  laser  [see (31)]. The descending white curve shows the 
flicker noise level of the laser and of the experimental setup. 
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Figure 5. Calculated (curves) and experimental (points) dependences of 
the average SNR of a two-channel FSLI on the amplitude of the exter-
nal phase perturbation from a laser with a (a) high and (b) low degree of 
coherence.
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minimum  experimentally  detected  phase  amplitude  of  har-
monic perturbation is Lmin = 0.012 rad, which corresponds to 
the amplitude of the absolute elongation of the fibre section 
of 2.6 nm (the theoretical value of the elongation amplitude is 
1.52 nm). For a  laser with Dn = 570 kHz, Lmin = 0.17  rad, 
which corresponds to the amplitude of the absolute elonga-
tion of the fibre segment of 36 nm (the theoretical value of the 
elongation amplitude is 24 nm). 

Thus,  flicker  noises  reduce  the  FSLI  sensitivity  and 
increase the minimum detectable signal for a highly coherent 
laser  by  about  70 %  and  for  a  low  coherent  laser  by  about 
50%. Note that in this experiment the region of external per-
turbation has been  shifted  from  the beginning of  the  signal 
scattering segment by a quarter of its length; if the point of the 
perturbation is located closer to the beginning of this section, 
the useful signal power level will increase (see Fig. 2) and the 
FSLI will have a better sensitivity threshold. 

5. Conclusions 

Thus, the issue of the fibre scattered-light interferometer sen-
sitivity  to  external  phase  perturbations  has  been  addressed 
the first time. A notion of the average useful signal power of a 
FSLI has been introduced. We have obtained expressions for 
the average useful signal power at the output of a two-channel 
FSLI exposed to an external point harmonic perturbation in 
its  sensitive  fibre.  It  has  been  shown  that  the  largest mean 
value of the useful signal power is reached when the point of 
perturbation is located at the beginning of the signal segment. 
We have found that the maximum average power of the use-
ful signal at the FSLI output is determined by the dispersion 
of  the  intensity of backscattered  light which corresponds to 
the contrast of the FSLI interferogram. Using the results of 
previous studies we have determined theoretically and experi-
mentally  the  average  SNR  at  the  output  of  a  two-channel 
FSLI at different amplitudes of external phase perturbations; 
theoretical data are in good agreement with the experimental 
ones  if  the  flicker  noise  in  the  setup  is  taken  into  account. 
Using the experimental dependences of the average SNR at 
the  FSLI  output we  have  determined  for  the  first  time  the 
two-channel FSLI threshold sensitivity and minimum detect-
able  signal. The  studies performed and  the  results obtained 
can be applied  to assess  the  sensitivity of  coherent OTDRs 
and fabricate FSLI-based phase-sensitive sensors. 

Appendix 1 

Consider expression (20) with (19) taken into account: 

(sI
r)2 = I02 + 4I0Etá[ReXcos(Lsin(wt))

+ ImXsin(Lsin(wt))]ñ

+ 4Etá[ReXcos(Lsin(wt)) + ImXsin(Lsin(wt))]2ñ

- {I0 + 2Etá[ReXcos(Lsin(wt)) + ImXsin(Lsin(wt))]ñ}2

= 4Etá[ReXcos(Lsin(wt)) + ImXsin(Lsin(wt))]2ñ

– 4{Etá[ReXcos(Lsin(wt)) + ImXsin(Lsin(wt))]ñ}2

= 4(ReX)2{Etácos2(Lsin(wt))ñ – [Etácos(Lsin(wt))ñ]2} +

+ 4(ImX)2{Etásin2(Lsin(wt))ñ – [Etásin(Lsin(wt))ñ]2}.

 Using the expansion of the sine and cosine in a series of Bessel 
functions 
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we finally obtain (21).

Appendix 2 

Let  us  calculate  the  average  values  of  Erá(ReX)2ñ  and 
Erá(ImX)2ñ, where X = F + G + H. Note that (ImX)2 = – (X – 
X *)2/4, (ReX)2 = (X + X *)2/4. Thus, we consider the average 
values  of  EráXX *ñ,  EráXXñ  and  EráX *X *ñ.  We  expand  the 
product: 

EráXXñ = EráF 2 + G 2 + H 2 + 2FG + 2GH + 2FHñ,

EráX *X *ñ = EráF *2 + G *2 + H *2 + 2F *G * + 2G *H * + 2F *H *ñ,

EráXX *ñ = EráFF * + GF * + HF * + FG * + GG * + HG *

  + FH * + GH * + HH *ñ.

We use the Gaussian moment theorem for random complex 
quantities  that  are,  by  assumption,  represented by  complex 
scattering coefficients [16]: 

rE i i iN j j jM1 2 1 2f fG Hr r** *r rr r

,H

, ,

.

N M

E E E N M

0

,

,

i j i j iN jM
i j

N M

1 1 2 2
1

f

!

G H G G Hr r=
=r r r

=

* * *rrr r

Z

[

\

]]

] /
 

With allowance for (1) and (2) we obtain

Erá r*(z1) r(z2) r*(z3) r(z4)ñ = Erá r*(z1) r(z2)ñ

´ Erá r*(z3) r(z4)ñ + Erá r(z2) r*(z3) ñErá r*(z1) r(z4)ñ

= r0
2 d(z1 – z2)d(z3 – z4) + r0

2 d(z2 – z3)d(z1 – z4).  (A2.1) 

In view of (A2.1) and uncorrelated complex scattering ampli-
tudes r for centres, which are located on different (before and 
after the perturbation point O) portions of the signal segment 
and on different portions of the reference segment separated 
by a symmetrical point O', we have the expressions 

EráFF ñ = EráF *F *ñ = 0,   EráGG ñ = EráG *G *ñ = 0,

EráHH ñ = EráH *H *ñ = 0,   EráFG ñ = EráF *G *ñ = 0,

EráGH ñ = EráG *H *ñ = 0,   EráFH ñ = EráF *H *ñ = 0. 

Therefore, EráXX ñ = EráX *X *ñ = 0, which implies that 
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Erá(ReX )2 ñ = Erá(ImX )2 ñ =  2
1 EráXX *ñ.  (A2.2) 

Similarly,  for  the  terms  in  the  expression  for EráXX *ñ,  we 
have 
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*E GG E A t z A t z2 2*
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gr
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G H r u u= - -r c cm myy
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s

gr
s

gr
T

1 2
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*E HH E A t z A t z2 2*
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2 1 2 #G H r u u= - -r c cm myy

  * d dE A t z A t z z z2 2
s

gr
s

gr
T

1 2
1 2# u u- -c cm m ,

EráGF *ñ = 0, EráHF *ñ = 0, EráFG *ñ = 0,

EráHG *ñ = 0, EráFH *ñ = 0, EráGH *ñ = 0.

Hence,  EráXX *ñ  =  EráFF *ñ  +  EráGG *ñ  +  EráHH *ñ.  Using 
(A2.1) and making the change of variables t1 = 2z1/ugr, t2 = 
2z2/ugr, we obtain 

| |
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t t
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qq
c myy .  (A2.3) 

Hence, after the evaluation of the integrals we obtain 

E XX I
4

* gr
s

2

0
2 2G H

u
r=r

( )exp expT T
2

2 2coh

coh coh
coh

2

#
t

t t
q t q- - - + -c cm m; E' 1.  (A2.4) 

The  sought-for  expressions Erá(ReX )2ñ  and Erá(ImX )2ñ  are 
related to (A2.4) through (A2.2). 
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