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Abstract: Several acoustic vector-sensor (AVS) 

configurations have been tested for direction of arrival (DoA) 

estimation in a diffused reverberant environment using 

pressure gradient method. The discrete pressure sensors have 

been arranged with different geometrical placement and 

pressure gradients have been estimated for finding DoA of an 

acoustic source. The received signals at the pressure sensor for 

different reverberation time, different duration and different 

angular locations have been generated using COMSOL 

Multiphysics and are used to estimate DoA of single sound 

source. The DoA error performance is different for different 

pressure sensor configurations without reverberations. 

However, in the diffused reverberant environment all 

configurations have been performed identically, provided 

received signals are of the same durations. 
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1. Introduction 
An acoustic vector-sensor (AVS) is used to measure the sound 

intensity, which is a vector quantity. The acoustic intensity is a 

function of pressure and particle velocity at a point location 

and the direction of the measured intensity gives the direction 

of the sound source in the acoustic field [1-4]. There are two 

methods for an AVS implementation, namely, P-P method and 

P-U method. The P-P method is based on the estimation of 

pressure gradient using closely placed pressure sensors 

(particle velocity is a function of pressure gradient), while the 

P-U method directly measures the particle velocity and hence 

sound intensity[5-7]. In the present work, we have considered 

the P-P method where different geometrical arrangements of 

pressure sensors are used to configure an AVS. We have 

tested the performance of these AVS configurations for the 

direction of arrival (DoA) estimation under reverberant 

environment. The performance of these AVS configurations 

has been evaluated without considering reverberant 

environment [8]. The reverberant and noisy environment 

based DoA have been tested only for single AVS 

configuration (delta configuration) [9, 10]. In the present 

paper, we have evaluated and compared several P-P based 

AVS configurations for estimating the DoA of a single sound 

source under diffused reverberation environment. 

In section 2, pressure gradient based acoustic intensity is 

discussed. The experimental environment setup in COMSOL 

Multiphysics and DoA evaluation parameters are presented in 

section 3. The DoA results are presented and discussed in 

Section 4 and section 5 concludes the paper. 

2. Acoustic Intensity Based on Pressure Gradient 

The acoustic intensity at a point (𝑥, 𝑦, 𝑧)  in 𝑅3 space at time 𝑡  

is given by  

 

   𝒊(𝑡, 𝑥, 𝑦, 𝑥) = 𝑝(𝑡, 𝑥, 𝑦, 𝑧)𝒗(𝑡, 𝑥, 𝑦, 𝑧),   (1) 

 

where 𝑝(𝑡, 𝑥, 𝑦, 𝑧) and 𝒗(𝑡, 𝑥, 𝑦, 𝑧) are the pressure and the 

particle velocity (which is a vector quantity), respectively [9-

11]. The particle velocity has three components along the 

three orthogonal axes and is denoted by 𝑣𝑥(𝑡),  𝑣𝑦(𝑡)and 

 𝑣𝑧(𝑡). These three orthogonal components of particle velocity 

give rise to the three orthogonal intensity 

components  𝑖𝑥(𝑡),  𝑖𝑦(𝑡), and  𝑖𝑧(𝑡). The time average of these 

intensity components are denoted by 𝐼𝑥, 𝐼𝑦 , and 𝐼𝑧 and the arc-

tan of the ratios of these average intensity components gives 

the direction of the source in space. 

The particle velocity components are measured using P-P 

method, where two closely spaced pressure sensors are placed 

in the acoustic field which are used to estimate the particle 

velocity components along the line joining the two pressure 

sensors. The linearized Euler equations [12] are used for this 

purpose: 
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where 𝜌0 is the density of the medium and 𝑝 is the pressure 

field at the co-ordinate point( 𝑥, 𝑦, 𝑧).The particle 

accelerations components (
𝜕𝑣𝑥

𝜕𝑡
,
𝜕𝑣𝑦

𝜕𝑡
 𝑎𝑛𝑑 
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) are linearly 

proportional to the pressure gradients (
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,
𝜕𝑝
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 𝑎𝑛𝑑 
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𝜕𝑧
). The 

particle velocity along the x-axis can be expressed as 

 

     𝑣𝑥(𝑡) =  −∫
1
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] 𝑑𝜏
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,     (3) 
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where the pressure gradient 
𝜕𝑝

𝜕𝑥
 can be calculated by applying 

the finite difference approximation, 

𝜕𝑝

𝜕𝑥
≈

𝑝2(𝜏)−𝑝1(𝜏)

𝑑
(4) 

where, 𝑝1(𝑡) and 𝑝2(𝑡) are the two pressure signals measured

using pressure sensors fixed on the x-axis and the separation 

between them is 𝑑 [13, 14].Therefore, the acoustic intensity 

components along the x-axis is approximated as 

𝑖𝑥(𝑡) ≈ −(
𝑝(𝑡)

𝑑𝜌0
)∫ [𝑝2(𝜏) − 𝑝1(𝜏)]𝑑𝜏

𝑡

−∞
, (5) 

where 𝑝(𝑡) =
𝑝1(𝑡)+𝑝2(𝑡)

2
.It is assumed that the ratio of the 

pressure sensors separation and the smallest wavelength of the 

source signal is very small and the source is located in the far 

field. The acoustic intensity averaged over time [15, 16] along 

the x-axis is given by, 

𝐼𝑥 =
1

𝑇
∫ 𝑝(𝑡)𝑣𝑥(𝑡)𝑑𝑡

𝑇

0
, (6) 

which can be expressed in terms of cross power spectral 

density (CPSD) of the measured signals as 

𝐼𝑥 = −
1

𝜌0𝑑
∫

𝐼𝑚𝑎𝑔(ᴦ𝑝1𝑝2(𝜔))

𝜔
𝑑⍵

∞

0
 (7) 

where ᴦ𝑝1𝑝2
(𝜔)  is the CPSD between the signals 𝑝1(𝑡) and

𝑝2(𝑡) and 𝐼𝑚𝑎𝑔(∗)gives the imaginary part and ⍵ is the

angular frequency [17-20]. Similarly, the intensity 

components (𝐼𝑦and 𝐼𝑧) along the other orthogonal axes can

also be calculated.For 2-D, the DoA estimate of the acoustic 

source is given by 

Ɵ̂ = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝐼𝑥

𝐼𝑦
). (8) 

Here all angles are measured with respect to the vertical axis. 

Eq. 8 is useful only when a single sound source is present in 

the field, while for multiple sources in the field different 

spectrum bands can be used. If the pressure sensors are not 

along the horizontal and vertical axes, then the projection of 

the intensity on the orthogonal axes is used to calculate the 

horizontal and vertical intensity components. 

3. Experimental Environment using FEM Simulation

and Evaluation Parameters
The FEM simulation tool (COMSOL Multiphysics) is used to

create the experimental environment where an AVS

configuration consisting of identical omni-directional pressure

sensors of zero sizes is kept at the centre of the room of 5x5

m2 dimension (Fig. 1) and the walls of the room are

considered to be reflecting. It has been assumed that there is

no reflection from the bottom and top of the room. The sound

source is moved from an angular location at 0 degrees to 90

degrees with an increment of 15 degrees. The six different

AVS configurations are tested for DoA estimation in the

reverberant environment. These AVS configurations are 

named as delta, AVS1, AVS2, AVS3, AVS4 and AVS5 as 

shown in Fig. 2. The experiments have been performed for 

different durations of received signal, i.e 0.4, 0.6 and 0.8 

seconds and of different reverberation time (RT60, time 

required for the reflected signals to reduced by-60 dB) i.e 0.3, 

0.45 and 0.6 seconds. The transmitted signal from the sound 

source is the derivative of the Gaussian pulse of 10 ms 

duration (Fig. 3) and the sound source is kept at a range of 1 

meter from the AVS and the received signals are sampled with 

a sampling rate of 8 kHz. 

Figure 1.AVS placed at the centre of 5 x 5 m2 room, and sound 

source is located at a range of 1 meter and moved with an increment 

of 15o in a quadrant [10]. 

Figure 2. AVS configurations (a) Delta, (b) AVS1, (c) AVS2, (d) 

AVS3, (e) AVS4  and (f) AVS5 (Filled circle are representing omni-

directional pressure sensors)[8]. 
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Figure 3. Gaussian derivative pulse, emitted by sound source at range 

of 1 meter. 
 

The accuracy of DoA estimation has been evaluated in 

terms of absolute angular error (AAE) defined as, 

 

     𝐴𝐴𝐸 = |2 𝑠𝑖𝑛−1 (
||𝒖−�̂�||

2
)|,             (9) 

 

where|| ∗ || is the 𝑙2 norm,𝒖 and �̂� are the unit vectors 

pointing to the true direction of the sound source and its 

estimated direction respectively. When averages of 𝐴𝐴𝐸 are 

taken over all seven angular locations in a quadrant then the 

symbol  AAE̅̅ ̅̅ ̅̅
𝑜𝑜:15𝑜:90𝑜is used: 

 

    AAE̅̅ ̅̅ ̅̅
𝑜𝑜:15𝑜:90𝑜 =

1

7
∑ 𝐴𝐴𝐸(ɵ𝑘)

7
𝑘=1 ,  (10) 

 

where 𝐴𝐴𝐸(ɵ𝑘) represents 𝐴𝐴𝐸 for a sound source at an angle 

of  ɵ𝑘.  

 

 

4. Results and Discussion 

 
Tables 1-3 show the 𝐴𝐴𝐸̅̅ ̅̅ ̅̅

0𝑜:15𝑜:90𝑜 for various AVS 

configurations under different reverberant environment.  

 
Table 1. 𝐴𝐴𝐸̅̅ ̅̅ ̅̅

0𝑜:15𝑜:90𝑜 (degrees) for different AVS configurations 

with different reverberation time and of 0.4 sec duration of the 

received signals at the pressure sensors. 

RT60 
(sec) 

Received signal duration is  0.4 sec 

Delta AVS1 AVS2 AVS3 AVS4 AVS5 

0 0.131 0.036 0.145 0.042 0.148 0.003 

0.3 0.292 0.269 0.277 0.258 0.278 0.264 

0.45 0.336 0.317 0.325 0.307 0.325 0.312 

0.6 0.369 0.347 0.354 0.337 0.354 0.342 

 
Table 2.𝐴𝐴𝐸̅̅ ̅̅ ̅̅

0𝑜:15𝑜:90𝑜 (degrees) for different AVS configurations 

with different reverberation time and of 0.6 sec duration of the 

received signals at the pressure sensors. 

RT60 
(sec) 

Received signal duration is  0.6 sec 

Delta AVS1 AVS2 AVS3 AVS4 AVS5 

0 0.131 0.039 0.156 0.044 0.159 0.002 

0.3 0.334 0.319 0.323 0.311 0.323 0.315 

0.45 0.453 0.489 0.499 0.502 0.499 0.495 

0.6 0.656 0.700 0.708 0.711 0.707 0.705 

 
Table 3.𝐴𝐴𝐸̅̅ ̅̅ ̅̅

0𝑜:15𝑜:90𝑜 (degrees) for different AVS configurations 

with different reverberation time and of 0.8 sec duration of the 

received signals at the pressure sensors. 

RT60 
(sec) 

Received signal duration is  0.8 sec 

Delta AVS1 AVS2 AVS3 AVS4 AVS5 

0 0.138 0.041 0.167 0.049 0.170 0.003 

0.3 0.651 0.677 0.688 0.685 0.688 0.680 

0.45 1.825 1.910 1.905 1.902 1.908 1.904 

0.6 2.801 2.942 2.94 2.926 2.939 2.934 

 

It is clear that for the no reverberation case, the performance 

is different for different AVS configurations for the given 

duration of the received signals and the same is observed in 

[8]. The best performance is for the AVS5 configuration 

among all the AVS configurations and worst performance is 

for the Delta configuration. With the increase in the 

reverberation time, the performance of all the AVS 

configurations for DoA estimation will degrade, as noticed for 

Delta configuration in [9]. Also, it has been observed from the 

results in these tables that under reverberant environment, all 

the AVS configurations give almost same performance for the 

given value of RT60 and received signal duration. 

 
 

Figure 4. AAE versus actual DoA for different AVSs, when the AVS 

is placed at the centre of 5 x 5 m room, and sound source is located at 

a range of 1 meter with 𝑅𝑇60=0.3 sec and received signal of 0.6 sec 

duration. 

 

 
 

Figure 5.AAE versus actual DoA for different AVSs, when the AVS 

is placed at the centre of 5 x 5 m room, and sound source is located at 

a range of 1 meter with 𝑅𝑇60=0.45 sec and received signal of 0.6 sec 

duration. 
 

Without reverberation, the DoA error performance 

differences amongst the different AVS configurations are due 
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to the different biases for different AVS configurations. This 

bias is insignificant when considering the error due to 

reflections.  From Fig. 4-6, it is seen that the angular error is 

minimum at 0𝑜, 45𝑜 and 90𝑜 of DoA for all AVS 

configurtions.This is due to the symmetric reflecting 

boundaries. At 0𝑜and 90𝑜of DoA, the horizontal gradient and 

vertical pressure gradient are almost zero. At 45𝑜 DoA, the 

horizontal and vertical pressure gradients error are identical 

due to the symmetric reflections and nullify the effect of each 

other in DoA estimation. 

 

 
Figure6. AAE versus actual DoA for different AVSs, when the AVS 

is placed at the centre of 5 x 5 m room, and sound source is located at 

a range of 1 meter with 𝑅𝑇60=0.6 sec and received signal of 0.6 sec 

duration. 

 

 

5. Conclusion 
The DoA error pattern for various source directions is 

different for different AVS configurations, however in the 

reverberant environment it is similar for all the AVS 

configurations for the given received signal duration and 

reverberation time. The placement of the microphones in an 

AVS configuration plays insignificant role under the 

reverberant environment. 
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