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Abstract: We proposed and demonstrated a wavelet transform modulus maxima (WTMM) 
de-noising method to decrease the temperature error. In this scheme, the composition scale was 
determined simply by the WTMM amplitude variation with the growth of the decomposition scale at 
30 ℃, and the signal WTMM was obtained by the wavelet decomposition modulus on every 
decomposition scale based on the modulus propagating difference between the signal and noise. 
Then, we reconstructed the signal using the signal WTMM. Experimental results show that the 
proposed method is effective for de-noising, allowing for a temperature error decrease of about 1 ℃ 
at 40 ℃ and 50 ℃comparing to the original data. 
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1. Introduction 

The Raman distributed optical fiber sensors can 
realize continuous temperature measurement based 
on the Raman backscattering. Owing to the 
well-known advantages of the resistance to 
electromagnetic interference and extended distance, 
the sensors have been the main research topic in the 
past few years [1–4]. 

Due to the immunity to electromagnetic 
interference (EMI) and radiation, they can offer the 
capability of easy handling to be applied in the harsh 
environment such as fire detection, power cable 
monitoring, and leakage detection. Raman 
distributed temperature sensors (RDTS) determine 
the fiber position using the optical time domain 
reflectometry (OTDR) technique. A short laser pulse 

is launched into the sensing fiber, and various kinds 
of scattering (such as Rayleigh scattering, Raman 
scattering, and Brillouin scattering.) are caused 
during the propagation of light [5]. In particular, the 
Rayleigh scattering is unaffected by the temperature, 
and Stokes scattering is also slightly temperature- 
dependent, while the anti-Stokes scattering is 
sensitive to the temperature. For the conventional 
RDTS system, the fiber temperature is usually 
obtained by the ratio of anti-Stokes to Stokes light. 
According to Raman spectroscopy, the light is about 
30 dB weaker than the Rayleigh backscattered light, 
which is very difficult to be detected [6]. Meanwhile, 
these factors what the inhomogeneous medium and 
backscattering effect cause in the system will 
generate the optical noise, and the data acquisition 
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card (DAC) will produce the random noise in the 
data collection process. All these make the weak 
signal completely be submerged in noise, which 
leads to great difficulties in the signal detection and 
the design of the processing system. Thus, it is an 
important part to remove noise effectively in the 
RDTS system, which is directly related to the 
sensing capacities. 

In consideration of the random noise, the 
cumulative average algorithm is commonly used. 
Although the cumulative average algorithm can 
improve the signal to noise ratio (SNR) effectively, 
the time spent on one acquisition cycle will be 
longer if the cumulative times and the data of the 
whole fiber are more numerous. Thus, it is not 
applied in the rapidly changing temperature field. 

In this paper, a wavelet transform modulus 
maxima de-noising method is proposed. Moreover, a 
simple method for determining the composition 
scale is presented. This method reduces the 
processing time because the system no longer 
acquires too many data to be accumulated and 
averaged. Experiments show that this method can  
eliminate the noise effectively. 

2. Theory analysis 

2.1 Theory of wavelet transform and modulus 
maxima de-noising 

Wavelets are families of functions ψa,b(t) 
generated from a single base wavelet ψ(t) by dilation 
and translation [7, 8]: 

,
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where a and b are the scale and position factors, 
respectively. The inner products of these families 
with a signal f(t), result in the wavelet transform of 
f(t). 
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Wf (a, b) is the modulus for the projection of the 
signal onto the wavelet function for particular values 
of (a, b). According to the definition of ψ(t), we can 

get 
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In the wavelet transform of f(t), when b belongs to 
the neighboring area of (a0, b0) which is chosen 
randomly, we will always have 

0 0 0( , ) ( , ) .f fW a b W a b≤          (4) 

Then, Wf (a0, b0) is the local maximum of the 
wavelet modulus on scale a0. When the wavelet 
function is the differential coefficient of a smooth 
function, the local modulus maxima are caused by 
the singularity of the signal and random noise. In the 
RDTS, the local modulus maxima will be 
represented if the temperature make a change. 

The rule of the modulus propagating across the 
scales is often measured by Lipschitz exponents L 
and can be written as 

( , ) L
fW a b ka≤            (5) 

where k is a constant, and a is the decomposition 
scale. From (5), we can notice that if L> 0, the 
wavelet transform modulus maxima (WTMM) will 
increase along with an increase in the scale a; If L< 
0, the WTMM will decrease along with an increase 
in scale a. For the signal, there is L> 0, and the 
WTMM will increase along with an increase in scale 
a; for the white noise, L< 0, the WTMM will 
decrease. According to this base, the WTMM of the 
signal and noise can be separated over the wavelet 
plane to improve the SNR. The special method for 
obtaining the WTMM of the signal is shown as 
follows [9]: 

(1) The WTMM in each scale is obtained in the 
neighboring area based on 0 0 0| ( , ) | | ( , ) |f fW a b W a b≤ , 
where the Wf (a0, b0) is the local maximum of the 
wavelet modulus on scale a0, and b is in the 
neighboring area. 

(2) Select a threshold value t at the maximum 
scale a, remove the WTMM whose amplitude is less 
than t; otherwise retain this WTMM. In the same 
way, the new maximum on the other scales can also 
be obtained. 
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(3) The WTMM of the signal on every scale is 
obtained by the modulus propagating difference 
between the signal and noise, specifically as follows: 
construct a neighboring area O(nai, δa) at each of the 
maximum positions of scale a at first. nai is the 
position of the i-th maximum on scale a, and δa is 
the neighboring area only connected about scale a. 
The searching area is determined again according to 
the spread point of na–1. If n’ai-1 is the spread point of 
the nai–1, the searching area of nai is from max (n’ai–1, 
nai–δa) to min (nai+δa, nai+1). Retain the maxima 
falling on each neighboring area O(nai, δa) of the 
maxima on scale a–1 and remove the maxima 
outside the neighboring area. In the retained maxima 
on each neighboring area O(nai, δa), the maxima 
whose amplitudes have the same sign with the 
corresponding one on scale a and the amplitude on 
scale a–1 less than the one on scale a are stored and 
form the new maxima on scale a–1. If the maxima 
proposed above do not exist, the maximum of nai 
needs to be removed. Thus, we get the new maxima 
on scales a–1 and a. Then, order a=a–1, repeat step 
3 until a–2. In the process, if the nai needs to be 
removed, the spread points of nai on the scale which 
is larger than a are also removed. 

(4) Reserve the corresponding maximum on 
scale 1 in the position where the maximum exists on 
scale 2. Finally, reconstruct the signal using the 
retained modulus maxima at each scale in 
alternating projection algorithm and then calculate 
the temperature using the reconstructed signal. 

2.2 Simple method for determining the 
decomposition scale 

Because the WTMM amplitude of the noise 
decreases with an increase in the decomposition 
scale and that of the signal is on the contrary, the 
noise on the scale whose WTMM amplitude 
increases sharply is very low, and the signal on the 
following scale is dominate. This scale can be taken 
as the decomposition scale [10]. 

During the experiment, the WTMM at 30 ℃

(near room temperature) was used to determinate the 
decomposition scale in order to avoid the signal too 
large. If the signal is much larger than the noise, the 
decomposition scale will be wrong because a sharp 
increase in the WTMM amplitude appears 
prematurely. The signal was decomposed in 6 scales, 
and the decomposition coefficients on every scale 
are shown in Fig. 1. 

 
Fig. 1 Wavelet decomposition coefficients on every scale. 
In Fig. 1, M1, M2,…, M6 are expressed as the 

WTMM on very scale at 30 ℃, and M1, M2,…, M6 
are shown in Fig. 2. 

 
Fig. 2 WTMM on very scale. 
As shown in Fig. 2, the WTMM increases with 

the growth of the decomposition scale, and the 
WTMM on scale 4 increases sharply. Thus, the 
decomposition scale can be defined as 4. 
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3. Experiment 

3.1 Experimental setup 

Experiments were conducted to verify the ability 
of this method to improve the accuracy of the 
system. The schematic diagram of the implemented 
experiment is shown in Fig. 3. 

 
Fig. 3 Experimental setup. 
The pulses with the 15-ns width and 10-kHz 

repetition rate were launched into the sensing fiber 
(2400-m multimode fiber) after passing through a 
1×3 WDM whose isolation degree ranged from   
35 dB up to 40 dB. The reference fiber coils (about 
50-m length) and experimental fiber (about 50-m 
length) were placed in temperature-controlled 
chambers (TCC) Ⅰ and Ⅱ, respectively. The pulses 
with the frequency v0 generated two Raman 
backscattered components (v0±Δv) in the sensing 
fiber, and the Raman backscattered components then 
were launched into the 1×3 WDM. The 1×3 WDM 
was employed to extract the anti-Stokes signal and 
Stokes signal, which were then detected and 
amplified by the avalanche photodiode (APD). The 
data were acquired by a high speed data acquisition 
card. At last, the data were transferred to the 
computer to be processed. 

3.2 Experimental results 

The experimental fiber was placed into TCC Ⅱ 
whose temperature was set as 40 ℃ and 50 ℃, 
respectively. The temperatures before and after the 
treatment using this method at 40 ℃ are shown in 
Figs. 4 and 5, meanwhile, those at 50 ℃ are show n 

in Figs. 6 and 7. 

As shown in Figs. 4 and 5, the noise of the 
temperature after treatment is decreased comparing 
with that before treatment, specifically, the 
temperature error is decreased about 1 ℃ com paring 

with that without treatment at 40 ℃. From  Figs. 6 
and 7, it can be seen that this result is also available 
for 50 ℃. 

 
Fig. 4 Temperature before treatment at 40 ℃. 

 
Fig. 5 Temperature after treatment at 40 ℃. 

 
Fig. 6 Temperature before treatment at 50 ℃. 
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Fig. 7 Temperature after treatment at 40 ℃. 

4. Conclusions 

In the RDTS, the Raman signal is so weak that 
the signal is very difficult to be detected. The noise 
level in the acquired signal is very high, and the 
temperature error is not little. A wavelet transform 
modulus maxima de-noising method was proposed 
to decrease the temperature error. In this method, the 
signal WTMM were obtained by the wavelet 
decomposition modulus on every decomposition 
scale based on the modulus propagating difference 
between the signal and noise on every scale, and 
then the signal was reconstructed using the signal 
WTMM to eliminate the noise. Moreover, a simple 
method was proposed to determine the 
decomposition scale. Experimental results showed 
that the temperature error was decreased about 1 ℃ 
at 40℃ and 50 ℃ comparing to the original data. 
Thus, this method is a powerful tool to enhance the 
performance of the RDTS system. 
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