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Statistical properties of intensity of partially polarised semiconductor
laser light backscattered by a single-mode optical fibre

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

Abstract. We report the results of studying statistical properties of
the intensity of partially polarised coherent light backscattered by
a single mode optical fibre. An expression is derived for the devia-
tion of the backscattered light intensity depending on the scattering
region length, the degree of the light source coherence and the
degree of scattered light polarisation. It is shown that the backscat-
tered light in a fibre scattered-light interferometer is partially
polarised with the polarisation degree P = 1/3 in the case of external
perturbations of the interferometer fibre.

Keywords: backscattered light, fibre scattered-light interferometer,
depolarisation.

1. Introduction

Studying the properties of coherent light backscattered by a
single-mode fibre is of great interest for the rapidly develop-
ing coherent fibre reflectometry. Optimisation of the back-
scattered signal parameters can improve such reflectometer
characteristics as reflected waveform contrast and reflectom-
eter sensitivity to external perturbations, which is important
for fabricating distributed phase-sensitive sensors with improved
characteristics [1, 2]. The backscattered light parameters are
analysed in this paper using a fibre scattered-light interferom-
eter (FSLI), in which there occurs a multipath interference of
the fields backscattered by an optical fibre medium. In the
simplest case, the FSLI is a segment of a single-mode optical
fibre, which backscatters coherent optical radiation. All inter-
fering fields at the FSLI output have random amplitude and
phase, and therefore such an interferometer can only be con-
sidered statistically. A FSLI is an object with essentially ran-
dom characteristics, which are random both in time and upon
the transition from one implementation of a statistical distri-
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bution of the scattering coefficients {p} = {p; p, ... p,} to
another, where p,, is the complex amplitude scattering coeffi-
cient of any centre corresponding to a fraction of the radia-
tion scattered by the centre and captured by fibre in the oppo-
site direction.

The temporal characteristics of a FSLI are characterised by
temporal average values hereinafter denoted by Er <>, and
the statistical characteristics — by statistical average values
hereinafter denoted by E,{...). The temporal averaging E(...)
is related to the scattered light intensity detected by a photode-
tector and to the noise spectrum intensity that is independently
determined for each specific implementation of the distribution
coefficients of scattering of centres in the FSLI medium {p}. In
changing the implementation of this distribution (for example,
when considering another statistically equivalent scattering
region), both time-averaged characteristics change randomly;
however, for these changes one can introduce such statistical
parameters as density distribution and ensemble-averaged dis-
tribution of scattering coefficients of the centres E,(...). The
temporal characteristics of the scattered light are determined
by the properties of the light source, and the statistical charac-
teristics — by the properties of a scattering medium. Hence we
assume below that these two averagings (temporal and statisti-
cal) can be carried out independently of each other.

In previous studies we considered statistical properties of
the intensity of completely polarised fibre-backscattered
coherent radiation [3, 4] and the spectral characteristics of
scattered light [5], as well as analysed the feasibility of using
an optical fibre segment for recording acoustic effects with
the possibility of recovering the waveform of external phase
effects [6]. This paper presents the results of studies of statisti-
cal properties of intensity of partially polarised backscattered
radiation of a FSLI with semiconductor laser sources with
varying degrees of coherence, operating in continuous
(unmodulated) mode; expressions are derived for the average
intensity and its deviation, which determines the contrast
of the FSLI interference pattern.

2. Intensity of partially polarised
backscattered light

The basic FSLI configuration, which allows the main proper-
ties to be analysed, is a FSLI with a scattering segment, shown
schematically in Fig. 1. A typical interferogram at the FSLI
output is presented in Fig. 2. As a model of a scattering FSLI
medium we use a long fibre of length L with evenly distrib-
uted scattering centres, i.e., microscopic inhomogeneities of
the refractive index [3—7]. At the input of the scattering fibre
there occurs multipath interference of the fields of radiation
scattered by a large number of centres of the medium in ques-
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Figure 1. Scheme of the experimental setup.

tion. As noted in papers [3, 7-9], the process of multipath
interference of the scattered light fields is similar to the pro-
cess of formation of a speckle pattern when a rough surface is
illuminated by laser radiation. Therefore, to describe the
interference of scattered radiation one can use the methods
developed in the speckle theory [10—-12].

Intensity (arb. units)

Time/min

Figure 2. Experimental FSLI interferogram. The continuous horizon-
tal line shows the average value of the intensity, the shaded area — the
standard deviation.

By simulating a scattering medium, we assume that the
complex amplitude scattering coefficient p is a circular com-
plex Gaussian random variable with zero mean [3, 4, 7—12].
This means that its real and imaginary parts (Rep and Imp)
have a Gaussian distribution over the ensemble, the deviation
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
complex amplitude scattering coefficients of the different
scattering centres are statistically uncorrelated with each other.
Mathematically the lack of correlation of the complex scatter-
ing coefficients of centres with longitudinal coordinates z,,
and z,, as well as equality of deviations of their real and imag-
inary parts can be written in the form of two expressions [10]:

Ep <,0(Zn)/)(zm)> =0, (1)
Ep<p*(zn)p(zm)> =p08(zn _Zm)a (2)

where E, <> is the averaging over an ensemble of indepen-
dent distributions of the scattering coefficients of centres {p}

(or averaging over an ensemble of independent scattering seg-
ments); z, and z,, are the coordinates of the scattering centres
located on the axis of the fibre; po/2 is the deviation over an
the ensemble of the real and imaginary parts of the scattering
coefficients p; and 9 is the delta function.

The light source is assumed to be quasi-monochromatic,
whose autocorrelation function of the complex field ampli-
tude A7) is [3, 4]

Er(A(t+71)A5(0) = Isexp(—%) 3)

where I is the intensity of the light source, and 7., is the
coherence time of the source field.

The main characteristic of the optical radiation that can
be measured directly in the experiment using the photodetec-
tor is its intensity. In scattering continuous-wave (unmodu-
lated) laser radiation by a fibre medium, the scattered light
intensity, as described above, depends on the specific imple-
mentation of the distribution of the scattering coefficients of
centres {p}. At a constant implementation, the scattered light
intensity is constant, while at a varying implementation, it
changes randomly. Consequently, for the radiation scattered
by a random medium of the optical fibre we can introduce the
parameter Iyq " — the average intensity over the ensemble of
independent distributions of the scattering coefficients of cen-
tres {p} or over the ensemble of independent statistically
equivalent scattering segments.

During its propagation in the fibre, the polarisation state
of radiation continuously changes in a random manner. This
change occurs as a result of random birefringence in optical
fibre and redistribution of energy of polarisation modes due
to random rotation of the birefringence axes — coupling of
polarisation modes [13—16]. Depending on the ratio of the
parameters (degree of the source coherence, length of the
scattering segment, birefringence of the segment and charac-
teristic length of coupling of polarisation modes), the state
and degree of polarisation of radiation propagating through
fibre change. Isotropic optical fibre is usually modelled by a
cascade of successive segments, each of which has random
birefringence and random orientation of the birefringence
axes [13, 14]. In this case, when the number of independent
segments tends to infinity, the radiation occupying the scat-
tering segment becomes completely depolarised in the sense
that along the entire length of optical fibre it can have any
polarisation state with equal probability.

A change in the statistical distribution of the scattering
centres {p} in time, such as mechanical or thermal perturba-
tion of the scattering segment, leads to the fact that birefrin-
gence and orientation of the axes of each segment will vary
randomly. As a result, each point of the fibre, the state of
radiation polarisation at the output of each segment will also
change randomly over time, i.e., the radiation will be depolar-
ised on average over time; in this case, the fibre segment will
act like as Billings’ depolariser of monochromatic radiation
[17, 18]. The Stokes vector of this depolarised light can take
any values on the Poincare sphere.

Figure 3a shows the results of simulation of the evolution
of the polarisation state of monochromatic radiation at some
point of optical fibre at its external perturbation which causes
a change in birefringence and orientation of the axes of each
of the segments. The radiation is completely depolarised, and
its Stokes vector uniformly covers the Poincare sphere.
During scattering the polarisation state is assumed unchanged.
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Completely depolarised, time-averaged radiation after scat-
tering and propagation in the backward direction partially
restores the degree of polarisation so that at the input of the
scattering segment, it coincides with the initial polarisation
state of radiation coupled into the fibre up to the direction of
rotation of the electric vector; the degree of polarisation in the
mentioned limit becomes equal to 1/3 [13-15].

Thus, if the linearly polarised radiation is coupled into a scat-
tering fibre segment exposed external perturbations, the polarisa-
tion state of the scattered light will coincide with the polarisation
state of the coupled radiation; if the circularly polarised radiation
is coupled into the scattering segment, the polarisation state of the
scattered light will be orthogonal to the polarisation state of the
coupled radiation. In both cases the degree of polarisation is
equal to 1/3. Figure 3b shows the results of modelling the evolu-
tion of the polarisation state of monochromatic light scattered at
some point in fibre exposed to external perturbations. It can be
seen that the distribution of the Stokes vector of the scattered
radiation on the Poincare sphere is not uniform and its maximum
is located near a point corresponding to the Stokes vector of the
initial state of polarisation, which in this case is linear. This behav-
iour of the backscattered radiation can be explained as follows
[13]: during the propagation of radiation in the forward direction,
the fibre segment can be modelled by a cascade of segments with
uncorrelated Jones matrices that vary randomly at the external
perturbation of the fibre. As a result, the radiation at some point
of fibre becomes completely depolarised on average over time.
During the propagation of light to the point of scattering and
back, it passes through the same fibre segment twice, the depo-
larisation being partially compensated for. Partial restoration of
polarisation can also be explained by the following example: if the
linearly polarised radiation is coupled into optical fibre, then in
the case when at the scattering point the polarisation of light that
has reached that point is also linear, the scattered radiation that
has returned to the beginning of fibre will have the same linear
polarisation as the radiation coupled into the fibre; this follows
directly from the analysis using the formalism of Jones matrices
and vectors. If at the scattering point the polarised radiation is
circular, the scattered radiation returning to the beginning of fibre
will have linear polarisation that is orthogonal to polarisation of
the coupled radiation [16].

The first event has a much higher probability than the sec-
ond one, because linear polarisation is represented by the
equator on the Poincare sphere, and circular polarisation — by

Figure 3. Results of modelling the evolution of the polarisation state
of monochromatic light on the Poincare sphere in the case of external
perturbations of the fibre (a) for complete temporal depolarisation of
radiation (P = 0) at the scattering point and (b) partial polarisation
(P = 1/3) of the scattered light at the beginning of the fibre segment.

its poles, and so the scattered light is more likely to have a
polarisation state which is equivalent to the linear polarisa-
tion of the coupled radiation. Note an important fact that by
depolarisation in this paper is meant depolarisation caused
only by the influence of random birefringence in fibre, depo-
larisation due to the finite width of the spectral characteristic
of radiation being neglected because of its ‘narrowness’ [15].

Let denote the degree of polarisation of scattered light
by P. The Hermitian matrix of the coherence of partially
polarised quasi-monochromatic light can be diagonalized by
means of a unitary transformation [11, 19]. As a result, in the
new basis the partially polarised monochromatic light of
intensity |A|* can be represented as the sum of two uncorre-
lated radiations polarised orthogonally in the sense of orthog-
onality of their Jones vectors. The intensities of each of the
two orthogonal polarisation components thus have the forms
|A?(1 = P)/2 and |4 (1 + P)/2[11].

The vector of the complex field amplitude of the radiation
incident on a scattering centre, which is located at a distance
z from the fibre end, can be written as [3, 7]

Ain (t, 2) = P(2) At - z/vg) exp(—az/2) exp(-ikz), 4)

where P(z) is the Jones matrix describing the change in the
polarisation state of light propagating along the fibre axis z;
A1) is the vector of the complex field amplitude of the source;
a is the linear attenuation coefficient of the radiation power in
fibre; k = wq /c is the constant of radiation propagation; and
vy, is the group velocity of light. The complex amplitude of
the light field at the beginning of the fibre, scattered by a cen-
tre which is located at a distance z from the fibre end, can be
written as

Asea(t, 2) = M(2) A1 = 22/vy,) exp(—az) exp(- 2ikz) p(2), (5)

where M(z) = P(z)T P(z) is the Jones matrix describing the
change in the polarisation state of light as it propagates to the
point with the coordinate z and back. The total field of the
light scattered by the fibre and coming to a photodetector at
an instant of time ¢ is

AL (D) :fOL M(z) A;(t—2zlv,)exp(—az)exp(—2ikz)p(z)dz.(6)

Here, the superscript p indicates that the total field is calcu-
lated for any specific implementation of the distribution of the
scattering coefficients of centres {p}. The total intensity of the
scattered light is equal to the time-averaged value of the square
of its complex amplitude: (/£q)paripot = E7 (AL (1) AL (1)),
where the sign ‘“+° denotes the Hermitian conjugation. Consi-
dering the scattered light to be partially polarised, and
neglecting the attenuation of the radiation power in fibre, we
can write the total intensity of the scattered light for a specific
implementation of the distribution {p} as a sum of two uncor-
related intensities:

_p L L .
(Isezal)partpol = ITPJ‘O J;) ET<AS(t_221/vgr)As(t_222/vgr)>
X exp(2ikzy) exp(—2ikzy)p*(z1)p(z2) dzidz, +
[ - [ PEr (AL = 220 Ay(1 — 22200,))
2 JoJo

X exp(2ikzl) exp(—Zikzz)p*(zl)p(zz) d21 d22 . (7)
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In averaging over the ensemble {p}, with allowance for (2)
and (3), we obtain

e = lf L2 LYooz, = Ly = 1% po T.(8)

Thus, the average value of the scattered light intensity is
independent of the degree of depolarisation and the degree of
coherence of the laser source, but is determined only by the
length of the scattering segment and the intensity of the light
coupled into fibre. The average value of the intensity of the
interferogram is shown in Fig. 2 by the horizontal line.

3. Deviation of intensity of partially polarised
backscattered light

Another important characteristic of scattered light is the devi-
ation of the scattered light intensity over an ensemble of inde-
pendent distributions of the scattering coefficients of centres
{p} or over an ensemble of independent scattering segments.
This parameter characterises the deviation of the random val-
ues of the scattered light intensity from the ensemble-aver-
aged value (8) during the transition from one implementation
of the distribution {p} to another. The contrast of the coher-
ent reflectometer signal or the visibility of the interference
pattern for the FSLI can be attributed to the intensity devia-
tion.

The deviation of the scattered light intensity over the
ensemble {p} is defined as a statistical average over the
ensemble of the products of intensities for different imple-
mentations {p} minus the square of the average intensity
value (8), i.e.,

D(]scal) = E/)<ET <(Iﬁldt(z))inst>ET<(Is/3u(t))insl>> (Igrggim 2
- E <Iscdtlslgit - (];‘g:?n 2; (9)

where p; and p, are different implementations of the distribu-
tion of the scattering coefficients of centres {p}. Taking into
account (7) and the lack of correlation of the fields and inten-
sities of two orthogonal polarisations, for the second moment
of a random intensity values over the ensemble {p} we obtain

—_ P2 S
Ep <(IS/Z:lal)parlpol (Ié?at)partpol> = (%) Ep <IS/Z:1alIs%at

+H( 52 B w>+2( P a?

_1+P
)

(10)

E I8 00+ 1= (1 kT

where

Bttt = By [ [ B A (=2, (= 32))

X exp(2ikz — 2ikzy)p*(z1)p(z2) dzdzy X

<J a3

X exp(2ik23 — 2ikZ4)p*(Z3)p(Z4) dZ3dZ4>.

(1D

Since the amplitudes of the scattering coefficients of cen-
tres for each specific implementation of the distribution {p}
and the complex field amplitudes are statistically independent
of each other, their average can be carried out independently
[7]. Expression (11) is transformed to the form:

p<Isc;itIspczat
=[N [l 32)
or ar
. . * 223 2Z4
X exp(2ikz — 2ikzy) Er (A t—v—>As -2 )
or or

X exp(2ikz; — 2ikZ4)]Ep<p*(21)p(22)p*(23)p(24)>

XdZ]dZQdZ3dZ4. (12)

We use below the Gaussian moment theorem for complex
random variables that are presumably the complex scattering
coefficients p [20]:

Ep<p;f1 p;z /)TN p;fl p;fz p,j\/[>
0 N#M,
. . . 13
Z <pi1p/1>Ep<pizpj2>“~Ep<pinjM>a N=M. (13)

ij=
Then, taking (2) into account we obtain
E,(p'(z)p(22)p(23)p(24)= E{ p'(20)p(22)) E(p(23)p(24))
+E,(p(22)p"(23) E,(p" (2)p(24))

= p38(21—22)8(23—24) + P 8(22—23)8(z21—24).  (14)

In view of (14) the expression for the second moment (12)
takes the form

Ugr

s alBlo2)

) 2 225\ [
P<1§:lalls/éat> Poff‘ Zl ‘As(l—ﬁ)

><ET<A;‘<1 R )A (z - @»dzldzz (15)
er
Now using (3), we obtain
p<IslzlatIsmt> POJ. J- I dZIdZ2
|Zz =z
+08 f f exp( " >dzldzz. (16)
By changing the variables, 7, = 2zi/vg, 7o = 22/,
T'=2L/v,,, we obtain a more convenient equation:
PLoTP2 vgf 2
Ep <Iscat15cat = f J. I dTldl'z
+vgrp2f Izexp( M)drldrz. (17)
4 0 Tcoh
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The expression for the second central moment, i.e., deviation,
with (8) and (10) taken into account takes the form:

- 2 an mean
Dl = VP B 10,1220 + L P 1y — (1

29,2 _
=1tP “Af’pgfonoleexp(—ﬂ%m”')dndrz. (18)

After calculating the integral in (18) we obtain the final
expression for the deviation of the intensity of partially polar-
ised scattered light:

mean

D(]scal)_ ( s,‘;,;

1+P [rwh 2T
2

—@+Tr ] (19)
Tcoh coh |-

It is important to note that the deviation of intensity is
already dependent on the degree of coherence of the source.
The standard deviation of the interferogram intensity is shown
in Fig. 2 (shaded area). To display the graphic dependence of
deviation (19), it is convenient to consider the contrast of the
interference pattern. By analogy with [10], as a contrast of the
FSLI interferogram we will use the ratio of the intensity stan-
dard deviation to its average value over the ensemble {p}:

¢ = VDUs) _rcoh(nzzﬂ)%[lex ( 2T )+ r

114
meooT pha ey ) I

Graphic dependences of contrasts for completely and par-
tially polarised scattered light with the degree of polarisation
P = 1/3 with reducing degree of coherence of the radiation
source are shown in Fig. 4. It is seen that by decreasing the
degree of coherence of the radiation source or by increasing
the length of the scattering segment of the FSLI the contrast
decreases monotonically from a maximum value to zero.
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Figure 4. Theoretical dependences of the contrasts of the FSLI inter-
ferograms on the ratio of the maximum delay of the interferometer ra-

diation to the coherence time 77z, and at varying degrees of polarisa-
tion of the scattered light P.

4. Experimental study of the deviation of
partially polarised backscattered light intensity

The scheme of the experimental setup for studying the statisti-
cal characteristics of the backscattered light intensity is shown
in Fig. 1. The 1555-nm radiation with a narrow spectral line
width from a distributed-feedback semiconductor laser is
amplified by an erbium-doped fibre amplifier to 25 dBm and
then coupled through a circulator into a segment of a single-
mode isotropic SMF-28 fibre, which is a sensitive element of

the FSLI. We investigated FSLIs with the scattering fibre
lengths of 80, 40, 30, 20 and 10 m. The optical fibre of the
interferometer scatters light in the opposite direction; the
scattered light is coupled output through the circulator and
arrives at the photodetector with an RF bandwidth of
10 MHz. Between the circulator and the photodetector we
can mount an optical polariser.

To ensure independent statistical distributions of the scat-
tering coefficients, as well as to depolarise the propagating
radiation, the fibre is subjected to mechanical and thermal
perturbations. We used two types of laser sources: RIO’s
highly coherent semiconductor laser with the width of the
spectral band Av = 2 kHz and a standard telecom laser diode
with the width of the spectral band Av = 480 kHz.

Figure 5 shows the experimental dependences of the con-
trast for a laser with high (Av =2 kHz) and low (Av = 480 kHz)
degrees of coherence on the length of the scattering segments
and degrees of polarisation of the scattered light received by a
photodetector. The theoretical dependences are shown by
continuous lines.
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Figure 5. Experimental dependences of the contrast of the FSLI inter-
ferogram for a laser with (a) high and (b) low degrees of coherence on
the length of the scattering segment (10—80 m) and the degree of po-
larisation of the scattered light; (a) the contrast of the interferogram
does not change, and (b) the contrast of the interferogram decreases.

It follows from Fig. 5a that for a highly coherent laser
source, the contrast of the interference pattern for the scat-
tered light with two different degrees of polarisation virtually
does not change with increasing length of the scattering seg-
ment from 10 to 80 m, i.e., it does not depend on the length of
the scattering segment. Figure 5b shows that for a low-coher-
ent laser source, under similar conditions the contrast of the
interference pattern decreases, i.e., it depends on the length of
the scattering segment. The experimental dependences of the
contrast for the sources with varying degrees of coherence
and polarisation of the scattered radiation are completely
consistent with the theoretical predictions (Fig. 4).
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The coincidence of theoretical and experimental curves
obtained without the use of an optical polariser gives reason
to believe that the degree of polarisation of scattered light is
close to P = 1/3 [13, 14, 16], which is the result of complete
temporal depolarisation of initially completely polarised radi-
ation coupled into the optical fibre of the FSLI. Temporal
depolarisation of the radiation introduced into fibre was due
to an external perturbation by mechanical or thermal influ-
ences. The results of the experiment shows that a simple way
to increase the contrast of the interference pattern at the out-
put of a scattering FSLI segment is to use a linear polariser.
For a more efficient use of the scattered light power one can
use a polarisation coupler that combines two orthogonally
aligned linear polarisers; in this case, there is of course a need
for an additional optical receiver.

Note that in a coherent reflectometer with a source having
a high degree of coherence (the length of the source coherence
being an order of the probe pulse duration), the temporal
depolarisation is apparently absent, because the reflectometer
fibre is not subjected to an external influence (except the point
of exposure). Radiation in the probe pulse of the reflectome-
ter in the case of a laser source with a high degree of coherence
will be completely polarised, and therefore the scattered light
in each time channel will also be completely polarised.

Thus, the experimental dependences of the contrast of the
interference pattern of the interferometer match the theoreti-
cal dependences with good accuracy. The coincidence of the
theoretical results with the experimental ones gives reason to
believe that the initial assumptions concerning the properties
of the scattered radiation are correct, and the proposed model
correctly describes the statistical properties of the scattered
light intensity.

5. Conclusions

We have analysed theoretically and experimentally the main
statistical characteristics of intensity at the output of a fibre
scattered-light interferometer. We have considered the depen-
dences of the average light intensity at the FSLI output and
the deviation of this intensity over the ensemble of indepen-
dent distributions of the scattering centres {p} on the ratio of
the length of the FSLI scattering segment and the degree of
coherence of the radiation used, as well as on the degree of
polarisation of the scattered radiation. We have shown that
the light scattered at the FSLI output, when the fibre is sub-
jected to external perturbations, is partially polarised with the
degree of polarisation P = 1/3. The use of a linear polariser for
the output radiation of the FSLI can increase the interfero-
gram contrast.
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