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1. Introduction 
 

Structural health monitoring is an important requirement 

for detecting, estimating, classifying, and predicting 

damage in engineering structures (Yuan et al. 2005, Cheng 

et al. 2014). Composite materials have a number of 

potential advantages over conventional materials since they 

can be designed to increase performance in a number of 

applications including specific stiffness, specific strength. 

However, these components are sensitive to low-velocity 

impact damages which can considerably degrade the 

structural integrity. Therefore, impact monitoring is an 

important research for structural health monitoring (Chang 

et al. 2017, Mahzan et al. 2010, Qiu et al. 2011 ).  

Several  methods using compact  sensor  array 

arrangement have been reported for structural health 

monitoring. Linear arrays, as the simplest and most widely 

used ones, have been well explored and developed. Pureka 

et al. (2010) described a damage detection technique on 

isotropic plates based on the properties of a linear phased 

array with piezoelectric sensors. Phased arrays also can be 

used as directional filters for damage detection application 

in structures. Purekar and Pine (2004) presented research on 

phased array filters using linear array to actively interrogate 

the orthotropic composite plate. Wang et al. (2011) 

proposed a spatial filter based damage imaging method 

improved by complex Shannon wavelet transform for an  
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aircraft composite oil tank. Lee et al. (2011) presents the 

method of identifying the location of the multiple impacts 

on a plate using the time-frequency analysis and the kalman 

filter which well be applied to the real-time heath 

monitoring of the steam generator. 

Among them, an array signal processing technology 

called Multiple Signal Classification (MUSIC) was 

developed for impact monitoring of plate-like structures. 

MUSIC algorithm shows better performance in comparison 

with single-molecule localization techniques (Agarwal et al. 

2016). Chen (2010) develops the MUSIC-type method to 

the detection of point-like scatterers and uses the finite 

element method to simultaneously obtain the back ground 

Green’s function at all points. Yang et al. (2013) employ 

MUSIC algorithm to estimate the direction of arrival 

(DOA) of one impact on an aluminum plate. Lee et al. 

(2014) proposed a new method for impact source 

localization in a plate based on the MUSCI and wavelet 

analysis. The authors in previous work propose the 2D-

MUSIC algorithm based impact localization method for 

composite plate using the uniform linear array (Zhong et al. 

2014, Yuan et al. 2014). Yuan et al. (2015) proposes a 

single frequency component-based re-estimated MUSIC 

algorithm to reduce the localization error caused by the 

anisotropy of the complex composite structure.  Linear 

arrays have been proved that it can successfully detect the 

damage or locate impact source by performing area 

scanning and imaging with Lamb waves. 

However, the linear array does not have a complete 180° 

inspection range but a smaller one due to the degradation of 

beamforming properties at angles close to 0° to 180°. The 

generally way to overcome the shortcomings of linear 

arrays is to adopt a two dimensional (2-D) array design 
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configuration. Wang et al. (2015) propose an ultrasonic 

phased array based omni-directional damage detection and 

localization with a cruciform piezoelectric. Ren et al. 

(2017) develop a scanning spatial-wavenumber filter 

approach for multi-impact location in aircraft composite 

structures using cross-shaped array. Engholm and Stepinski 

(2011) present MUSIC algorithm based method to estimate 

the DOA on an aluminum plate using a uniform circular 

array. In our previous work, a novel 2D-MUSIC method is 

proposed for velocity self-estimated and for omni-

directional impact localization in composite structures using 

plum-blossom sensor array (Zhong et al. 2016). Giurgiutiu 

(2001) performs simulation of the beamforming patterns of 

several 2-D sensor arrays, including cross shaped, 

rectangular fence, circular ring, rectangular grid, circular 

grid. His studies results show that the choice for 

implementation of these array types depends on the 

specialist’s preferences and available manufacturing 

facilities. However, since the complex structures leaves 

narrow space for array arrangement due to the existing bolt 

holes, stiffeners, etc., and bolt holes and stiffeners will 

reduce the transmission and reception consistency of each 

sensor element in 2-D sensor arrays. Obviously, array types 

which have fewer elements and is arranged more compact 

are more suitable for complex structures. 

As we know, linear array suffers from the half-plane 

mirror effect when it cover from 0° to 360°, which does not 

allow discriminating between a target placed above the 

array and a target placed below the array. Aim at its inherent 

characteristic, an improved linear array with two additional 

sensors above and below the linear sensor array is designed, 

and this paper develops time difference and 2D-MUSIC 

based impact localization for full range 360° impact 

localization on complex composite structures. Firstly, the 

arrival times of impact signal observed by two additional 

sensors are determined using the wavelet transform and 

compared, and the direction range of impact source can be 

decided in general, 0°to 180° or 180° to 360°. And then, 

2D-MUSIC based spatial spectrum formula using uniform 

linear array is applied for locate accurate position of impact 

source. When the arrival time of impact signal observed by 

two additional sensors is equal, the direction of impact 

source can be located at 0°or 180° by comparing the first 

and last sensor of linear array. And then the distance is 

estimated using time difference algorithm. 

The layout of the paper is as follows: Section 2 presents 

omni-directional impact location using an improved linear 

array. In section 3, Impact monitoring experiment is 

preformed on quasi-isotropic epoxy laminate plate. And 

omni-directional impact location using an improved linear 

array is preformed a large stiffened composite structure in 

section 4 to verify the proposed method. 

 

 

2. Omni-directional impact location using an 
improved linear array 

 

Consider the improved linear array depicted in Fig. 1. 

The array includes a uniform linear array which consist of 

2M+1 piezoelectric (referred as PZT in the rest of this  

 

Fig. 1 Schematic of an improved uniform linear array 

 

 

 

paper) sensors, i = -M, -M+1, …0, …, M-1, M, spaced at 

equal distance d, and two additional elements above and 

below the array labeled as PZT U and PZT D. 

 

2.1 2D-MUSIC based impact localization method 
using uniform linear array 

 

Assume a target located at impact source. The target 

position is at an elevation polar coordinate as measured. 

Seen as Fig. 1,  denotes the wave propagating direction 

with respect to the horizontal axis, r is defined as the 

distance between the impact source and origin of the polar 

coordinates, and ir is defined as the distance between the 

impact source and thi PZT.  

In the authors’ previous study, 2D-MUSIC method for 

impact localization using uniform linear array is derived in 

detail (Yuan et al. 2014). Based on the previous study, the 

observed signal vector of the linear array can be represented 

as 
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and )(ts is the narrow-band signal with a central frequency 

0 of impact source signal. Since the original impact signal 

is wide-band, the Gabor wavelet transform is used to extract 

the narrow band signals from the sensor outputs (Qiu and 

Yuan et al. 2009). )(tix denotes the output from PZT i of 

the sensor array observed at time t , )(tin  is the output 

corresponding to the background noise. 

The array steering vector ),( rai
for the impact signal 

can be represented using complex signal as 
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where the arriving time difference i between PZT i and 

PZT 0 is represented by its second-order Taylor expansion 

as 

22
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Finally, 2D-MUSIC spatial spectrum can be calculated 

for impact localization using linear array is 
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where NU denotes the noise subspace spanned by the 

eigenvector matrix corresponding to those small 

eigenvalues and estimated with eigenvalue decomposition 

of the covariance matrix R̂ , and the covariance matrix R̂

can be calculated by 

H1ˆ XX
N

R   (5) 

By varying r and   as virtually scanning, ),( rP  of 

the whole monitored area could be obtained. The peak point 

on the spatial spectrum corresponds to the impact source 

point. Both the distance and direction of the source can be 

obtained as 

),(maxarg)ˆ,ˆ(  rr P  (6) 

Because of its inherent geometrical limitation, linear 

array beamforming is naturally symmetric about the array 

itself. This inherent mirror symmetry results in the 

monitored area being limited to, at most, 180°. In fact, a 

mirrored lobe will appear in the spatial spectrum obtained 

by Eq. (6) due to the symmetry of cosine function in Eq. 

(3). 

 

2.2 2D-MUSIC based impact localization method 
using uniform linear array 
 

The improved linear array is illustrated in Fig. 1. As 

mentioned above, two PZT sensors are added above and 

below the reference sensor of the linear array. By 

comparing the arriving times of the two additional PZT 

elements, this array design configuration is able to perform 

full-range 360°image of the monitored area. 

(a) In the case of DU tt    

Seen from Fig.2 and Fig.3, when the impact source 

occurs above the sensors array, the signal induced by impact 

must arrive earlier at the upper PZT sensors than the lower 

PZT sensors, that is DU tt  . 

Therefore, we can compare the arrival time of two PZT 

sensors before scanning the whole structure using Eq. (6), 

and Eq. (6) could be rewritten as 

DU111  ,1800),,(maxarg}ˆ,ˆ{ ttrr   P  (7) 

And 

DU111  ,360180),,(maxarg}ˆ,ˆ{ ttrr   P  (8) 

(b) In the case of DU tt    

However, the time of impact signal arrivals at the PZT U 

will be equal to the arrival time at PZT D when the impact 

source occurs along the x axis, shown in Fig. 4. In this 

situation, the direction of impact can be obtained as 
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A triangle in this figure is composed of the distance r  

between impact source and PZT 0, the distance Dr  

between impact source and PZT D, the distance d between 

PZT 0 and PZT D. According to this triangle, Dr can be 

calculated as 

 

 

 

Fig. 2 The time of impact signal arrival at the PZT U and 

PZT D ( DU tt  ) 

 

 

 

Fig. 3 Impact signals of PZT U and PZT D 

 

 

 

Fig. 4 The time of impact signal arrival at the PZT U and 

PZT D ( du tt  ) 
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And 
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Thus, the distance of impact can be obtained as 
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where, 0Dt is the time difference between the impact 

signal arrivals at the PZT 0 and PZT D,  and xc is the 

velocity of impact signal propagating along the x axis. This 

velocity can be represented by the time difference MMt

between the impact signal arrivals at the PZT -M and PZT 

M. 
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(a) Experimental systems 

 
(b) Sensor laylout 

Fig. 5 Experimental setup and sensor laylout 

 

3. Experiment investigation on a quasi-isotropic 
epoxy laminate plate 
 

The experiment setup is shown in Fig. 5, including the 

integrated structural health monitoring scanning system 

developed by the authors is adopted as the monitoring system. 

This system is developed to control the excitation and sensing 

of the PZT sensor array. 

The epoxy laminates plate with a dimension of 600 mm

600 mm2 mm. The thickness of each ply is 0.125 mm and 

the ply sequence is [02/904/02]S. The array used in the 

experiment is an improved linear array bonded on the structure 

surface of opposing panel with 7 PZT sensors (PZT Type: P-

41, Manufacture: China HengSheng Acoustics Electron 

Apparatus Co., Ltd). The diameter of the PZT sensor is 8 mm. 

These sensors are arranged with a space of 13 mm and are 

labeled as PZT -3, PZT -2,…, PZT 3 respectively from the left 

to the right. Besides, two PZT sensors are added above and 

below the reference sensor, labeled as PZT U and PZT D. The 

sampling rate is set to be 10 MHz, and set the PZT 0 as the 

trigger channel, and the trigger voltage is set to 3V in the 

experiments. The sampling length is 30000 including 6000 

pre-trigger samples. 

Take the impact at (100 mm, 90
o
) as an example. Table 1 

shows all eigenvalues of the covariance matrix of each impact 

event. The number of impacts N can be obtained by using a 

subjective threshold
1T 1.0   [12]. The threshold value of 

each could be calculated, that is 8.4T  , and the number of 

impact events can be estimated by counting the eigenvalues, 

that is 1N . Fig. 6(a) shows the narrow band signals 

extracted of PZT U and PZT D at the center-frequency of 50 

kHz and their envelopes. The measured phase velocity c of 50 

kHz obtained is 1270 m/s. It shows that the impact signal 

arrives earlier at the PZT U than PZT D. Using the 2D-MUSIC 

algorithm, the impact occurring direction and distance can be 

simultaneously found from the spatial spectrum shown in Fig. 

6(b), the predicted position of impact at the point (100 mm, 

90
o
) is (100 mm, 91°) whose error of direction estimation is 1

o
 

and the error in distance estimation is 0 mm. 

Take the impact at (100 mm, 0
o
) as anther example 

which lies in x axis. Fig. 7(a) shows that the impact signal 

arrives at the PZT U and PZT D is almost the same, that is 

UD tt  . Therefore, the impact source occurs along the x 

axis. And the impact signals extracted from each sensor are 

shown in Fig. 7(b). 

From this figure, we can obtain the arrival time of each 

PZT as follow, 

5909.03 t ms, 5262.03 t ms, 5589.0U t ms, 

5571.00 t ms, 5582.0D t  
ms 

 

 

Table 1 Eigenvalues distributions of the covariance matrix 

Subspace Signal Noise 

Eigenvector 1  2  3  
4  5  6  7  

48.867 0.371 0.011 0.001 0.0004 0.0003 0.0002 
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Since 33 tt  , the predicted direction of impact  0 . 

And the distance of impact can be calculated using Eq. (14) 

as  
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Therefore, the predicted position of impact at the point (100 

mm, 0
o
) is (98.03 mm, 0°) whose error of direction 

estimation is 0
o
 and the error in distance estimation is 1.97 

mm. The predicted position of impact at the point (100 mm, 

0
o
) using plum-blossom sensor array in reference [19] is (83 

mm, 5°) whose error of direction estimation is 5
o
 and the 

error in distance estimation is 17 mm. Note that the 

prediction of the impact along the x-axis using this 

improved linear array are more close to the actual locations 

of the impact source than that using plum-blossom sensor 

array. 

 

 

4. Evaluation on a stiffened composite panel 
 

4.1 Experiment setup 
 

 

 

 

 

As seen in Figs. 8 and 9, the size of the stiffened 

composite structure is 1040 mm×1820 mm×4 mm, which is 

made of carbon fiber composite material. The panels are 

fastened to the steel box frame. There are in total six T-

shaped stiffeners with a distance of 130 mm between them 

on the panels. Vertical to the stiffeners there are in total five 

rows of bolt holes. The distance between the lines is 280 

mm. Sensor array layout is similar with the experiment 

investigation on a quasi-isotropic epoxy laminate plate. The 

sampling rate is set to be 2 MHz, and set the PZT 0 as the 

trigger channel, and the trigger voltage is set to 3V in the 

experiments. The sampling length is 20000 including 2000 

pre-trigger samples. 

 

4.2 Typical impact response signals 
 
This composite stiffened composite panel contains lots of 

stiffeners and the distance between them is very short. The 

stiffeners can reduce the amplitude of signals which are 

propagating through them, and can cause mode conversion, 

and may affect the dispersion of each mode (Reynolds et al. 

2010), shown as Fig. 10, the S0 mode and A0 mode from the 

impact response signals could be determined by their velocities 

and amplitudes. And bolt holes on them also can introduce a 

lot of reflecting signals. To research the stiffeners and bolt 

holes affect separately, a sub-region is divided between the 2nd 

and 3rd bolt holes. 

 

 
(a) The narrow band extracted of PZT U and PZT D and 

their envelopes 
(b) Spatial spectrum 

Fig. 6 The estimated result by 2D-MUSIC at impact point (100 mm, 90
o
) 

 

 
(a) PZT U and PZT D (b) PZT-3 to PZT3 

Fig. 7 The narrow band extracted and their envelopes of impact point (100 mm, 0
o
) 
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Fig. 8 Experiment setup of impact localization 

 

 

 

Fig. 9 Stiffened composite panel 

 

 

 

Fig. 10 The original impact signal propagating in the  

stiffened composite structure 

 

 

A typical impact at the point (200 mm, 90
o
) is chosen as 

a typical case to be analyzed first. When this impact occurs, 

the output of each PZT sensor in the ULA is shown in Fig. 

11. Fig. 12 shows the frequency spectrum of PZT1 which is 

a typical one representing the frequency characters of the 

impact induced elastic wave signal obtained by the PZT 

sensors. From Fig. 12, it can be concluded that the energy 

of the impact signal is mainly in the frequency band from 0 

Hz to 4 kHz. 

 

 

 

 

 
Fig. 11 Typical output of the PZT sensors when impact 

occurs at (200 mm, 90°) 

 

 

 

Fig. 12 The frequency spectrum of impact signal obtained 

by PZT1 

 

 

 

Fig. 13 The narrow band impact signals extracted at the 

center-frequency of 2 kHz 

 

 

To guarantee the time resolution and narrow-band signal 

extraction, 2 kHz is selected as the central frequency in the 

narrow-band signal extraction processing. The impact 

signals extracted from each sensor are shown in Fig. 13. 

From Fig. 13, the wave fronts of the A0 wavefronts of the 

signals are marked with dashed lines which can be easily 

found. Besides, the narrow band extracted of PZT U and 

PZT D at the center-frequency of 2 kHz and their envelopes 

are shown in Fig. 14, and it shows that the impact signal 

arrives earlier at the PZT U than PZT D. The measured 

phase velocity c of 2 kHz obtained is 450 m/s. 
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Fig. 14 The narrow band extracted of PZT U and PZTD 

and their envelopes 

 

 

4.3 Impact localization results and discussion 
 
4.3.1 Sub-region 
The impact extracted signals are used to form the input 

vector of the 2D-MUSIC model. According to the structure 

dimension, the scanned area is set to be the distance from 0 

to 450 mm and the direction from 0
o
 to 360

o
, and the 

scanning step length of the distance and direction is 1 mm 

and 1
o
 respectively.  

A typical spatial spectrum ),r( P obtained is shown in 

Fig. 15. The figure represents spatial spectrum magnitudes 

of each scanned point ),( r , and the highest pixel point of 

the figure represents the impact point localized by the 

presented 2D-MUSIC algorithm. Because of the inherent 

geometrical limitation of linear array, two highest pixel 

points appear symmetrically about the x axis, shown as Fig. 

15(a). The narrow band extracted of PZT U and PZT D at 

the center-frequency of 2 kHz and their envelopes, shown in 

Fig.14, shows that the impact signal arrives earlier at the 

PZT U than PZT D. Therefore, the impact must occur above 

the sensors array (x axis), and the improved spatial 

spectrum ),r( P can be obtained as Fig. 15(b). The 

predicted position of impact is (202mm, 87°) whose error of 

direction estimation is 3
o
 and the error in distance 

estimation is 2 mm. 

According to the section 2.2, there exists the time of 

impact signal arrival at the PZT U will be equal to the 

arrival time at PZT D, when the impact source occurs along 

the x axis. Another typical impact at the point (100 mm, 0
o
) 

is chosen as this case to be analyzed. The narrow band 

extracted of PZT -3, PZT 3, PZT U, PZT 0 and PZT D at 

the center-frequency of 2 kHz can be obtained using 

wavelet transform as follow, 

276.13 t ms, 9785.03 t ms, 1715.1U t ms, 

1635.10 t ms, 1715.1D t ms 

Since 33 tt  , the predicted direction of impact 

 0 . And the distance of impact can be calculated using 

Eq. (14) as 

29803333 .ttt   ms 

0080D00D .ttt  ms 
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(a) Linear array 

 
(b) Improved linear array 

Fig. 15 The spatial spectrum estimated by 2D-MUSIC at 

impact point (200 mm, 90
o
) 

 

 

 

Therefore, the predicted position of impact at the point (100 

mm, 0
o
) is (82.8 mm, 0°) whose error of direction 

estimation is 0
o
 and the maximum error in distance 

estimation is 18.2 mm. 

Fig. 16 gives the results of the predicted impact 

locations of the fifty impacts on sub-region. The relative 

errors of impact localization results in sub-region are shown 

in Fig. 17. The results are in good agreement with the actual 

location of the applied impact. The maximum error in 

estimation of the impact location is 37 mm, and most of 

them are less than 20 mm. All of the relative errors of 

impact direction and 90% of the relative errors of impact 

distance are less than 10%. 
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Fig. 16 Impact localization results and comparison in sub-

region 

 

 

 

Fig. 17 The relative errors of impact localization results in 

sub-region 

 

 

4.3.2 All-region 

According to the structure dimension of all-region, the 

scanned area is set to be the distance from 0 to 1000 mm 

and the direction from 0
o 

to 360
o
, and the scanning step 

length of the distance and direction is 1 mm and 1
o
 

respectively. The spatial spectrum ),( rP  of impact at the 

point (985 mm, 28
o
) obtained is shown in Fig. 18. Since the 

impact signals produced are complex, the predicted position 

of impact is (909 mm, 28°) whose error of direction 

estimation is 0
o
 and the error in distance estimation is 76 

mm. 

 

 

Fig. 18 The spatial spectrum estimated of impact point 

(985 mm, 28
o
) 

 

 

 

Fig. 19 Impact localization results and comparison in all-

region 

 

 

 

Fig. 20 The relative errors of impact localization results in 

all-region 

 

Fig. 19 gives the results of the predicted impact 

locations of the eleven impacts on all-region. The relative 

errors are shown in Fig. 20, the relative maximum error of 

impact distance and direction is 19.4% and 7.6% 

X / mm 

Y
 /

 m
m

 

Actual Predicted Sensors array  

-100 -50 0 50 100

-400

-300

-200

-100

0

100

200

300

400 Actual position  Predicted position  Sensors array  

No. of impact 

R
el

at
iv

e 
er

ro
rs

 /
 %

 

0 5 10 15 20 25 30 35 40 45 50

0

10

20

30

40

50

60

70

80

90

100

 

 

Relative errors of impact distance

Relative errors of impact direction

Predict position 

X/ mm 

Y
 /

 m
m

 

-600 -400 -200 0 200 400 600 800 1000
-520

-260

0

260

520

X / mm 

Y
 /

 m
m

 

Actual 

position  Predicted position  

Sensors array  

No. of impact 

R
el

at
iv

e 
er

ro
rs

 /
 %

 

1 2 3 4 5 6 7 8 9 10 11

0

10

20

30

40

50

60

70

80

90

100

 

 

Relative error of impact distance

Relative error of impact direction

180



 

Impact location on a stiffened composite panel using improved linear array 

respectively, but all of distance relative errors and nine of 

eleven of direction relative errors are below 10%. 

 

 

5. Conclusions 
 

This paper develops an improved sensor array with two 

additional sensors above and below the linear sensor array, 

and presents time difference and two dimensional multiple 

signal classification (2D-MUSIC) based impact localization 

for omni-directional localization on composite structures. 

This array type have fewer elements and is arranged more 

compact, and is more suitable for complex structures which 

leave narrow space for array arrangement due to the 

existing bolt holes, stiffeners, etc. And it can reduce the 

transmission and reception consistency in other 2-D sensor 

arrays. 

Time difference and 2D-MUSIC based impact 

localization method using improved linear array is firstly 

applied on a quasi-isotropic epoxy laminate plate. The 

impacts at (100 mm, 90
o
) and (100 mm, 0

o
) are selected as 

an example to verify the proposed method. Results show 

that the predictions are very close to the actual locations of 

the impact source. Then, this proposed method is applied on 

a complex composite structure which has T-shaped 

stiffeners and bolt holes. (i) Fifty impacts in sub-region are 

in good agreement with the actual location of the applied 

impact. The maximum error in estimation of the impact 

location is 37mm, and most of them are less than 20mm. All 

of the relative errors of impact direction and 90% of the 

relative errors of impact distance are less than 10%. (ii) And  

eleven impacts along with the structure’s boundary in all-

region have produced worse results than sub-region. All of 

distance relative errors and nine of eleven of direction 

relative errors are below 10%, and the relative maximum 

error of impact distance and direction is 19.4% and 7.6% 

respectively. 

Further research is still worthy doing to address on the 

effect of a large complex structure, including stiffeners and 

bolt holes to improve the accuracy of impact localization in 

all-region. 
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