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This paper proposes a novel de-noising algorithm based on ensemble empirical mode decomposition (EEMD) and the 

variable step size least mean square (VS-LMS) adaptive filter. The noise of the high frequency part of spectrum will be 

removed through EEMD, and then the VS-LMS algorithm is utilized for overall de-noising. The EEMD combined 

with VS-LMS algorithm can not only preserve the detail and envelope of the effective signal, but also improve the 

system stability. When the method is used on pure R6G, the signal-to-noise ratio (SNR) of Raman spectrum is lower 

than 10 dB. The de-noising superiority of the proposed method in Raman spectrum can be verified by three evaluation 

standards of SNR, root mean square error (RMSE) and the correlation coefficient ρ. 
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The main methods of de-noising for Raman spectrum 

include wavelet[1], ensemble empirical mode decompo-

sition (EEMD) and least mean square (LMS) adaptive 

filter techniques. Wavelet transform requires prior 

knowledge, such as the selection of wavelet function 

and the decomposed level of wavelet[1-4]. Empirical 

mode decomposition (EMD)[5] is a new kind of adap-

tive signal processing method, which is suitable for 

nonlinear and non-stationary signals. One important 

drawback of the EMD is modal mixing, which distorts 

the signal. Focusing on the mode mixing problem 

caused by EMD, the EEMD algorithm was proposed 

by Wu et al[6] in order to overcome the modal aliasing 

of EMD. A non-stationary signal produced using 

EEMD can produce a number of smooth intrinsic mode 

functions (IMFs) in turn. However, when sig-

nal-to-noise ratio (SNR) is low and the system is influ-

enced by abnormal events, EEMD of high frequency 

IMFs will suffer different degrees of white noise. LMS 

adaptive filter does not need prior knowledge, which 

has made it be the standard for the adaptive filter algo-

rithm. However, the steady-state error and the conver-

gence rate inevitably come into conflict with each other, 

so the de-noising results can be hit or missed[7].  

Research results show that the de-noising effect of 

LMS adaptive filter is much better than that of wavelet 

or EEMD[8]. However, there is still room to improve 

the resolution of the peaks and troughs. The LMS 

adaptive filter is a training network, and it may cause 

some instability problems for nonlinear and non- sta-

tionary signal filtering. For this reason, this paper pro-

poses that EEMD can be combined with the VS-LMS 

algorithm to be used for Raman spectrum de-nosing. 

The algorithm overcomes the instability of the network 

and improves the resolution of the spectrum.  

The general principle diagram of the adaptive filter 

is shown in Fig.1. The output signal can be produced 

by digital filter with adjustable parameters after the 

signal gets into the system, and the error signal can be 

got by comparing the output signal with the expected 

signal. The adaptive algorithm is used to adjust the 

parameters of the filter, in order to achieve the smallest 

error signal. 

 

 

Fig.1 The principle diagram of the LMS adaptive filter 
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The specific algorithm about LMS adaptive filter has 

been given in Refs.[9] and [10]. 

Raman spectra of non-stationary and nonlinear sig-

nals are similar. The LMS filter is a training network, 

and it is more suitable for periodic signal than other 

methods. When the noise intensity is large in the Ra-

man spectrum, it becomes difficult to control the size 

of the step, and the problems of waveform disorder and 

system instability appear. For this reason, the Raman 

spectrum containing noise should firstly be treated with 

EEMD to filter out the bulk of the noise. The high- fre-

quency component contains a lot of white noise, so it 

can serve as a filter. Then the signal is reconstructed. 

The resulting signal contains a small amount of white 

noise. However, after EEMD filtering, the resolution of 

peaks in Raman spectrum is not high, which affects the 

analysis of the characteristics of the sample. Then the 

VS-LMS adaptive filter can be used to achieve a better 

de-noising effect. The VS-LMS algorithm is obtained by 

improving the LMS algorithm. The step size factor in 

the VS-LMS algorithm is established as 
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where mu0 and mu are the first and the nth step size 

factors, respectively.  

This method can prevent the contradiction between 

the convergence rate and the steady-state error of LMS 

algorithm. When the VS-LMS adaptive filter begins to 

work, because of the large error, a fast convergence is 

realized by using the large step size. In the continuous 

learning process, it is required to improve the stability 

and reduce the imbalance, and the length of each step 

also decreases, which produces a better de-noising ef-

fect and improves the stability of the network. The 

flow chart of the proposed EEMD combined with 

VS-LMS algorithm is shown in Fig.2. 

 

 

Fig.2 Flow chart of the EEMD combined with VS- 
LMS algorithm  

The Raman spectrum of pure R6G was recorded by 

RENISHAW Raman spectrometer made in German 

BRUKER company. The Raman spectrum of pure R6G 

as shown in Fig.3 can be obtained in the frequency 

range from 578.560 76 cm-1 to 3 997.854 88 cm-1 at 

532 nm continuous laser excitation with output power 

of 20 mW, and the data acquisition time is 5 s. 

 

 

Fig.3 The Raman spectrum of pure R6G 
 

Adding the white noise with the intensity of 0.08 to 

the Raman spectrum of pure R6G, the Raman spectrum 

containing noise is obtained as shown in Fig.4, and 

then the SNR of Raman spectrum is got to be 

6.103 3 dB.  

 

 

Fig.4 The Raman spectrum containing noise 
 

We use wavelet, EEMD, LMS adaptive filter and 

EEMD combined with VS-LMS algorithm for de-  

noising processing, respectively. The three evaluation 

standards of SNR, root mean square error (RMSE) and 

correlation coefficient ρ can prove the de-noising ad-

vantages of EEMD combined with VS-LMS algorithm 

in Raman spectrum. 

Different decomposition levels, threshold selection 

methods and wavelet basis functions based on Raman 

spectrum are selected and compared for many times. 

Finally, sym8 is selected as the wavelet basis function, 

3-layer decomposition is used, the rigrsure method is 

adopted to determine the threshold value, and the soft 

threshold is used to de-noise the spectrum. The Raman 

spectrum after wavelet sym8 de-noising is shown in Fig.5. 
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Fig.5 The Raman spectrum after wavelet sym8 
de-noising 

 

Fig.5 shows that the spectrum resolution is improved 

through wavelet de-noising. However, it is still not 

satisfactory. Compared with Fig.3, the Raman spec-

trum in Fig.5 still has some noise, especially in the 

ranges of 1 700—2 500 cm-1 and 3 500—4 000 cm-1. 

Using EEMD adaptive decomposition, the EEMD 

diagrams are obtained as shown in Fig.6. 
 

 

Fig.6 EEMD diagrams 
 

In Fig.6, IMF1 to IMF10 are the IMFs of the signals 

containing noise. In theory, they are single frequency 

components from high frequency to low frequency. 

The last diagram shows the trend of the spectral enve-

lope. IMF1 is white noise, and IMF2—IMF10 are the 

effective signal components. However, it can be seen 

from Fig.6 that the modal mixing phenomenon obvi-

ously appears in IMF3—IMF6. It can be found from 

experimental results that the reconstruction signals 

from IMF2 to IMF10 contain a lot of noise, which 

suggests that the IMF1 and IMF2 also contain a lot of 

noise. Therefore, the reconstructed signals cannot ob-

tain better de-noising results. After a series of experi-

ments, we find that the reconstructed signal from IMF3 

is the best, which is shown in Fig.7. 

Fig.7 shows that the spectrum resolution is improved 

through EEMD de-noising. But some details are still 

submerged by noise. It still has some noise, especially in 

the ranges of 1 700—2 500 cm-1 and 3 500—4 000 cm-1. 

Compared with the results in Fig.3, the main peaks are 

interfered by noise in the range of 3 000—3 300 cm-1. 

 

 

Fig.7 The Raman spectrum after EEMD de-noising 
from IMF3 

 

After a series of experiments, the LMS adaptive fil-

ter is designed. Step size factor is mu=0.56, the filter 

order is K=12, and the running number is 30. The 

number of iterations is from 1 to 1 774. Initialize the 

forward filter weights as W=[0.164 2, 0.134 1, 0.052 9, 

−0.062 4, −0.158 6, −0.193 2, −0.155 5, −0.059 9, 

0.058 4, 0.122 9, 0.110 6]. 

The Raman spectrum after LMS adaptive filter 

de-noising is shown in Fig.8. 

 

 

Fig.8 The Raman spectrum after LMS adaptive filter 
de-noising 

 

Fig.8 shows that the details are more clear than those in 

Figs.5 and 7. But there is still some noise in the range of 

1 700—2 500 cm-1, and several peaks still have a small 

amount of noise in the range of 1 200— 1 700 cm-1. Con-

sequently, the resolution in Fig.8 is still not ideal. 

Through a series of experiments, the EEMD com-
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bined with VS-LMS adaptive filter is designed. Firstly, 

choose EEMD to de-noise the Raman spectrum con-

taining noise. The intensity of white noise is 0.04, the 

number of EMD decompositions is 50, and the maxi-

mum number of decompositions in each time is 300. 10 

components of IMF1—IMF10 are obtained, then we 

filter IMF1 and IMF2, and finally the reconstructed 

signal is obtained. Secondly, the related parameters of 

VS-LMS adaptive filter are designed as follows: the 

order number is K=12, the running number is M=30, 

the first step length factor is mu0=0.56, the number of 

iterations is from 1 to 1 774, and mu is the nth step 

length factor. Initialize the forward filter weights as 

W=[0.164 2, 0.134 1, 0.052 9, −0.062 4, −0.158 6, 

−0.193 2, −0.155 5, −0.059 9, 0.058 4, 0.122 9, 0.110 6]. 

The Raman spectrum after EEMD combined with 

VS-LMS adaptive filter de-noising is shown in Fig.9. It 

can be seen that the Raman spectrum has more clear 

details. Compared with the result in Fig.8, several peaks 

and smooth places in Fig.9 have no noise, especially in 

the range of 1 200—2 500 cm-1. The spectrum in Fig.9 is 

more close to the original one. In the process of experi-

ment, the filter stability is enhanced significantly.  

 

 

Fig.9 The Raman spectrum after EEMD combined 
with VS-LMS adaptive filter de-noising 

 

The evaluation standards are shown in Tab.1. The 

computer simulation results show that the EEMD com-

bined with VS-LMS algorithm has better performance 

than the wavelet sym8 algorithm, the EEMD algorithm 

and the LMS adaptive filter algorithm. Compared with 

those of LMS filter, the SNR of EEMD combined with 

VS-LMS algorithm is improved by 12.8%, RMSE is 

down to 0.019 9, and the correlation coefficient of the 

waveform is also increased to 0.988 1. 
 

Tab.1 Evaluation standards of four de-noising methods  

 Noisy signal Sym8 EEMD LMS EEMD-VSLMS

SNR 6.103 3 13.851 1 12.551 5 15.548 7 17.539 4 

RMSE 0.074 3  0.030 4  0.035 4  0.025 0  0.019 9 

ρ 0.859 3  0.971 4  0.963 9  0.980 9  0.988 1 

 
The main signal and noise of Raman spectrum are 

overlapping. The EEMD combined with VS-LMS 

adaptive filter is used for de-noising of the Raman 

spectrum containing noise, and the de-noising result is 

compared with those of wavelet transform, EEMD 

adaptive decomposition and LMS adaptive filter 

methods. The wavelet transform can improve the reso-

lution of the Raman spectrum when SNR is less than 

10 dB. However, its de-noising effect is not satisfactory. 

The Raman spectrum after wavelet de-noising is com-

pared with the original one. Some details are sub-

merged in the noise, and a lot of peaks and troughs are 

visible after de-noising, which do not exist before. 

When spectrum’s SNR is less than 10 dB, the EEMD 

de-noising is highly stable, and it preserves the wave 

characteristics. After de-noising, the resolution of the 

peak in spectrum needs to be further improved. The 

de-noising effect of the LMS adaptive filter is remark-

able, and the evaluation standards are higher than those 

of the wavelet and EEMD methods. However, some 

noise still appears in smooth parts of the signal, the 

network becomes unstable and the algorithm does not 

converge, because it is not easy to control the step size 

factor. The new method of EEMD combined with the 

VS-LMS algorithm has remarkable de-noising effect. 

The evaluation standards are higher than those of 

wavelet, EEMD and LMS adaptive filter methods. The 

network is stable in the process of de-noising, and this 

algorithm preserves the characteristics of the original 

spectrum. After de-noising with the EEMD combined 

with VS-LMS algorithm, the pure R6G Raman spec-

trum can indicate the features of the sample accurately. 
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