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Abstract 
 

Beamforming or phased array ultrasonics with an array of sensors is an advanced signal 

processing for directional signal transmission or reception. This directionality is 

achieved by phase shifts of received signals from each sensor with the constructive 

interference of wavefronts, resulting in the amplification of the signal from a particular 

direction. In this research, the use of an asymmetric sensor array is proposed to reduce 

the effects of ‘spatial aliasing’, which is typically encountered in the Structural Health 

Monitoring (SHM) practice. In this technique, a sensor array consists of a small number 

of sensors, which are asymmetrically and closely positioned for beamforming and 

robust impact/damage detection. This sensor deployment has a great effect to reduce the 

spatial aliasing.  Although there are many advanced signal processing algorithms have 

been developed to reduce the spatial aliasing errors, an asymmetric sensor array 

proposed in this study is to reduce the error from the sensor deployment perspective. In 

order to demonstrate the proposed sensor array technique, several simulation and 

experimental investigations are carried out, and the performance comparison is made to 

demonstrate the superior and robust detection capability of the asymmetric sensor array. 

(gpark@chonnam.ac.kr ) 

 

 

1.  Introduction 
 

Beamforming or phased array ultrasonics with an array of sensors is an advanced signal 

processing for directional signal transmission or reception. This method has three main 

capabilities of steering, focusing and amplification, which is ideal for various 

applications. As a result, it has been widely used in radar, sonar, seismology, and non-

invasive testing techniques [1, 2].  

Recently, beamforming techniques have been increasingly used in SHM 

applications. McLaskey et al. [3, 4] utilized a beamforming based sensor array to detect 

damage in large concrete structures. The wave velocity was estimated using a velocity 

spectral analysis process and damage location was accurately identified. In order to 

detect a source near the sensor array, Deng et al. [5] proposed the near-field 

beamforming with minimum variance distortion for location estimation to deal with 

broadband Acoustic Emission (AE) signals. For practical industrial applications, Moriot 

et al. [6] investigated the feasibility of detecting defects or leaks inside a highly-damped 

cylindrical shell containing fluids inside.  

Beamforming method is also widely used in active sensing based SHM 

techniques. Giurgiutiu et al. [7] developed embedded ultrasonic structural radar (EUSR) 
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system with an array of piezoelectric transducers for beamforming. For an optimal 

actuator array configuration, Ostachowicz et al. [8] investigated the star configuration 

which consists of a linear array with a varying number of transducers. Stepinski et al. 

[9] also studied on an optimal array topology based on 2-D sensor arrays. Practical 

application issues of the active sensing based beamforming necessitated several studies. 

Kessler et al. [10] proposed a hybrid diagnostic algorithm consist of coherent and 

incoherent delay-and-sum methods to visualize the damage area on anisotropic 

structures. 

Beamforming was introduced to overcome the difficulties associated with low-

signal-to-noise (SNR) sensor signals, typically encountered in SHM. Although 

beamforming shows the successful results of damage detection in many studies, the 

performance of these techniques is also velocity-profile dependent in many cases. The 

velocity profiles should be derived using various ways such as simple assumption, 

modeling and experimental investigation, which imposes difficulties in anisotropic or 

complex structures. In addition, although many advanced signal processing algorithms 

are developed to improve the performance of beamforming, studies on optimizing 

sensor arrays to improve the accuracy and robustness are relatively scarce. 

In this research, the use of an asymmetric sensor array is proposed to reduce the 

effects of ‘spatial aliasing’. Although there are many advanced signal processing 

algorithms have been developed to reduce the spatial aliasing errors, an asymmetric 

sensor array proposed in this study is to reduce the error from the sensor deployment 

perspective. In order to demonstrate the proposed sensor array technique, several 

simulation and experimental investigations are carried out, and the performance 

comparison is made to demonstrate the superior and robust detection capability of the 

asymmetric sensor array. 

 

2.  Asymmetric arrays for beamforming based source localization 
 

2.1 Concept of asymmetric sensor arrays 

 

In beamforming signal processing, the delay-and-sum beamforming process is carried 

out for the direction estimation of the wave arrival. During the delay-and-sum 

beamforming process, the signal amplification could be achieved by the constructive 

interference of the waves traveling from a certain direction. This principle could be used 

to estimate the actual wave arrival direction by tracking the highest amplification value 

after performing the processes. However, the phenomenon of “spatial aliasing error” 

could occur, in which the amplifications of the waves from several directions have the 

almost same (or even higher) amplitude as that of the actual direction. This error makes 

it difficult to estimate the correct direction of arrival (DOA) of waves, which encounters 

in many occasions when a symmetric sensor array is used for beamforming. 

Although many advanced signal processing algorithms have been developed to 

reduce the spatial aliasing errors, an asymmetric sensor array are proposed in this 

research for robust direction detection against the spatial aliasing error. A typical 

symmetric and asymmetric sensor arrays are shown in Fig. 1 (a) and Fig. 2(a). 

In a symmetric sensor array, after performing the delay-and-sum beamforming 

process, the signals are amplified and the results are shown in Fig. 1 (b). The value 

indicates that the waves traveling from the source direction is of the highest amplitude. 

However, the beamforming process produces several high amplified values, as high as 
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the actual 45 direction which is caused by the spatial aliasing effect. This makes it 

difficult to distinguish the actual arrival direction from  other directions. As can be seen 

in this example, the symmetric sensor array is vulnerable to a spatial aliasing.  

When sensors are deployed in an asymmetrical array, there are the signal 

disturbances in other directions except for the original direction. As a result, the signals 

from the actual direction are amplified much higher than those of other directions, as 

shown in Fig. 2 (b). This is due to the fact that the peak points of the sensor signals in 

an asymmetric array are not arranged at the same position, which is typically happened 

in a symmetric array. 

 

 
(a)                                                 (b) 

Figure 1. Direction estimation of a symmetric sensor array 

(a) A symmetric sensor array 

(b) Signal amplification results in all possible directions (0-360˚) 

 

 
(a)                                                 (b) 

Figure 2. Direction estimation of an asymmetric sensor array 

(a) An asymmetric sensor array 

(b) Signal amplification results in all possible directions (0-360˚) 

 

 

2.2 The Delay-and-sum beamforming process for direction of arrival estimation 

 

The delay-and-sum beamforming process requires two parameters; TDOA of each 

sensor and the time shift ratio between sensors. The time shift ratio is derived from the 

geometry of the sensor deployment. In this research, it is assumed that sensors are 

placed closely each other and that a wave source locates far away from the sensor array. 

Because sensors are closely placed, the speed and the shape of waves reaching to each 

sensor are similar. 
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Figure 3. Time shift derivation for delay and sum process 

 

For example, the wave reaches to the sensor array from the direction of 60˚ as described 

in Fig. 3. The wave arrives at sensor 1, 2, 4 and 3 in sequence. Based on the distance 

between sensors, the wave path ratio between sensor 1 & 2 and sensor 1 & 4 is 

0.2128:1. Also the wave path ratio between sensor 1 & 3 and sensor 1 & 4 is 1:0.7872. 

Because the speeds of the wave reaching to each sensor are similar to each other, the 

ratio of the wave path is similar to the ratio of time shift of the wave arrivals. The 

certain time shift values are directly derived by estimating TDOA between signals of 

sensor 1 & 4. The time shifts of each sensor signal are finally derived using the directly 

estimated TDOA and the ratio of the time shifts. 

Each sensor signal is rearranged and amplified based on the time shift 

information, and the delay-and-sum beamforming process is performed for all the 

directions. The direction of arrival (DOA) could be identified by searching the direction 

of the largest amplification value. 

 

 

 

3.  Finite element model approach 
 

Simulation studies based on finite element (FE) model are conducted to investigate the 

performance of the proposed asymmetric sensor array concept. In FE model, an 

aluminium plate (2000 X 200 X 4 mm) is used and the AE wave propagation caused by 

an impact is modeled. The model is generated in Abaqus/CAE 6.14 version, which 

consists of a hex type mesh with a 1mm size. Fig. 4 shows the FE model and several 

examples of wave propagation simulation. 

 



 5 

(a) 

(b) 
Figure 4. (a) FE model, (b) Simulation results of wave propagation 

 

Before the performance comparison, the model validation of the FE model is carried 

out. The experimentally measured data were directly compared to those of the simulated 

results, as shown in Fig. 5. It could be identified that the arrival time and the shape of 

experimental and simulation results are almost identical. After the initial part, the 

differences are observed as moving toward the later part of the signal. However, only 

the initial part of the signal that will be used in the delay-and-sum beamforming process 

shows a good agreement between the experiment and the simulation. 

 

 
Figure 5. Comparison between simulated experimental signals 

 

After that confidence of the model gained, the DOA detection performances of 

symmetric and asymmetric sensor arrays are compared. Three different cases are 

considered, as 

! Case 1: symmetric sensor array at [20 mm, 20 mm, 20mm, 20mm] 

! Case 2: asymmetric sensor array at [20 mm, 20 mm, 20 mm, 30 mm] 

! Case 3: asymmetric sensor array at [18 mm, 20 mm, 25 mm, 30 mm] 
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In the FE model, the wave source is located at a fixed point and sensing points are 

rotated with respect to the source in order to measure the direction-dependent wave 

propagations from various directions. 

The results of the directional signal amplification are shown in Fig. 6 (a). In the 

case 1, the amplification value in the wave arrival direction does not shown the great 

difference from those of other directions. The differences between the actual angles are 

less than 5 %. For case 2, the differences are in the ranges of 10-15 %. When case 3 is 

considered, the difference becomes more pronounced. Similar results are obtained from 

other simulation as illustrated in Fig. 6 (b~c). It is obvious that, with the proposed 

asymmetric sensor array, the spatial aliasing error could be minimized without using 

advanced signal processing tools. 

 

 

(a) 

(b) 

(c) 
Figure 6. Results of signal amplification of various sensor arrays in the FE model 

(a) the amplification results at 10˚ 

(b) the amplification results at 50 ˚ 

(c) the amplification results at 80 ˚ 
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4.  Experimental investigation 
 

Experiments are also performed to demonstrate the robustness of the proposed 

asymmetric sensor array. An aluminium plate and a composite plate are used in the 

experiments. 

 

4.1 Aluminium plate 

 

An Aluminium plate of 1500 X 1500 X 4 mm is used for the experiment. The two 

sensor arrays are installed on the center of plate. In order to compare performances of 

sensor arrays, two sensor array cases are considered:  

! Case 1: symmetric sensor array at [20 mm, 20 mm, 20mm, 20mm] 

! Case 2: asymmetric sensor array at [20 mm, 20 mm, 20 mm, 30 mm] 

The directional signal amplification results of the two sensor array cases are 

compared in Fig. 7. When the wave reaches to the sensor array in direction of 70°, the 

asymmetric sensor array could accurately estimate the DOA, while the symmetric 

sensor array shows the wrong results because of the spatial aliasing error. 

 

 
Figure 7. Comparison of directional signal amplification results of the aluminium plate experiment 

in certain direction (70˚) 

 

Fig. 8 shows the experiment results of DOA at 360°. In case of the asymmetric sensor 

array, the signal amplification value in DOA is the highest value with the clear 

difference compared to other angles. Although the symmetric sensor array accurately 

estimates the wave arrival direction, the difference between the largest value and the 

remaining values is extremely small. These experimental results show the performance 

of the asymmetric sensor array against the spatial aliasing effects. Some other results are 

also shown in Fig. 9. 
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Figure 8. Comparison of directional signal amplification results of the aluminium plate experiment 

in certain direction (360˚) 

 

 
Figure 9. Comparison of directional signal amplification results of the aluminium plate experiment 

in certain direction (60˚) 

 

 

 

 

4.2 Composite plate 

 

Experimental investigation is also performed in a composite plate of 1200 X 1200 X 45 

mm. The composite plate used in the experiment is a laminated plate with (0/+45/-45) 

stacking sequence. 

When the wave reached to the sensor array in direction of 250°, it is difficult to 

estimate the arrival direction using the symmetric sensor array. However, the DOA is 

clearly identified using the asymmetric sensor array, as shown in Fig. 10. 
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Figure 10. Comparison of directional signal amplification results of the aluminium plate 

experiment in certain direction (250˚) 

 

When the wave reaches to the sensor arrays in direction of 110˚, the arrival direction is 

accurately estimated using both sensor arrays as shown in Fig. 11. But the symmetric 

sensor array is vulnerable to the effect caused by spatial aliasing. Some other results of 

this experiment are also shown in Fig. 12.  

Through the experimental results of the two plate structures, it is demonstrated 

that the proposed asymmetric sensor array improves the robustness against the effect 

caused by spatial aliasing. 

 

 
Figure 11. Comparison of directional signal amplification results of the aluminium plate 

experiment in certain direction (110˚) 
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Figure 12. Comparison of directional signal amplification results of the aluminium plate 

experiment in certain direction (50˚) 

 

5.  Discussion 
 

The source localization technique based on beamforming and an asymmetric sensor 

array is proposed for robust and stable impact and damage detection against the spatial 

aliasing effects. The developed source localization technique only requires the 

geometric information of sensor array and the directly measured Time-Difference-Of-

Arrival between sensors. Also this technique does not require any advanced signal 

processing algorithms for suppressing the spatial aliasing errors. In order to validate the 

performance of the developed technique, both simulation and experimental 

investigations are carried out. The proposed asymmetric sensor array based on 

beamforming enables reliable health monitoring by improving the detection robustness 

against spatial aliasing errors. 

 

6.  Conclusions 
 

In this study, a sensor array technique to improve the robustness of beamforming based 

DOA estimation is proposed. By deploying sensors in an asymmetric array, the spatial 

aliasing is effectively suppressed without using any advanced signal processing tools. 

Since the proposed process only requires TDOA directly estimated from the measured 

waves and the ratio of time shifts from the information of the sensor position, the 

accurate result could be derived even on complicated structures. When deploying the 

proposed asymmetric sensor array, the signals are amplified to the largest value in the 

actual wave arrival direction with clear differences from those of other direction. The 

results of both simulation and experiments clearly demonstrate the robustness against 

the effects caused by spatial aliasing with the proposed asymmetric sensor array. Our 

future work includes a study on optimization of sensor placement. In addition various 

case studies of sensor placements are required. Meanwhile, it is expected that the 

relationship between wavelength on a structural and the distance between each sensor 

affects the robustness of direction estimation, which should be considered for the 

optimization of sensor placement.  
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