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Abstract.  This paper compares the statistical properties of the 
backscatter intensity in a single-mode optical fibre for semiconduc-
tor lasers with a high and a low degree of coherence. We demon-
strate that, when short probe pulses are used, shorter than the 
coherence times of the lasers, the statistical properties of the back-
scatter intensity obtained with the two lasers are identical, and the 
intensity distribution over an ensemble of independent fibre sections 
has an exponential form for both. With increasing probe pulse 
duration, the backscatter intensity distribution obtained with the 
shorter coherence time laser approaches a Gaussian one, whereas 
the distribution function obtained with the high-coherence laser 
remains nearly exponential.  Reflectograms of a coherent reflec-
tometer that relies on the detection of backscattered radiation have 
the highest contrast for an exponential backscatter intensity distri-
bution over an ensemble of independent fibre sections. The reflec-
tometer then probably has the highest sensitivity to external influ-
ences. This leads us to conclude that, when short probe pulses are 
used, which ensure high spatial resolution (10 m and better), one can 
use a laser with a short coherence time, equal to the pulse duration.

Keywords: semiconductor laser, optical fibre, backscattered radia-
tion, coherent reflectometer.

1. Introduction

In  recent  years, with  the  advent  of  inexpensive  distributed-
feedback  semiconductor  lasers  for  telecommunication  sys-
tems, there has been increased interest in reflectometers that 
employ such lasers as coherent light sources [1 – 6]. The emis-
sion bandwidth of  such  lasers  is  typically 2 – 5 MHz, which 
corresponds  to coherence  times  from 160 to 60 ns.  In addi-
tion, the advent of highly coherent semiconductor lasers with 
an  emission  bandwidth  of  10  kHz  or  even  less  (coherence 
time,  30  ms)  has  opened  up  new  possibilities  for  coherent 
reflectometry.

The  purpose  of  this  work  is  to  compare  the  statistical 
properties  of  the  time-averaged  backscatter  signal  from  a 
fibre section for an ensemble of independent sections using a 
standard telecom semiconductor laser with an emission band-

width of 2 MHz and a highly coherent semiconductor  laser 
with  an  emission bandwidth  of  5  kHz. The  theoretical  and 
experimental  data  obtained  are  used  to  identify  conditions 
under which a particular laser ensures high contrast of reflec-
tograms for a coherent reflectometer. To our knowledge, no 
such analysis has been reported previously.

2. Theoretical model

Results of theoretical and experimental studies of the statis-
tics of the backscatter intensity distribution in a single-mode 
optical fibre in relation to the coherence time of the semicon-
ductor laser were presented elsewhere [7, 8]. Such a scattering 
medium can be modelled by a long fibre section, of length L, 
containing  uniformly  distributed  scattering  centres  in  the 
form of refractive  index microinhomogeneities. Their size  is 
much less than the laser wavelength. The centres scatter inci-
dent radiation in all directions. Part of the radiation remains 
in  the  fibre and propagates  in  the  reverse direction  [9]. The 
interference of the scattered fields gives the resultant scattered 
radiation intensity for a given section of the fibre. Considering 
scattering from different, statistically independent sections of 
a fibre of length L, we can find the time-averaged scattering 
intensity distribution over the ensemble. It is worth pointing 
out  that  the  instantaneous  scattering  intensity  in  each  fibre 
section fluctuates in time about the slowly varying time-aver-
aged  intensity  envelope  [10].  The  time-domain  statistics  of 
such fluctuations in one fibre section were considered in detail 
by Gysel and Staubli [11], and the corresponding statistics of 
the  current  through  the  photodetector  were  analysed  in 
Refs [12, 13]. Here, we do not consider such temporal fluctua-
tions. Intensity is here taken to mean the time-averaged inten-
sity scattered from a fibre section occupied by a pulse. Note 
that the averaging time, about 5 ms, considerably exceeds the 
coherence time of the source but is shorter than the character-
istic time of variations in the scattered intensity envelope.

The dependence of the time-averaged scattered coherent 
radiation  intensity  on  the  spatial  position  of  a  probe  pulse 
(reflectogram)  has  the  form  of  a  noise-like  signal,  which 
slowly varies in time when the fibre is not subject to any exter-
nal influences. If a fibre section is subject to an external influ-
ence, the corresponding region of the reflectogram undergoes 
changes, which can be related to parameters of the external 
influence.  The  backscatter  intensity  distribution  over  the 
ensemble of  independent fibre sections depends on the rela-
tionship  between  the  probe  pulse  duration  (spatial  pulse 
width) and the coherence time of the light source. The smaller 
the ratio of the coherence time to the probe pulse duration, 
the  less  time-correlated  are  the  fields  scattered  by  different 
centres  within  the  scattering  region,  and  vice  versa:  as  the 
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coherence  time  increases  and  approaches  the  probe  pulse 
duration, the scattered fields become better correlated in time. 
As a result, when the scattered fields are weakly correlated 
in the former case, the interference  pattern  of  the  scattered 
radiation will have a smaller modulation depth in comparison 
with the strong correlation in the latter case [8].

The limiting case of the scattering of completely polarised 
monochromatic  radiation  can  be  considered  using  the  ran-
dom phasor model [14, 15]. In our case, the phasor is the com-
plex amplitude of the radiation scattered by a centre within 
the scattering region of the fibre. The final result is the scat-
tered intensity distribution over the ensemble of statistically 
independent fibre sections (intensity distribution function of 
the reflectogram), which has an exponential form:
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Here, I ³ 0 is the scattered intensity and s2 is the variance of 
the distribution, related to the mean absolute squares of all 
the scattering amplitudes for the scattering centres in the fibre 
section under consideration. For an exponential distribution, 
the variance over an ensemble of independent fibre sections is 
equal to the mean intensity:

EáI ñ = s.  (2)

As the contrast of the resultant reflectogram, we take the 
ratio of the variance of the intensity distribution to the mean 
intensity [15]:

C
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The contrast of an exponential distribution is unity.
Scattering of quasi-monochromatic polarised radiation of 

a semiconductor laser can be analysed using the Karhunen –
Loeve  expansion  of  a  random  scattered-radiation  field  in 
terms of orthonormal functions [8, 14, 15]. The final result is 
the scattered quasi-monochromatic radiation intensity distri-
bution  over  the  ensemble  of  statistically  independent  fibre 
sections (intensity distribution function of the reflectogram):
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and ln are the eigenvalues of the integral equation whose ker-
nel is the correlation function of the complex envelope of the 
random scattered-radiation field:
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where T = L/ugr  (2T  is  the probe pulse duration); ugr  is  the 
group velocity of the radiation in the fibre; Ascat(t) is the com-
plex  envelope  of  the  random  scattered-radiation  field;  and 
qm(t) are the eigenfunctions of the integral equation. The cor-
relation  function  of  the  random  field  of  scattered  quasi-
monochromatic radiation from a semiconductor laser can be 
found based on the concept of phase noise, a cause of semi-
conductor laser line broadening [8, 16, 17]:
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where t = t1 – t2 is the difference between arbitrary instants of 
scattering (0 £ t £ 2T); tcohis the coherence time of the laser 
radiation; r is the spatial correlation coefficient for the com-
plex scattering coefficient of the fibre; and I0 is the intensity 
coupled into the fibre.

The  shape  of  the  scattered  quasi-monochromatic  radia-
tion  intensity  distribution  (4)  depends  on  the  relationship 
between  the  coherence  time  and  the  integration  time  2T 
(probe pulse duration) in Eqn (5). Figure 1a shows function 
(4) normalised to the mean over the ensemble of fibre sections 
for T varied from 10 to 200 ns and a constant tcoh  of 40 ns. 
Also shown  in Fig. 1a are a nearly exponential distribution 
for  tcoh  >>  2T  (monochromatic  radiation)  and  a  nearly 
Gaussian distribution for tcoh <<    2T (very broad spectrum).

Thus, as the ratio of the coherence time to the probe pulse 
duration  increases,  distribution  (4)  changes  from  nearly 
Gaussian to nearly exponential. This means that an observed 
time-averaged reflectogram depends on the underlying statis-
tical  distribution.  It  is  worth  noting  that,  according  to  the 
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Figure 1. (a)  Probability  distribution  densities  obtained  by  solving 
Eqn  (5) and normalised to the mean: ( 1 ) limiting case of a nearly expo-
nential distribution approaching (1) for T/tcoh << 1, ( 2 ) limiting case of 
a nearly Gaussian distribution for T/tcoh >> 1, ( 3 ) variation in distribu-
tion density with increasing T/tcoh (arrow). (b) Theoretical contrast of 
coherent reflectograms as a function of T/tcoh.
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convolution theorem, the coherence time of pulsed radiation 
cannot exceed the pulse duration. The spectrum of a narrow-
band  optical  signal  broadens  in  response  to  external  pulse 
modulation. The mean of the resultant random distribution is

3
dE I p I dI n n

n 00
l= =

3

=

/y ,  (7)

and its variance is
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The contrast of the resultant reflectogram is then given by
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It is fully defined by the set of eigenvalues of Eqn (5) and gen-
erally  cannot  be  represented  by  an  analytical  expression. 
Figure 1b shows contrast as a function of T/tcoh. The contrast 
is seen to monotonically decrease, with the maximum value, 
C = 1, corresponding to monochromatic radiation. A reduc-
tion in contrast can also be traced in the graph of the distribu-
tion function (4) (Fig. 1a): with increasing T/tcoh , the distribu-
tion function normalised to the mean narrows down, which 
corresponds to a reduction in variance. It  is worth pointing 
out that, with increasing pulse duration, the scattered inten-
sity increases because of the rise in the energy delivered to the 
fibre.

Based on the above analysis, we think that, when a fibre 
section is employed as a sensing element of a coherent reflec-
tometer, the contrast of reflectograms can be used to quantify 
its sensitivity to external influences. Since the intensity distri-
bution at each point of a reflectogram is described by func-
tion (4), we see that the lower the contrast in the reflectogram, 
the smaller is the deviation of the intensity at each point from 
its  mean  in  response  to  an  external  influence  on  the  fibre. 
Thus, the highest sensitivity would be expected for a reflecto-
gram having  the  highest  contrast,  i.e.,  a  nearly  exponential 
intensity  distribution  function.  This  assumption  of  course 
requires experimental verification.

3. Experimental

The  experimental  setup  used  to  study  the  statistics  of  the 
backscatter intensity is shown in Fig. 2. The 1550-nm cw radi-
ation from a distributed-feedback (DFB) semiconductor laser 
is amplified by an erbium-doped fibre amplifier (EDFA) to 
25 dBm. Next, the beam is modulated by 100-ms rectangular 

pulses using an acousto-optic modulator (AOM). The pulse 
duration can be varied from 100 to 500 ns. After the modula-
tor, optical pulses are sent to a 2-km length of SMF-28 fibre 
through a nonreciprocal element (circulator).

The backscattered light is detected by a 50-MHz photode-
tector, whose output is coupled to the input of a digital oscil-
loscope. To exclude the photodetector noise and the spectral 
noise  of  the  coherently  scattered  signal  in  a  band  twice  as 
broad as that of the pulsed optical signal [11], the oscilloscope 
took the average over 50 reflectograms. We used two lasers: a 
standard telecom laser with an emission bandwidth of 2 MHz 
(which corresponds to a coherence time tcoh = 160 ns in con-
tinuous  mode)  and  a  narrow-band  laser  with  an  emission 
bandwidth of 5 kHz (tcoh = 64 ms). To find the statistical dis-
tribution  of  the  time-averaged  scattered  intensity,  we  con-
structed  a  histogram  of  the  intensity  distribution  over  an 
ensemble of independent fibre sections.

Figure 3 shows reflectograms of a 2-km length of fibre for 
the  two  lasers  at  probe  pulse  durations  of  100  and  500  ns. 
Also shown in Fig. 3 are the corresponding histograms of the 
scattered intensity distribution over an ensemble of fibre sec-
tions  and  theoretical  distribution  functions  for  a  particular 
ratio of the coherence time to the pulse duration. Note good 
agreement between  the calculation results and experimental 
data.

At a probe pulse duration of 100 ns, which roughly cor-
responds to the coherence time of the former laser, the reflec-
tograms and scattered intensity distribution functions for the 
two lasers are identical, and the two distributions have a well-
defined  exponential  portion  (Fig.  3A,  panels  b,  d).  As  the 
pulse  duration  increases  to  500  ns  (with  an  increase  in  the 
extent of the scattering region), the ratio of the pulse duration 
to  the  coherence  time  increases  for  the  2 MHz  bandwidth 
laser  and  remains  unchanged  at  about  unity  for  the  5  kHz 
bandwidth  laser. Accordingly,  the  scattered  intensity distri-
bution function approaches a Gaussian for the former laser 
(Fig.  3B,  panel  b)  and  remains  unchanged  for  the  latter 
(Fig. 3B, panel d). The contrast of the reflectograms obtained 
with the former laser decreases, in accordance with the graph 
in Fig. 1b, whereas that for the latter laser remains unchanged.

That the ratio of the coherence time to the pulse duration 
remains unchanged in the case of the 5 kHz bandwidth laser 
can be qualitatively  interpreted as follows: When a narrow-
band cw laser radiation is modulated by a signal with a band-
width  that  far  exceeds  the  emission bandwidth of  the  laser, 
the  bandwidth  of  the  resultant  modulated  signal  will  be 
roughly equal to that of the modulating signal. Accordingly, 
when the laser pulse duration is increased from 100 to 500 ns, 
the  coherence  time of  the modulated  signal will  be  roughly 
equal to the modulating pulse duration. Clearly, this is only 
valid  at modulating  pulse  durations much  shorter  than  the 
coherence time of the narrow-band laser (tcoh = 64 ms).

In addition, increasing the probe pulse duration leads to 
smoothing of  the  reflectogram. This  is because,  at  a  longer 
pulse duration, each scattering event  involves more centres, 
i.e. a larger number of random phasors. Backscattering occurs 
continuously as the pulse propagates through the fibre, but at 
the sampling rate of the oscilloscope used (25 MHz) the back-
scatter signal is recorded at discrete points in time.  At longer 
pulse durations, the photodetector collects radiation at these 
points  in  time  from  a  longer  section  of  the  fibre,  which 
includes the section the radiation from which was recorded at 
the  preceding  point  of  data  collection.  This  leads  to  a 
smoother shape of the reflectogram.

2 km
DFB laser EDFA

AOM
driver

AOM Circulator

Oscilloscope

Optical pulse

Scattered radiation

Figure 2. Experimental  setup  used  to  study  the  statistics  of  coherent 
scattering.
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Figure 4 shows coherent reflectograms of scattered radia-
tion (normalised to the mean) for the two lasers at probe pulse 
durations from 100 to 500 ns. Also shown are the correspond-
ing normalised intensity distribution functions. With increas-
ing pulse duration, the variance of the scattered intensity dis-
tribution for  the shorter coherence  time  laser decreases and 
the distribution approaches a Gaussian one (Fig. 3B, panels 
a,  b),  whereas  the  distribution  function  obtained  with  the 

high-coherence  laser  remains  unchanged  and  has  a  well-
defined exponential portion (Fig. 3B, panels c, d). This behav-
iour of  the coherent  reflectograms  is  in excellent agreement 
with theoretical predictions.

It is worth noting that scattering may be accompanied by 
a reduction  in the degree of coherence of the  light. Possible 
reasons for this include depolarisation of the laser radiation 
at long pulse durations (400 and 500 ns) and nonlinear effects. 
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Figure 3. Reflectograms of a 2-km length of fibre and the corresponding histograms of the scattered intensity distribution: pulse duration of (A) 100 
and (B) 500 ns; (a, b) low-coherence laser (emission bandwidth Df  = 2 MHz, (c, d) high-coherence laser (Df  = 5 kHz). The solid lines show calcu-
lated probability densities.
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These  cause  the  scattered  intensity  distribution  over  an 
ensemble  of  independent  fibre  sections  to  more  rapidly 
approach a Gaussian one.

For  a  coherent  reflectometer,  an  exponential  scattered 
intensity distribution is preferable: it ensures a higher contrast 
of reflectograms and, probably, higher sensitivity to external 
influences.
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Figure 4. Reflectograms of a 2-km length of fibre at probe pulse durations from 100 to 500 ns for the (a) low-coherence and (b) high-coherence la-
sers and measured intensity distribution functions of the (c) low-coherence and (d) high-coherence lasers at pulse durations from 100 to 500 ns.
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4. Conclusions

Our results lead us to conclude that an exponential distribu-
tion  of  the  time-averaged  quasi-monochromatic  radiation 
intensity,  high  contrast  of  reflectograms,  and  possibly  a 
higher sensitivity level can be achieved using both a standard 
telecom semiconductor laser with a 2-MHz bandwidth and a 
high-coherence laser with a 5-kHz bandwidth at probe pulse 
durations of 100 ns or shorter. At a probe pulse duration of 
500 ns, the coherence time of the former laser is insufficient 
for obtaining high contrast of reflectograms, whereas with the 
high-coherence  laser  the  contrast  remains  at  the maximum 
level.  Therefore,  a  standard  telecom  DFB  semiconductor 
laser with a 2-MHz bandwidth  is suitable for a high spatial 
resolution (5 – 10 m) reflectometer. At the same time, if a fibre 
for a distributed sensor should have a wider sensitivity range 
(50 – 100 m or more), the highest sensitivity to external influ-
ences in each fibre section can only be achieved with a high-
coherence laser.
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