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In this paper, the influence of laser wavelength instability, polarization fading and phase fluctuation on local hetero-
dyne detection wavelength scanning Brillouin optical time domain reflectometer (WS-BOTDR) is theoretically ana-
lyzed, and a local heterodyne detection WS-BOTDR system is built for experimental verification. The experimental 
results show that with the increase of sensing distance, the adverse effect of laser wavelength instability, polarization 
fading and phase fluctuation on local heterodyne detection WS-BOTDR is gradually aggravated, which will lead to the 
broadening and distortion of the wavelength power spectrum (WPS), resulting in large errors in demodulated Brillouin 
central wavelength (BCW) and temperature. The average temperature measurement errors at the positions of 1 km, 
5 km, 9 km non-heating section and 9.45 km heating section are 1.76 C, 3.42 C, 3.89 C and 4.3 C, respectively. 
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Brillouin optical time domain reflectometer (BOTDR), 
one of the most significant Brillouin-based distributed 
optical fiber sensors (B-DOFSs), has been widely ap-
plied in safety monitoring of oil and gas pipelines, health 
testing of large structures, owing to its superiority of 
single-ended measurement, simple structure and easy 
laying[1-4]. The basic principle of classical BOTDR is to 
detect the spontaneous Brillouin scattering (SPBS) light 
induced by the pulsed light injected from one end of the 
fiber. The Brillouin power spectrum (BPS) can be rebuilt 
by extracting the corresponding signal power at specific 
frequencies, and the Brillouin frequency shift (BFS) 
along the fiber can be determined by Lorentz fitting. As a 
result, the linear relationship between the BFS and the 
strain or temperature can be used to implement distrib-
uted strain or temperature sensing[5]. 

The optical frequency difference scanning method[6-8] 

and the electric frequency difference scanning 
method[9-11] are the most widely utilized techniques for 
scanning the BPS. However, the optical frequency dif-
ference scanning method is susceptible to modulation 

instability and harmonic noise of the modulator, and the 
self-beating frequency noise generated by the modulation 
is close to the difference frequency signal, which will 
interfere with the detected signal. Moreover, the electric 
frequency difference scanning method is over-reliant on 
the high flatness of detector gain response. To address 
the issues mentioned above, recently, a wavelength scan-
ning method based on the wavelength dependence of 
BFS was proposed to accomplish the scanning of the 
BPS[12]. Since the SPBS signal is faint and difficult to 
detect, local heterodyne detection, where the SPBS light 
is coherent with local reference light, is usually adopted 
in the wavelength scanning BOTDR (WS-BOTDR) sys-
tem to boost signal intensity. Nevertheless, the Brillouin 
scattering light produced by injected pulse pump light at 
each scattering point of the fiber and the local reference 
light generally have an unavoidable fiber length delay in 
the WS-BOTDR system based on local heterodyne de-
tection. Consequently, the wavelength drift caused by the 
laser wavelength instability[13], the polarization fading 
induced by the polarization mismatch[14] and the phase 
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fluctuation resulted from the transmission of the fiber 
link will lead to the coherence degradation of the het-
erodyne signal and the distortion of the BPS[15], thereby 
diminishing the measurement accuracy and sensing dis-
tance. 

The principle of WS-BOTDR is based on the wave-
length dependence of BFS. In the range of 
(1 550±15) nm, BFS is linearly decreased with the in-
crease of the center wavelength, and the relationship 
between them is shown in Eq.(1), where VA is the speed 
of sound in the fiber, and n is the refractive index of the 
fiber. 
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The relationship between wavelength and BPS is de-
picted in Fig.1. It can be known from Fig.1 that 
WS-BOTDR is to fix a certain frequency vf that usually 
the BFS at room temperature on the BPS, by changing 
the wavelength  and then collecting the power g() 
corresponding to the frequency vf of the power spectrum, 
the wavelength power spectrum (WPS) curve can be 
obtained in Fig.2, which can be expressed as Lorentz 
function as follows 

2

0 2 2
p

( / 2)( ) ,
( ) ( / 2)

g g 


  



  

               (2) 

where g0 is the peak value of the WPS, Δλ is the WPS 
linewidth, and λp is the central wavelength corresponding 
to the peak of the WPS curve, called Brillouin central 
wavelength (BCW). 
 

 
Fig.1 Relationship between wavelength and BPS 

 

 
Fig.2 Wavelength power spectrum 

Assuming that the temperature of fiber varies from T0 
to T, temperature variable is ΔT, the corresponding BFS 
changes from vB to vB', and the BCW changes from p to 
p'. The temperature T can be demodulated from the 
changed BCW p', BFS wavelength dependence coeffi-
cient C and BFS temperature dependence coefficient CT 
that changes slightly in the range of (1 550±15) nm, and 
can be considered to be basically unchanged[16]: 
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The schematic diagram of local heterodyne detection 
WS-BOTDR is shown in Fig.3. The signal of heterodyne 
detection in photoelectric detector (PD) is the Brillouin 
scattering light produced by the injected pulse light of 
the fiber at the time t0 and the reference light output from 
the light source at time t0+2nz/c, respectively. 

The Stokes scattered light returning to the front of the 
fiber and the local reference light from the laser source 
that encounters and interferes with the Stokes light can 
be expressed as 
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where ES and EL are the intensities of Stokes light and 
local reference light, respectively, λ0(t0) is the center 
wavelength of the pulsed light injected into the fiber at 
time t0, λ0(t0+2nz/c) is the center wavelength of local 
reference light at time t0+2nz/c, t0 is the initial time when 
the pulsed light reaches the beginning of the fiber, 2nz/c 
denotes the delay difference between the injected pulsed 
light and the Brillouin scattered light from the scattering 
point z, and c is the speed of light. cosθS(t0+2nz/c) and 
cosθL(t0+2nz/c) are polarization correlation factors of 
Stokes light and local reference light at time t0+2nz/c, 
φS(t0+2nz/c) and φL(t0+2nz/c) are the phases of Stokes 
light and local reference light at time t0+2nz/c, respec-
tively, and φN(t0+2nz/c)=2πzβfS is the phase fluctuation 
generated during fiber transmission, where β and fS are 
the group delay and frequency of Stokes light, respec-
tively. 

Provided that the PD has a suitable band-pass filtering 
characteristic, the direct current term and the sum fre-
quency term in the heterodyne detection are filtered out, 
and the photocurrent of the heterodyne detection output 
from the PD is 
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in which R is the responsivity of PD, PS and PL are the 
power of Stokes light and local reference light, respec-
tively, and cosθ(t0+2nz/c) and φLS(t0+2nz/c) are the po-
larization correlation factor and the phase difference be-
tween Stokes light and local reference light at time 
t0+2nz/c after heterodyne. It can be seen from Eq.(6) that 
the polarization fading is reflected on cosθ, that is, when 
the polarization state of Stokes light coincides with the 
local reference light, cosθ is 1, while when they are or-
thogonal, cosθ is 0. The amplitude of heterodyne signal 
will fluctuate due to the randomness of polarization state, 
and in severe cases, the signal may be submerged in the 
noise. The term c/λ0(t0+2nz/c)−c/λ0(t0) illustrates the ef-
fect of the laser wavelength instability, which causes drift 
in the measured BCW. φN(t0+2nz/c) can be used to char-
acterize the effect of phase fluctuation caused by fiber 
transmission on local heterodyne signal. Because the 
optical fiber is very sensitive to temperature and vibra-
tion variations applied to it, which causes the refraction 
index variations, so the group delay β as well 
as φN changes randomly. It results in that each signal 
used for superposition averaging is obtained by different 
phase differences between Stokes and local reference 
light, thus distorting the average curve, especially when a 
large number of superposition averaging times are 
needed to improve the signal-to-noise ratio (SNR).  

To verify the correctness of theoretical analysis, the 
WS-BOTDR system based on local heterodyne detection 
is constructed for experimental verification. The experi-
mental step is shown in Fig.3. The output light of the 
tunable laser with ~100 kHz linewidth and 12.8 dBm 
output power is divided into two branches by 50: 50 
Coupler 1. The upper branch is modulated to pulsed sig-
nal light with a repetition rate of 10 kHz and width of 
130 ns by a high extinction ratio electro-optic modulator 
(EOM), driven by a pulse generator (PG). Then the 
pulsed signal light is amplified by an erbium-doped fiber 
amplifier 1 (EDFA1) and filtered by a tunable optical 
filter 1 (TOF1). After being attenuated by the variable 
optical attenuator 1 (VOA1), the pulsed signal light en-
ters the fiber under test (FUT) through an optical circu-
lator to generate SPBS. The lower branch, which acts as 
the local reference light, and the Brillouin scattered light 
return from the FUT that is amplified by EDFA2 and 
filtered by TOF2 to filter out Rayleigh scattered light, 
anti-Stokes scattered light and amplified spontaneous 
emission (ASE) noise are coupled in Couple 2, after then, 
entering the PD with a bandwidth of 11.9 GHz for local 
heterodyne detection. The peak pulse power injected at 
the beginning of the fiber is 100 mW and the power in-
put to PD is 400 μW after adjusted by VOA2 and VOA3. 

A standard single-mode fiber with 9.5 km is employed 
in the experiment. The relevant parameters are calibrated 
before the experiment. The BFS of the fiber is 
10.847 GHz and the corresponding BCW is 1 550.12 nm 
at a room temperature of 27.6 ℃. The wavelength de-

pendence coefficient of BFS is −7.33 MHz/nm and the 
temperature dependence coefficient of BFS is 
1.07 MHz/℃. In the experiment, about 50-m-long fiber 
near the far end is placed in a thermostatic water bath 
and heated to 50 ℃. The electrical spectrum analyzer 
(ESA) with a center frequency of 10.847 GHz operated 
in "zero-span" mode is used to measure the power traces 
along the FUT at different scanning wavelengths. The 
wavelength of the tunable laser is scanned from 
1 542.12 nm to 1 561.32 nm, which can cover the tem-
perature measurement range of about 80 C. The wave-
length scanning step is selected as 0.8 nm, corresponding 
to the BFS about 5.6 MHz, so that the power spectrum 
data will not be lost and the measurement efficiency can 
be guaranteed. The power traces at each wavelength are 
averaged 5 000 times to improve SNR.  

The 3D power spectrum is shown in Fig.4. It can be 
seen that the shift of BCW in the heating section is not 
obvious. In order to more clearly explain the influence of 
laser wavelength instability, polarization fading and 
phase fluctuation on local heterodyne detection 
WS-BOTDR, we perform a Lorentz fit on the WPS at 
different fiber positions. The BCW, the linewidth and the 
demodulated temperature along the fiber are obtained, as 
shown in Fig.5(a), (b) and (c).  

 

 
Fig.3 Local heterodyne detection WS-BOTDR system 

 

 
Fig.4 3D power spectrum 

 
From Fig.5(a) and (b), it can be seen that when the 

sensing distance is relatively short, that is, less than 4 km, 
the detrimental effects of laser wavelength instability, 
polarization fading and phase fluctuation are relatively 
slight. Consequently, the measured BCW and power 
spectrum linewidth are basically stable. As the sensing 
distance increases, the time delay difference between 
local reference light and Brillouin signal light becomes 
more significant, and the influence of laser wavelength 
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instability, polarization fading and phase fluctuation is 
strengthened. As a result, the BCW and power spectral 
linewidth measured in the non-heating section begin to 
drift along with sensing distance. These result in a larger 
average BCW of 1 550.619 nm in non-heating section, 
and the temperature demodulated by Eq.(3) is 31 C, the 
average measurement error is 3.4 ℃. Moreover, the 
heating section is at the end of the fiber, so it is more 
seriously affected by the above three effects, and the 
average measurement error is 4.3 ℃. 

 

 
    

 
 

 
    

Fig.5 (a) BCW, (b) linewidth and (c) demodulated 
temperature along the fiber 
 

In the local heterodyne detection, there is a time delay 
difference between the local reference light and the Bril-
louin signal light. The detected Brillouin spectrum is 
composed of Brillouin scattering spectra with different 

center wavelengths and round-trip times at different fiber 
positions. The coherence of Brillouin scattered light 
generated at the sensing distance z and local reference 
light is affected by laser wavelength instability, polariza-
tion fading and phase fluctuation. And the longer the 
sensing distance, the larger the delay difference, the more 
serious the above effect. It will lead to coherence dete-
rioration of heterodyne signal, distortion and broadening 
of WPS with heterodyne detection, which will cause se-
rious impact on the subsequent Lorentz fitting and the 
measurement of the BCW, thus deteriorating the meas-
urement accuracy.  

To demonstrate the point, we extract the WPS and 
relevant parameters of the non-heating section at the po-
sitions of 1 km, 5 km, 9 km and 9.45 km heating section, 
as shown in Fig.6 and Tab.1. Fig.6(a) shows that as the 
increase of the sensing distance, the WPS is gradually 
broadened, resulting in a gradual increase in the 
linewidth, the linewidths obtained by fitting power spec-
trum at the positions of 1 km, 5 km, 9 km are 6.19 nm, 
7.18 nm and 9.01 nm, respectively, as given in Tab.1. 
Besides, the spectral pattern gradually deviates from the 
ideal Lorentz spectrum, the WPS with a sensing distance 
of 9 km is distorted, and the fitting degrees R2 at the po-
sitions of 1 km, 5 km, 9 km are 0.995 2, 0.993 3, 0.982 8, 
respectively. Therefore, the average temperature meas-
urement errors of 1 km, 5 km and 9 km increase gradu-
ally, which are 1.76 C, 3.42 C and 3.89 C, respectively. 
In order to eliminate the influence of randomness and 
ensure consistency, the average error is calculated using 
about 50 m data near each location, which is consistent 
with the length of heating section. Furthermore, the dis-
tortion and broadening of heating section are especially 
serious as can be seen from Fig.6(b), and the linewidth 
and R2 obtained by fitting are 12.50 nm and 0.949 0, 
which is the reason for the large average temperature 
measurement error of 4.3 ℃.  

In summary, the influence of laser wavelength insta-
bility, polarization fading and phase fluctuation on local 
heterodyne detection WS-BOTDR is theoretically ana-
lyzed and experimentally verified. The results indicate 
that as the sensing distance increases, the influence of 
laser wavelength instability, polarization fading and  
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Fig.6 WPS at the positions of (a) 1 km, 5 km, 9 km fiber 
lengths and (b) 9.45 km heating section 
 

Tab.1 Relevant parameters at different positions  
 1 km 5 km 9 km 9.45 km 

Linewidth 
(nm) 

6.19 7.18 9.01 12.5 

R2 0.995 2 0.993 3 0.982 8 0.949 0 
BCW (nm) 1 550.378 1 550.620 1 550.688 1 552.856 
Error (C) 1.76 3.42 3.89 4.3 

 
phase fluctuation on local heterodyne detection 
WS-BOTDR becomes more and more serious, which 
will lead to WPS distortion and linewidth broadening, 
thus the BCW and the demodulated temperature will 
produce a large error. The average temperature meas-
urement errors of the non-heating section and the heating 
section are 3.4 °C and 4.3 °C, respectively. 
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