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1 INTRODUCTION 

Distributed strain sensor based on BOTDA [Kurashima et al (1990), Bao et al (1993)] has been 

used for the strain monitoring of civil structures [Bao & Chen (2007)]
 
 They provide strain 

measurement at many sensing points (a few thousands) over long sensing length. The purpose 

of the strain monitoring is to identify the early crack and deformation in structures. This 

requires the high strain and spatial resolution, which means the small pulse will be used. 

However, it induces two disadvantages to the distributed sensor systems: 1) the short pulse 

gives the broadened frequency spectrum, this means the detected Brillouin loss spectrum via 

interaction of the pump, probe and acoustic wave in fibers will be broadened, which resulted in 

the low Brillouin peak frequency detection accuracy, i.e., the low strain resolution; 2) the small 

pulse width means short interaction length for the pump, probe and acoustic waves, and low 

Brillouin loss signal, hence the low strain resolution. To overcome those problems, a pre-

pumping approach was proposed [Zou et al (2005)]. Through the interaction between the pulse 

leakage and the pump the Brillouin loss signal is amplified over short pulse length. This solved 

the two problems described above, however the pump and probe interaction via DC leakage of 

the pulse interaction can be much stronger than the Brillouin signal at a specific small stress 

section unless high extinction ratio pulse is used. Hence the small stress can’t be detected within 

the loose fiber Brillouin profile, especially for two closely located small and short stress 

sections, that the second stress section is likely to be missed from detection because of large DC 

base induced high baseline [Wang et al (2008)]. This problem can be solved by using different 

pulse pair based BOTDA [Li, Bao, Li & Chen (2008)], in which we send the two different 

pulses of pulse width τ1 and τ1+δτ 
 to interact with the pump wave to generate the Brillouin loss 

signal, when the pump wave is scanned across the Brillouin spectrum of the fibers, we can get 

the Brillouin loss spectrum at every fiber locations for two pulse widths. When subtracting the 

Brillouin loss spectrums of two different pulses, we will get the difference of the Brillouin loss 

spectrum at each location. Because of the small pulse width difference δτ, the difference in 

Brillouin loss is negligible for the same strain or temperature. When the stress or temperature 

varies at a specific fiber location the difference of the Brillouin loss at this location will be quite 

different, because the relative loss within τ and τ+δτ at this position is different. As a result, the 

DPP-BOTDA for the small and short strain section will show the difference at the zero signal 

background.  

The differences between DPP-BOTDA and BOTDA for the small stress section detection with 

same spatial resolution of 2ns with high extinction ratio are: 1) in BOTDA the signal 

background is the Brillouin loss at the specific point, while in DPP-BOTDA the small stress 

appears at the zero signal background; 2) the Brillouin gain or loss spectrum of the BOTDA is 
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the inverse of the 2ns pulse spectrum which is a broadened spectrum, unless the low extinction 

ratio pulse is used (<15dB). While in DPP-BOTDA sensor because of the broad pulse the 

natural Brillouin spectrum (~35MHz) is created and the Brillouin peak shift can be detected 

accurately at low powers which prevent Brillouin spectrum distortion and high SNR produces 

high strain accuracy; 3) the spatial resolution in conventional BOTDA sensor is determined by 

the pulse width, while in DPP-BOTDA it is determined by the rise time of the pulse.  

To prove above points, we have conducted the experiment using setup which uses an optical 

delay line to tune the frequency difference between two DFB lasers to acquire the Brillouin loss 

spectrum as described in [Li et al (2008)]. We made two 20cm stress sections being separated 

by a 20cm loose fiber. We used a pulse pair of 20/18ns for DPP-BOTDA and 2ns pulse for 

BOTDA to detect the strain sections and compare the spectrum width of 20ns versus 2ns and 

strain measurement accuracy experimentally and theoretically. 

2 EXPERIMENTAL SETUP 

The experimental setup is the DFB laser offset locking based distributed Brillouin sensor system 

[Li et al (2008)]. In order to reduce the gain fluctuation caused by the polarization dependent 

Brillouin gain, a 5 meters Polarization Maintaining (PM) Fiber is used as the sensing section. 

Two polarization beam splitters are connected to both ends of PMF to ensure the pump and 

probe light aligned at the same Principal State of Polarization (PSP) of the PMF. The Brillouin 

frequency of loose PMF at room temperature is ~10.59GHz for 1550nm wavelength and the 

strain is applied over a length of ~20 cm.  

3 THEORETICAL MODEL  

The theoretical model to simulate sensing fiber in the DPP-BOTDA sensor system is based on 

the following three-wave coupled equations for the pump, probe, and acoustic waves with the 

slowly-varying amplitude approximation [Agrawal (2003)]: 
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where pE , sE , and Q denote the fields of the CW pump, pulsed Stokes, and acoustic wave 

respectively. As well, 1g  and 2g  are the photon-phonon coupling coefficients, α  represents 

the fiber attenuation, while 21 Γ+Γ=Γ i  with 
phτ2

1
1 =Γ  being the damping rate with phonon 

lifetime phτ ~10 ns for silica fibers, and )(22 Bsp νννπ −−=Γ  denoting the detuning angular 

frequency between pump and probe waves away from local Brillouin frequency Bν . 

Equations (1-3) are solved by applying the numerical method in Ref [Kalosha et al (2006)]. The 

boundary conditions are input pump power P at one fiber end z = L and input Stokes pulse at 

another end z = 0. The input Stokes pulse is described by the two-kink profile function 
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±=  and sτ is the pulse duration. The rise 

time is defined as a time interval between pulse power levels 0.1 and 0.9 of the peak power at 

leading and tailing edges, then it is related to the parameter a as 45.0/atrise = . 

4 RESULTS AND DISCUSSION 

4.1 Strain location 

 

Fig. 1. Brillouin signal in DPP-BOTDA sensor 

In the DPP-BOTDA sensor with different pulse pairs, by subtracting the Brillouin gain of the 

larger pulse from that of the narrower pulse, the strain location, which is defined as the central 

position of the applied strain, is shifted by 
22
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τ  from that in BOTDA as shown in 

Fig 1, where 1τ  is the pulse duration of the narrower pulse of the pulse pair, 2τ  is the pulse 

duration of the greater pulse of the pulse pair, and tt is the rise/fall time of the optical pulse. The 

strain location of the experimental result is shifted by 1.93m for 20/19ns pulse pair with 0.67ns 

pulse rise time, which is close to
22
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4.2 Strain resolution  

The strain resolution in DPP-BOTDA and BOTDA sensor is determined by the SNR and 

FWHM of the measured Brillouin spectrum as 

1
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where 
B

υ∆  is the FWHM of the convolution between the natural Brillouin spectrum and the 

pulse spectrum and SNR is the electrical signal-to-noise power ratio [10]. Fig 2 compares the 

Brillouin spectrum obtained by using DPP-BOTDA for 20/18ns pulse pair and BOTDA sensors 

for 2ns and 20ns pulse under the same power. In DPP-BOTDA 
B

υ∆  is around 50MHz by 

applying 20/18ns pulse pair while in BOTDA it is around 400MHz by adopting 2ns probe pulse. 

This means 8 times improvement in strain resolution due to the spectral width difference. 

Moreover, the measured SNR of the DPP-BOTDA sensor is 50.79dB for 20/18ns pulse pair 

with a 10dBm pulse peak power and the measured SNR of the conventional BOTDA sensor is 

31.44dB for 2ns pulse with the same peak power. The SNR is increased by more than 13dB for 

DPP-BOTDA in optical domain and additional 18dB after the data processing.Thus, the strain 

resolution for DPP-BOTDA sensor is 38µε while that for BOTDA is 925µε. The strain 

resolution is increased by more than 13dB for DPP-BOTDA.  

 

Fig. 2. Brillouin spectra of BOTDA with 2ns and 20ns pulses, DPP-BOTDA with 20/18ns pulse par. 

4.3 Spatial resolution 

In DPP-BOTDA sensor the subtraction of Brillouin signal from two nearly equal width pulses 

in the DPP-BOTDA sensor can be considered as a high pass filtering process. The cutoff 

frequency of this high pass filtering process is inverse proportional to the pulse width difference 

of the pulse pair as
1

f
τ

∝
∆

, where τ∆ is the pulse width difference of the pulse pair. The limit 

of the cutoff frequency is the inverse of the rise time. Small signal fluctuations or high 

frequency components can be more easily detected with smaller pulse width difference. With 

20/19ns pulse pair, the spatial resolution is 0.12m which is shorter than that of the 20/15ns pulse 

pair (0.26m). However, there exists a trade-off between the spatial resolution and the SNR 

(proportional to strain resolution). The SNR for 20/19ns pulse pair is 50.78dB which give the 

strain resolution of 37µε, and for 20/15ns pulse is 55.70dB which is equivalent to 28µε strain 

resolution for the low pump power of 5mW.  
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(a) 

 

(b) 

Fig. 3. Spatial resolution of DPP-BOTDA with pulse pair of 20/19ns at different pulse rise time for the 
two stress sections (marked by two vertical lines in (b)) separated by a 20cm loose fiber section for the 
experimental (a) and simulated (b) results. Note the time shifted phenomenon discussed for DPP-BOTDA 
in (b).  

Moreover, the spatial resolution of 20/19ns pulse pair is 0.12m, which is a little shorter than the 

spatial resolution (0.18m) obtained by 30/29ns pulse pair. The measured SNR by 30/29ns pulse 

pair is greater than that of 20/19 pulse pair, while the FWHM of the Brillouin spectrum 

measured by 20/19ns pulse pair is 1.5 times larger than that measured with 30/29ns pulse pair. 

According to equation (4), the strain resolution of 20/19ns pulse pair is comparable with that of 

30/29ns pulse pair.  

The pulse rise time 
rise

t  plays an important role in determining the spatial resolution of DPP-

BOTDA sensor. Fig 3 (a) is the experimental result of the time domain DPP-BOTDA sensor 

signal when the optical pulse rise/fall time was changed from 0.67ns to 5ns. There are two strain 

sections (frequency shift ~ 75MHz) along the testing fiber. The fiber length of each strain 

section is 20cm and the two strain sections are separated by a 20cm loose fiber. When the rise 

time of the optical pulse is 0.67ns, the two strain sections can be easily detected; however, the 

two strain sections are not discriminated with the optical pulse of 5ns rise/fall time. The 

simulation result also demonstrates this point in Fig 3 (b). During the Brillouin interaction the 
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sharp strain or temperature variation can only be detected if a rise/fall time shorter than the 

stress length is used.  

Thus, the spatial resolution in DPP-BOTDA sensor is defined as
rise

l c t∆ = ⋅ , where 
rise

t is the 

optical pulse rise time and c is the light velocity inside the optical fiber. The spatial resolution in 

conventional BOTDA sensor is defined as
1

2
l c τ∆ = ⋅ , where τ  is the pulse width and c is the 

light velocity inside the optical fiber. In our DPP-BOTDA sensor experiment, the rise time of 

the optical pulse is 0.67ns which corresponds to ~13cm spatial resolution, while in conventional 

BOTDA sensor, the spatial resolution is 20cm by using 2ns probe pulse. The spatial resolution 

in DPP-BOTDA sensor is shorter than that in conventional BOTDA sensor with the same power 

and short pulse width that equals the pulse width difference in DPP-BOTDA. Fig 4 shows how 

the Brillouin frequency versus location by using DPP-BOTDA with 20/18ns pulse pair and 2ns 

probe pulse in conventional BOTDA sensor with pulse extinction ratio of 30dB and the same 

pump power. It shows clearly that in DPP-BOTDA sensor the two strain sections (with 

Brillouin frequency shift of ~90MHz and ~100MHz which are equivalent to 1800µε and 

2000µε as measured by the strain gauges) separated by 20cm can be easily detected while in 

conventional BOTDA sensor the two strain sections are not resolved correctly.  

 

Fig. 4. The measured Brillouin frequency vs. Position for DPP-BOTDA (20/18ns pulse) and BOTDA 
sensors (2ns pulse). 

Therefore, the spatial resolution of the DPP-BOTDA sensor is independent of the absolute pulse 

width; it is determined by the pulse width difference of the pulse pair and the limitation is the 

optical pulse rise time. While in BOTDA sensor the ultimate spatial resolution is limited by the 

phonon life time (~10ns) which corresponds to 1m spatial resolution for high extinction ratio 

pulse (>30dB). For the application of SHM, the high spatial resolution is very important in 

combined with the high strain accuracy, as cracks, deformation and de-binding must be detected 

at early stage, the low strain detestability certainly brings advantages for the distributed sensor 

as a tool with high location accuracy. Our proposed new method brings a new tool for the 

structural monitoring with distributed fashion. 

5 CONCLUSION 

In summary, the measurement accuracy of the strain location, the spatial resolution, and the 

strain resolution in a novel DPP-BOTDA sensor is studied and compared with conventional 
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BOTDA sensor. Combined high spatial resolution, high frequency resolution along with high 

SNR can be achieved by utilizing pulse pairs having large absolute pulse width, small pulse 

width difference, and short pulse rise time in DPP-BOTDA sensor, which provide a new tool for 

structural health monitoring of bridges, dams and pipelines. 
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