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Abstract—Time-domain beamforming is more suitable for blast wave transient signal than frequency-domain
beamformer because wide-band spectrum of noise makes the beamforming image less clear. To avoid the gust effects
and enable the location of blast source accurately, this paper proposes a new one-dimensional Far-field delay-and-sum
(DAS) beamforming method with an attenuate exponential function model for wireless overpressure transient signal. In
addition, we also design wireless overpressure peak and root-mean-square (RMS) directional estimators to assess the
performance of the proposed new DAS beamforming method. Furthermore, the effects of the wireless pressure sensor
node (WPSL) spacing, the number of WPSLs and side lobe level brought from noise on the beam width are investigated
in the two estimators. The proposed formula is verified by a uniformly spaced linear sensing array, and the results
verify the feasibility of the proposed method in blast source localization. This paper is conducted to provide new
insight into blast source localization algorithm, and further open a door for transient blast overpressure source
localization scenarios in future.

Index Terms—Time Beamforming, Delay-and-sum, Blast wave, WSN, Source localization, Overpressure

I. Introduction
IR explosions in defense and civil applications

demands for high-precision and ease-deployed sensors for
overpressure measurement in air blast [1]. Blast damage
effectiveness evaluation relies on the comparison between
accurate experimental data and the dynamic parameters
measurement (e.g. peak overpressure, positive impulse, and the
duration of the positive phase) with theory models or numerical
simulations [2]. Nowadays, most cables for the blast wave
measurement in air blast experiment are time-consuming
manpower and labor-extensive, easily leading to operational
problems or electrical failure such as short-circuits or electrical
breakdowns before the experiment process [3, 4]. To handle
with these issues, some new alternative approaches based on
wireless sensor network have applied in blast wave monitoring
in recent years [5-9].
The overpressure transient signal is the most important

dynamic parameter to be measured for evaluating the mass and
power of TNT explosion [10-12]. Thus, it is meaningful to
reconstruct or multiple dimensional overpressure data model
for shock wave in blast field [13, 14]. However, the localization
of blast source should be implemented in advance before the
overpressure spatial reconstruction, because the precision of
reconstruction method highly relies on the blast source position
accuracy [15]. As the static explosion in the ground, the
localization of blast source is almost identified [16]. On the
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other hand, in many blast applications such as underwater
torpedoes explosion under ocean waves, air rocket boosters,
dynamic blast in the air ammunition, the initial zero time of the
blast is unknown which contributes to localize the accurate
position of blast source difficultly. Therefore, it is vital to
develop a specific time-domain beamformer method for blast
source localization.

Sound localization approaches is first introduced in world
war I for finding enemy weapons [17]. Now, it can be divided
into three types: time of arrival (TOA), time difference of
arrival (TDOA), angle of arrival (AOA) [18]. They have been
widely used in underwater object target [19], weapon system
classification [20], gun shooter localization [21], oil leakage[22]
and counter-sniper localization [23, 24]. However, the common
drawbacks of these methods are the multiple intersections
between two signal localization hyperbolas despite a
single-point source[25]. The frequency-domain and
time-domain beamforming are another powerful methods
which have more effective for localize the direction of blast
source by enhancing a desired signal component and reducing
undesired noise. Till now, in radar, telecommunication, sonar
and biomedical applications, many beamforming methods have
been widely applied [26-28]. The former relying on Fourier
transform adopts the sensor data to search the source direction
angle. The method estimates the direction by finding the
maximum beamforming power through a weighting function.
In addition, the latter is on the basis of a time-domain DAS
beamformer. So far, sound localization for blast source is
widely applied. However, the sound localization is seriously
and easily influenced by the wind [20]. To avoid gust effects in
real field application, it is an alternative approach to achieve the
blast source localization by overpressure signal which is also
viewed as only one approach to evaluate indicator for the power
of TNT explosion [29]. In addition, the supersonic speed of
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shock wave is higher than that of sound, which indicates that
the arrival time of shock wave is ahead of sound. Thus, as for
arrival time from signal extraction, it may be more precise for
blast source localization by using overpressure signal. In
addition, it is expensive and unpractical that both the pressure
sensors and acoustic sensors are deployed in real blast
monitoring application [30]. Thus, we should develop the
beamforming method only depending on overpressure signal to
localize the blast source and evaluate the power of TNT
explosion simultaneously.
As a transient signal, the overpressure signal of blast wave is

completely different form blast sound, guided wave or
electromagnetic wave in terms of wave function model, wave
frequency and wave speed [31]. Especially, the distinct
difference between them is that the sound source model adopts
triangular pulse function while blast overpressure signal is
modeled as attenuate exponential function, which makes the
beamformer methods for them quite different. It is unknown
whether the various existing traditional or improved
beamforming methods are appropriate or effective for blast
source localization. Thus, it is necessary and interesting to
explore some fundamental beamforming methods based on
overpressure signal for blast source localization and further
investigations of more far-field localization methods in future.
In this paper, the main contributions can be summarized as
follows:
1) We propose a new overpressure localization approach in

comparison with the traditional sound localization for blast
source position. The proposed method only depending on
overpressure signal is able to localize the blast source and
evaluate the power of TNT explosion simultaneously.
2) To our best knowledge, this is an attempt to propose a

fundamental time-domain DAS beamforming with attenuate
exponential function for peak and RMS estimation in
overpressure transient signal, providing new insights for
frequency-domain and spatial-domain blast source localization
algorithms.
The paper proposes a new overview for the solution for

far-field blast source localization by overpressure estimation
based on time-domain beamforming method. The article is
organized as follows. The problem statements of are presented
in Section II. In addition, the peak and RMS estimators for the
blast wave source localization are proposed in Section III. In
order to verify the performance of proposed time-domain DAS
beamforming method, the comparisons between RMS and peak
estimators in terms of WPSL spacing, the number of WPSL,
source direction angle and noise are implemented in air blast
field test in Section IV. Lastly, we conclude the work and
discuss future work in Section V.

II. THE PROBLEM STATEMENTS

In the blast source localization, the M-element uniform
ground linear wireless array measure the blast wave signal, as
shown in Fig.1 (a). Due to the different distances between each
WPSL and the blast source, the propagation time of blast wave
varies as arriving at each WPSL. As the blast source is located
from pressure sensing array in far-field, we can assume that the
source wave identification is the planar wave fronts. Thus, the
reaching time of blast wave for one WPSL located at the
distance D away from the blast source is defined as:

cos /s st D θ c (1)
Where c is the speed of blast wave, sθ is the blast source

direction. Thus, the measured signal at the WPSL is also
denoted as:

   ( ( 1) )i s iS t s t a i τ n t     (2)

Where i is the index of each WPSL ( 1, 2,..., N)i  ,  s t is
the signal of the blast wave arriving at the WPSL and the a is
the time delay from the first WPSL to the blast source. In
addition, the zero-mean Gaussian noise  in t irrelevant with

the source  s t is considered in the final signal  iS t . sτ is
time delay between two adjacent WPSLs.

(a)

(b)
Fig. 1. (a) Uniform linear array under incident planar waves; (b)
overpressure signals in the time-domain at two different WPSL.
To compensate the time difference of different WPSLs, the

DAS beamformer method employs an predefined delay time to
the signal of each WPSL. In the far-field, all delayed signal are
summed together to generate the final output of beamformer
method in terms of the steering angle θ which is denoted as:

1

1( , ) ( (i 1) )
N

i
i

b θ t S t τ
N 

   (3)

Where τ is the time delay calculated as cos /D θ c .
The predefined time delay relies on the steering angle θ .

The Eq. (4) can be redefined by substituting Eq.(2) into Eq. (3) :

1 1

1 1( , ) ( ( 1)( )) ( ( 1) )
N N

s i
i i

b θ t s t a i τ τ n t i τ
N N 

         (4)

III. THE MODEL OF BLAST WAVE SOURCE LOCALIZATION

A. The peak and RMS estimators for blast wave source
localization
The Eqs.(4) provides the approach for evaluating the

performance and ability of time-domain beamformer with
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regards to the beamwidth and side lobe level in a noisy
environment. To localize the direction of actual source, the
beamforming power in all directions should be calculated. If
the energy power of Eqs. (4) reaches the maximum value, the
trial source direction is the actual source direction sθ θ . To
evaluate the performance of the time-domain beamformer,
different the directional estimators have been defined. The
typical estimator, the root-mean-square (RMS) of ( , )b θ t can
be defined as:

 0

0

21( , ) ( , )
t T

rms t
b θ T b θ t dt

T


 
V

V
V

(5)

where TV is the time duration of the output and the transient
blast event occurs during the time 0 0[ , ]t t TV . As another
estimator, the peak value of ( , )b θ t is denoted as:

( ) max ( , )peak t
b θ b θ t    (6)

In addition, the estimated blast source directions by the RMS
estimators and peak estimators are defined as follows:

 0,

ˆ argmax ( , )rms rms
θ π

θ b θ T


   V (7)

 0,

ˆ argmax ( )peak peak
θ π

θ b θ


    (8)

B. The implementation of the time-domain beamforming
method for overpressure transient signal
The fundamental overpressure signal model of blast wave is

demonstrated in Fig.2. The dynamic parameters of the blast
wave are determined by the records of pressure vs. time history.
We consider an attenuate exponential function as the model of
the overpressure signal with the time duration  for the
overpressure signal:

( )( ) b t c
iP t Ae  (9)

Where A is the peak value of overpressure, b and c are
constant value. In far-field, the b and A is the same for each
WPSL.

Fig.2 Attenuate exponential function modeling for
overpressure signal

(a) (b)

(c) (d)
Fig.3. Proposed beamformer outputs in various steering angles at (a)

cos 0( 90 )sθ θ θ   。 , (b) |cos | /θ εc D , (c)

0<|cos |< /θ εc D , and (d) |cos | /θ εc D
As for the RMS estimation with the time duration  , the power
of an attenuate exponential signal function is calculated as:

0

0

/222 2

/2

1 1( , ) ( , ) = ( )
Δrms

t T ε

i it ε
b θ T P θ t dt p t c dt

T T



     

V
V

V

 
2 2 2 2 2 2/2 2 ( 2 2 /2 2

/2/2
(1 )

2 2

bc ba
b t c bt bc bN A N A N A ee dt e e

b b
  

  


    


   

 ）

(10)
Where N is the number of WPSL, D is the WPSL spacing,
2 is the time duration of the blast source, A is the amplitude
of attenuate exponential signal function,  is the time delay
between the blast source and the first WPSL 1S , c is the speed
of blast wave, sθ is the incident angle of a plane wave. If the

signal with zero-mean white Gaussian noise ( )jn t has noise

variance 2 . The power of ( )jn t can be define as:
2 2[ ( )]jE n t  (11)

where [ ]E  is the expectation operator. Thus, according to Eqs.
(10) and Eqs. (11), the signal-to-noise ratio (SNR) of the input
overpressure signals can be defined as:

inputSNR
2 2

2
2 (1 )

2

bc ba
bN A e e

b





  (12)

If the oriented angle between the blast source and M-element
uniformly ground linear wireless array is 90o under noise-free
conditions, the Eqs. (4) can be organized into four cases. As
shown in Fig. 3(a), if redefined delay for each WPSL is
identical to the source direction sθ , the overpressure signal of
each WPSL adds up to t α . Thus, the maximum values of
RMS and peak are calculated as:

21( )
2s

bε
bc ba

rms θ θ

eb θ NAe
bε







 (13)

( )
speak θ θb θ   NA (14)

Eqs. (13) indicates that the RMS value is small as ε is large and
the blast source is steep. Additionally, the delay-and-sum
beamformer is steered into the direction sθ θ are shown in
Fig.3(b)-(d). In Fig. 3(b), the attenuate exponential function in
each WPSL overlap and are summed to | cos |/c=D θ ε . In this
respect, the RMS output is defined as:
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        22
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(15)

In the respect, the power of noise is defined as:
2 2

1

1 ( ( 1) )
M

j s
j

σE n t j τ
N N

  
    
   

 (16)

leading to the output SNR of Eqs.(15):
2 2 ( ) 2 2 2

2 2
2 2

( 1) (1 ) (1 )
2 ( ) ( )

b a c bc ba bε bk
bε bk

input

N N A e NA eSNR e e
bN k ε σ b k ε σ

    
 

   
 

(17)

The peak value of output is defined as:

cos /( ) ( )k c ε c
peak d θ c εb θ A e e  


  (18)

In Eqs.(13) and Eqs.(18), ( )peakb θ has a constant value for

| cos |/cd θ ε . Fig.3(c) and Fig.3(d) show multiple attenuate
exponential signals separate from each other. The output RMS
value is a constant as | cos |/cD θ ε and is calculated as:

(N 1) 2 2
cos /

1 1( ) ( ) [ ( )
a a

rms d c a a
b b t dt b t c dt

T T
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2
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leading to the output SNR of Eqs. (18):
2 2 2 ( ) 2

2

(1 )
2

b a c bε

input
N A e eSNR

bεσ

  
 (20)

In this respect, the peak output is defined as:

cos /( )peak d θ c εb θ A

 (21)

The each output normalization of the RMS by maximum
value is defined as ( )

srms θ θb θ  in the time duration of ΔT . As

a result, the Eqs. (13), (15) and (19) can be defined as:

2

2

2

2

1 cos / 0
( ) ( 1) 1 2[ / ,1] 0 cos /

( ) 1( )
( 1) 1 2[1/ ,1 / / ] otherwise
( ) 1

s
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bε bkrms

bε
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bε bk

bε
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(22)
The each output normalization of the peak estimator by
maximum value is defined as ( )

speak θ θb θ  in the time duration

of ΔT . As a result, the Eqs. (14), (18), (21) can be defined as:
1 cos / 0

( )
[( ) / ,1] cos /

( )

[1 / , ( ) / ]
s

peak k c ε c

peak θ θ

k c ε c

for D θ c

b θ
e e N for D θ c ε

b θ

N e e N otherwise

  



  

 

  





(23)

According to Eqs. (22) and Eqs. (23), two estimators obtain
respective maximum value in the blast source direction
( 90sθ  o ). The normalized peak value of the proposed method
has better resolution and larger than the normalized RMS value.
For example, the RMS value converges to 1/ N as the
steering angle moves away from the blast source direction,
which is smaller than 1/ N of the normalized peak value.

IV. EXPERIMENT VERIFICATION

A. Experimental setup
The experiment is conducted to verify delay-and-sum (DAS)

beamforming method with attenuate exponential function
model by the RMS and peak estimators. The shock wave from 3
kg TNT blast source center is generated at a far-field distance
of 20 m from WPSL sensing array, as shown in Fig. 4. The
array consists of five WPSL with D of 0.08 m and N is equal
to 3~7. The line spacing between WPSLs ranges from 30 cm to
60 cm , as shown in Fig.5. Each WPSL[5] is employed for the
overpressure signal measurement at 1 MHz sampling
frequency along with sampling length setting to 600 k . All the
WPSLs capture the blast wave signal with 100 Hz centre
frequency and forward the dynamic signals to the base-station.
The supersonic of blast wave is above 800 m/s. The magnitude
of blast wave makes rapid changes within a few microseconds.

Fig.4. The partial WPSLs based on LPWAN in far-field

Fig.5 The experimental setup with WPSLs and Basestatio for the
proposed beamformer

Table 1 The parameters of the uniformly spaced linear array
Centre frequency 100 Hz
Number of Element 3, 4, 5, 6, 7
Number of scan line -90o ~ 90o

Line spacing 30 cm, 40 cm, 50 cm, 60 cm
Speed of wave 800 m/s
Sampling rate 10 MHz
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B. The spacing and number evaluation of WSPL
The length of the WPSL array is ( 1)L N D  as the

distance between two WPSLs is D . To ensure the
approximation condition in the analysis, D should be less than
or equal to / 2λ where λ is defined as the wavelength of blast
wave. In the experiment, the comparison between the RMS and
peak beamformers estimators is investigated. The differences in
the changing transient signal can be explained in RMS and peak
estimations.
The Fig.6 and Fig.7 present the output of 0o and 45o

directional normalized peak and RMS estimation without noise
in different number of WPSLs (3, 4, 5, 6) for the blast source
estimation, respectively. The results indicate that both
estimators can localize the right source direction. For two
estimators, it is noted that the sidelobes increase as the
deployment number of WPSLs increase. In addition, two
estimators have less beamwidth as the spacing distance of
adjacent WPSLs increases, making the estimators determine
the source direction more distinguish. The peak estimation has
higher resolution and a lower sidelobe level in comparison with
the RMS estimation.

(a) (b)

(c) (d)
Fig.6 Experimental results of 0o directional peak and RMS estimation
without noise in different number ofWPSLs (a) 3N  ; (b) 4;N  (c)

5N  ; (d) 6;N 

(a) (b)

(c) (d)
Fig.7 Experimental results of 45o directional peak and RMS
estimation without noise in different number of WPSLs (a) 3N  ; (b)

4;N  (c) 5N  ; (d) 6;N 
Although larger spacing distance of adjacent WPSLs

facilitates the source direction localization, the number of side
lobes increases as D is larger than / 2λ in terms of RMS and
peak estimator. As shown in Fig.8, the number of side lobe in
peak estimator is less than the counterpart in RMS estimator.
As for the non-overlapping signals, the peak value has the
factor of 1/ N , while the factor of the RMS value is 1/ N in
the same manner. Thus, the peak estimation has lower sidelobe
level ( 1020log [dB]N ) than that of RMS estimation

( 1020log [dB]N ).

(a) (b)

(c) (d)
Fig.8 Experimental results of 0o directional peak and RMS estimation
with side lobes as / 2d λ and different number of WPSLs (a)

3N  ; (b) 4;N  ; (c) 5N  ; (d) 6;N 

C. The method estimation with white noise
To evaluate the two estimators’ performance of

delay-and-sum (DAS) beamforming method with an attenuate
exponential function under noisy conditions, the measured
overpressure signal is combined with irrelevant white Gaussian
noise. The overpressure signal in Fig.9(a) cannot distinguished
from the low SNR white Gaussian noise in comparison with the
counterpart in Fig.9(b). As shown in Fig.10, the results of 0o

directional peak and RMS estimation with white Gaussian
noise are demonstrated in different number of WPSLs. We can
learn that both the RMS estimator and peak estimator fail to
determine the true direction of the blast source in the lower
number of WPSL ( 3,4N  ), even if the number N of WPSL
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is 5 or 6 and the WPSL spacing is short ( d ranges from 30 cm
to 50 cm ) . If d is above 50 cm with 5 or 6 N of WPSL, the
source direction estimation by peak estimator is consistent with
the real direction than that of the RMS estimator because the
maximum peak value is distinctly recognized than the
maximum value of RMS. The larger WPSL spacing contributes
to enhance the anti-noise performance of the RMS and peak
estimators. Thus, the peak estimator outperforms RMS
estimator for the localization of a single blast source.

(a) (b)
Fig.9 The measured signal at the reference WPSL in channel 1 (a)
signal without noise; (b) signal without white Gaussian noise;

(a) (b)

(c) (d)
Fig.10 Experimental results of 0o directional peak and RMS

estimation without white noise in different number of WPSLs (a)
3N  ; (b) 4;N  (c) 5N  ; (d) 6;N 

V. CONCLUSION
The work proposes a Far-field wireless overpressure

transient signal DAS beamforming method with an attenuate
exponential function model for blast source localization. In
addition, we also design wireless overpressure peak and RMS
directional estimators to evaluate the proposed new DAS
beamformer method. The impact and comparison of the WPSL
spacing, the number of WPSLs and side lobe level brought
from noise on the beam width are investigated in the proposed
beamformering method with RMS and peak estimators. The
results show the peak estimator has a narrower beamwidth and
lower sidelobe level in comparison with the RMS estimator.
The overpressure signal can be more distinguishable from
white Gaussian noise under the low SNR in peak estimator. In

real application, due to the anisotropy of non-uniform
propagation medium resulting in the speed of shock wave
propagation varies drastically, the traditional DAS
time-beamformer for blast source should be considered again.
In future, we can improve the frequency bandwidth of the
wireless system for the accurate estimation of the overpressure
peak. In addition, we further open a door for more precise 2-D
or 3-D blast source localization and overpressure
reconstruction of blast wave in future.
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