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Simultaneous displacement measurement method of 
multiple targets based on laser self-mixing interference*

 

 

ZHAO Yan ( )1,2
**, ZHANG Ai-ling ( )1,3, and ZHANG Hai-wei ( )1,3 

1. School of Electrical and Electronic Engineering, Tianjin University of Technology, Tianjin 300384, China 
2. Tianjin Key Laboratory for Control Theory and Applications in Complicated Systems, Tianjin 300384, China 
3. Tianjin Key Laboratory of Film Electronic and Communication Device, Tianjin 300384, Chinaa 
 

(Received 28 February 2020; Revised 4 May 2020) 

©Tianjin University of Technology 2021 

 

In order to simultaneously measure the displacements of multiple targets, the laser self-mixing interference (SMI) 

measurement method based on variational mode decomposition (VMD) is proposed. The SMI signal containing the 

motion information of the external targets is detected by a photodiode. The VMD can non-recursively decompose the 

mixed SMI signal into SMI signals corresponding to different external targets. The displacement signals can be recon-

structed by fringe counting method and interpolation method. The experimental results show that the displacement 

signals of different external targets can be reconstructed with half wavelength accuracy, which verifies the correctness 

and feasibility of this method. This method can improve the measurement efficiency, which offers an effective method 

for the multi-channel displacement measurement. 
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In modern manufacturing industry, it is often necessary 

to measure the displacements of targets at the same time. 

The multi-target displacement measurement methods 

include laser interference[1], laser diffraction[2], laser col-

limation[3]. In recent years, the laser self-mixing inter-

ference (SMI) technology has been applied to mul-

ti-target displacement measurement. When a part of the 

light emitted by the laser is reflected from the external 

target and re-entered into the active laser cavity, the SMI 

phenomenon will occur[4-6].  

According to the intensity of optical feedback, the lev-

el of optical feedback can be divided into: weak feedback, 

moderate feedback and strong feedback[7]. In the strong 

feedback regime, there will be nonlinear effect and the 

SMI signal will enter into chaos state. In order to avoid 

the nonlinear effect caused by the optical feedback, the 

level of optical feedback is limited to weak feedback or 

moderate feedback by controlling the driving current.  

In recent years, the SMI model with multiple external 

targets has been studied[8-13]. The SMI system with two 

external cavities is designed to improve the measurement 

sensitivity[10]. The Lang-Kobayashi equations are modi-

fied to analyze the sensing performance with the LD in 

the period-one oscillation state. The SMI system with a 

single laser diode is used to simultaneously measure the 

displacements of both ablation front and target during 

laser percussion drilling micromachining[11]. The 

Lang-Kobayashi model was extended in order to inter-

pret the experimental results. The theoretical analysis is 

in good agreement with the experimental result. The du-

al-channel self-mixing displacement measurement sys-

tem in a linear cavity fiber laser is proposed[12]. The the-

oretical model based on the three-cavity is analyzed and 

the experimental results show that the different move-

ment of each channel can be detected by the du-

al-channel linear cavity fiber laser SMI system. The 

two-external-cavity SMI system with a semiconductor 

laser is investigated and analyzed[13]. The simulation and 

experimental results show that the mixed SMI signal of 

two-external-cavity feedback is similar to the superposi-

tion of the two SMI signals. 

The signal separation methods mainly include empiri-

cal mode decomposition (EMD)[14], ensemble empirical 

mode decomposition (EEMD)[15], variational mode de-

composition (VMD)[16,17]. According to the time-scale 

features of the signal, EMD can adaptively decompose 

the signal into several intrinsic mode functions (IMFs) 

from high frequency to low frequency. EEMD can adap-

tively decompose the signal into several IMFs by using 

white noise to smooth the abnormal incident in the signal 

and eliminate the influence of white noise with multiple 

mean method. VMD can adaptively decompose any sig-

nal into an ensemble of band-limited intrinsic mode 

functions, where their center frequencies are estimated 
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on-line and all modes are extracted concurrently. Com-

pared with EMD and EEMD, the VMD algorithm is 

more robust to noise because of the Wiener filtering em-

bedded to update the mode directly in Fourier domain. 

This paper attempts to apply VMD to SMI signals, which 

is an extension of VMD theory and a supplement to SMI 

signal separation technology.  

The displacement measurement methods based on 

SMI include fringe counting[18], phase measurement 

method[19], phase unwrapping[20]. Similar to the tradi-

tional laser interference, each interference fringe of SMI 

signal corresponds to the displacement change of half 

wavelength of the external target. Therefore, the dis-

placement of a target can be measured by calculating the 

number of interference fringes. By combining the inter-

polation method with the fringe counting method, the 

displacement can be measured conveniently and accu-

rately.  

In this paper, the SMI measurement method of mul-

ti-target displacement based on VMD is proposed. VMD 

can separate the mixed SMI signal adaptively, so as to 

ensure the accuracy of displacement measurement. The 

displacement measurement method based on VMD is 

illustrated and the performance of VMD algorithm is 

analyzed. The displacement measurement system with a 

single SMI sensor is set up to verify the feasibility and 

effectiveness of the proposed method.  

The schematic diagram of SMI system with two ex-

ternal targets is shown in Fig.1. The laser beam emitted 

by the LD is divided into two beams by the beam splitter. 

The two beams are reflected by the vibration targets re-

spectively and re-enter the laser active cavity. The feed-

back light coherently interferes with the optical field 

inside the laser cavity and modulates the output power of 

the laser. 

 

 
 
Fig.1 Schematic diagram of SMI system with two ex-
ternal targets 

 

The theory model of SMI system with two external 

targets is described as follows[11-13]:   
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where C1 and C2 are the optical feedback level factors, α 
is the laser linewidth enhancement factor, m1 and m2 are 

the modulation indexes, P and P0 represent the laser 

power with and without optical feedback respectively, L1 

and L2 are the external cavity lengths between the laser 

exit facet and the two targets, τi=2Li/c (i=1,2) is the 

round-trip delay time determined by the external cavity 

length and the speed of light, τD is the round-trip delay 

time inside the laser cavity, and λ0 is the laser wavelength 

without optical feedback.      

The principle of displacement measurement of multi-

ple external targets is shown in Fig.2. Firstly, the mixed 

SMI signal is decomposed into two SMI signals corre-

sponding to the external targets by VMD algorithm. The 

fringe counting method is used to estimate the displace-

ment roughly and the interpolation method is used to 

smooth the displacement, so that the displacement signal 

of each external target can be obtained. 

 

 

Fig.2 Schematic diagram of the proposed displace-
ment measurement method 

 

VMD can decompose a multi-component signal into 

several intrinsic mode functions (IMFs) and the IMF is 

defined as follows[16]: 

uk(t)=Ak(t)cos(ϕk(t)),                         (5) 

where Ak(t) is the envelope signal, ϕk(t) is the instanta-

neous phase, and k is the serial number of IMF.   

The real valued signal f is decomposed into a discrete 

number of sub-signals uk by VMD. Each IMF is compact 

around a center pulsation ωk and its bandwidth is esti-

mated by H1 Gaussian smoothness of the shifted signal.  
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where {ωk}={ω1,…,ωK} denotes the frequency center of 

each component, and {uk}={u1,…,uK} denotes K IMF 

components. 

By introducing the extended Lagrange, the constrained 

variational problem is transformed into a non-constrained 

variational problem and its expression is as follows[16]: 
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where β denotes the balancing parameter of the da-

ta-fidelity constraint, and γ(t) denotes the Lagrange mul-

tiplier. 

The update formula solved with the alternate direction 

method of multipliers is as follows: 
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where n corresponds to the nth iteration, and	 is the up-

date parameter. 

Assuming that the external target is in sinusoidal pe-

riodic motion, the equation of motion is as follows:  
� �0 t s

sin 2π /L L L Nf f� � $ ,                  (9) 

where L0 is the initial distance between laser and exter-

nal target, ΔL is the vibration amplitude of external tar-

get, ft is the vibration frequency of external target, fs is 

the sampling frequency, and N is the number of sam-

pling points. 

According to Eqs.(1—4) and Eq.(9), the ideal SMI 

signals A and B with the parameters in Tab.1 can be ob-

tained by numerical simulation. The mixed SMI signal 

consists of signal A and signal B and the mixed SMI 

signal is processed by EMD, EEMD and VMD, respec-

tively. 

 

Tab.1 The parameter values of SMI simulation signals 
(λ0=800 nm) 

 ΔL ft fs N C α 

Signal A 3λ0 5 Hz 100 kHz 20 000 1 3 

Signal B 3λ0 60 Hz 100 kHz 20 000 1.5 3 

 

The processing results of signal A are shown in Fig.3. 

We can see that the error of VMD result is the smallest 

and the separation effect of VMD is obviously better 

than that of other methods with regards to the mixed SMI 

signal separation. The decomposed signals B with EMD, 

EEMD and VMD are shown in Fig.4. We can see from 

the simulation results that the VMD clearly outperforms 

EMD and EEMD with regards to the mixed SMI signal 

separation. 

 

 
Fig.3 Separation results of signal A by EMD, EEMD 
and VMD  

 
Fig.4 Separation results of signal B by EMD, EEMD 
and VMD 

 

The experimental SMI system with two external tar-

gets is shown in Fig.5. There are two main factors influ-

encing the measurement results: drive current stability 

and temperature drift. The LD with wavelength of 

785 nm is biased with a dc current of 125.5 mA and the 

resolution of drive current is 0.01 mA. At the same time, 

the temperature of LD is controlled by PID algorithm 

and thermo electric cooler, and the temperature control 

accuracy is 0.002 °C. The laser beam is divided into two 

beams by the beam splitter, which are reflected by two 

piezoelectric transducers (PZT) separately. The optical 

attenuator can adjust the optical feedback level to weak 

or moderate feedback level, thus avoiding the phenome-

non of fringe loss. The PZT-A and PZT-B are driven by 

independent control channels. The vibration frequency of 

PZT-A is set at 5 Hz and the peak-peak amplitude is set 

at 4 μm. The vibration frequency of PZT-B is set at 

50 Hz and the peak-peak amplitude is set at 4 μm. The 

sampling frequency is 10 kHz. The mixed SMI signal is 

converted by current-voltage circuit, amplified and 
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transmitted to the oscilloscope. 

 

 

Fig.5 Schematic diagram of experimental SMI system 
with two external targets 

 

The experimental SMI signal is shown in Fig.6(a) 

which contains vibration information of two external 

targets. The experimental result is in good agreement 

with the theoretical model. The experimental signal is 

processed by VMD and the separated SMI signals are 

shown in Fig.6(b) and Fig.6(c). 

 

 

Fig.6 VMD results of experimental SMI signal: (a) The 
experimental SMI signal; (b) The separated SMI signal 
A; (c) The separated SMI signal B 

 

The SMI signals A and B are processed by the fringe 

counting method and interpolation method[18]. The re-

constructed displacements corresponding to two external 

targets are shown in Fig.7(a) and Fig.7(c). The errors of 

reconstructed displacements are shown in Fig.7(b) and 

Fig.7(d), where the displacement error is about λ0/2. One 

reason for the measurement error is the calculation accu-

racy of decimal fringe. Another main reason for meas-

urement error is that in the decomposition process, the 

separated SMI signal has certain distortion, which results 

in a certain deviation in the location of interference 

fringes, thus affecting the accuracy of displacement re-

construction.   

 

 

Fig.7 Reconstruction results of experimental signal: 
(a) Displacement reconstruction of separated signal A; 
(b) Error of displacement reconstruction of separated 
signal A; (c) Displacement reconstruction of sepa-
rated signal B; (d) Error of displacement reconstruc-
tion of separated signal B 
     

The average errors and standard deviation values of 

reconstructed displacements under different experimental 

conditions are shown in Tab.2. The vibration frequency 

of PZT-A is maintained at 5 Hz and that of PZT-B is set 

at 20 Hz, 40 Hz, 60 Hz, 80 Hz and 100 Hz, respectively. 

The optical attenuators are adjusted to realize displace-

ment measurement under different optical feedback lev-

els. Under different experimental conditions, the dis-

placement measurement accuracy of two external targets 

can reach half wavelength, which verifies the feasibility 

and validity of this method.  

The displacement measurement range is related to the 

laser power, the size of the light source and the reflectiv-

ity of the measured object surface. For the experimental 

system in this paper, when the measurement range is 

greater than 50 μm, the optical feedback level will 

change greatly, and the speckle effect will appear. Since 

the speckle effect will seriously affect the accuracy of 

displacement measurement, the maximum amplitude that 

can be measured by this method is 50 μm. According to 

the experimental and simulation results, when the vibra-

tion frequency ratio of two objects is 4 times to 60 times, 
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VMD algorithm can perform a good decomposition ef-

fect.  

 

Tab.2 Results of displacement reconstruction under 
different experimental conditions (fA=5 Hz) 

Result of signal A Result of signal B 

 Avg. Err. 

 (nm) 

Std. Dev. 

(nm) 

Avg. Err. 

(nm) 

Std. Dev. 

(nm) 

fB=20 Hz 37.682 6 133.119 1 55.743 1 171.135 7 

fB=40 Hz 17.427 3 164.288 9 34.269 7 265.900 6 

fB=60 Hz 39.035 0 87.734 0 36.325 4 209.193 1 

fB=80 Hz 41.263 3 116.981 8 34.484 0 213.429 3 

fB=100 Hz 57.025 1 165.285 2 33.444 3 262.073 5 

 

The simultaneous displacement measurement method 

of multiple external targets based on SMI is presented 

and the method has no dependence on laser polarization. 

The SMI measurement system detects two SMI signals 

simultaneously by a single laser sensor. By the VMD 

method, two SMI signals can be effectively separated. 

The displacement signals can be reconstructed by fringe 

counting method and interpolation method. The dis-

placement measurement accuracy is half-wavelength of 

the LD. This method can improve the measurement effi-

ciency and reduce the complexity of the measurement 

system.  
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