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Abstract: This paper investigates different approaches in designing an acoustic camera with respect to the shape of the 

camera as well as the number of microphones and their position on the camera. Micro electro-mechanical systems (MEMS) 

microphones are used in this research for the purpose of designing an acoustic camera. Several simulations implemented in 

MATLAB were performed for square MEMS microphone arrays, bearing in mind our primary goal, which is to design a 

broadband frequency range acoustic camera with MEMS microphones. In addition, a microphone array in the shape of a 

hemisphere was designed in order to compare all of the obtained results. Results gathered in the simulations have shown that 

using the square arrays and a hemispherical array enables us to construct four different broadband frequency range acoustic 

cameras. All of the considered versions of an acoustic camera have a respectable gain in the desired direction (i.e. the gain of 

the main lobe) and, in addition, a significant attenuation of side lobes. Keeping in mind the aforementioned requirements (i.e. 

the main lobe gain and attenuation of side lobes) it can be concluded that, from all of the considered designs, the best design is 

the acoustic camera with 24 MEMS microphone square array. 
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1. Introduction 

This paper explains the designing process of an acoustic 

camera with micro electro-mechanical systems (MEMS) 

microphones [1, 2, 3]. Nowadays different types of MEMS 

microphones are an important part of modern electronics (see 

Figure 1 [4]). Such microphones are in fact small acoustic 

sensors, which are usually manufactured on silicon wafers. 

Processes used in their production are similar to the 

processes used in the production of semiconductor integrated 

circuits. They are implemented in a majority of devices (e.g. 

smartphones, tablets and cameras) considering their many 

advantages i.e. small size, relatively good sound quality, 

reliability and small prices. Keeping in mind their small size 

and relatively low costs, they are progressively used in 

acoustic cameras, smartphones and microphone arrays 

designing [5, 6]. Nowadays using smartphones with MEMS 

microphones, it is possible for each individual to measure 

urban environmental noise [7, 8, 9]. Moreover, different 

measurements indicated that the MEMS microphones overall 

agree well with manufacturers’ specifications [10]. Their 

sensitivity is relatively high and very frequency dependent. 

Thus, a large dynamic range of over 90 dB considering broad 

frequency range makes them suitable for forming 

microphone arrays, especially when one of the requirements 

is a large gain [10]. 

In addition, MEMS microphones are microphones with an 

omnidirectional response i.e. they respond equally to sounds 

coming from any direction. Multiple MEMS microphones 

can be organized in an array in order to form a directional 

response or a beam pattern. A beamforming MEMS 

microphone array can be designed in order to be more 

sensitive to the sound coming from one or more specific 

directions [11-13]. In our research, while implementing this 

particular idea, we have used Sensor Array Analyzer which is 
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a part of MATLAB’s Phased Array System Toolbox. The 

Sensor Array Analyzer enables obtaining directivity patterns 

for different types of MEMS microphone arrays. 

 

Figure 1. Different types of MEMS microphones [4]. 

Bearing in mind our primary goal, which is to design a 

broadband acoustic camera with MEMS microphones, we 

have optimized the construction of the microphone array so 

that the gain in the desired direction and the attenuation of 

side lobes is maximized at a frequency up to 4 kHz. In our 

previous research [14], several simulations were performed 

considering square, circular and MEMS arrays in the shape 

of a hemisphere with varying number of microphones and 

varying spacing between the microphones. 

The results obtained in our previous research have shown 

that increasing the number of MEMS microphones produces 

a larger and narrower main lobe, i.e. a higher gain of the 

signal in the desired direction (0° on the directivity pattern). 

Moreover, it was noticed that increasing the spacing between 

adjacent microphones will result in an increase of the side 

lobes. Therefore, it was concluded that the main parameters 

for beamforming are the number of microphones and the 

distance between them. Furthermore, it was observed that the 

spacing between adjacent microphones should be less than a 

half of the wavelength (the maximum distance between 

microphones is dmax = 0.1m). The aforementioned 

simulations were performed for the frequency f = 1 kHz, i.e. 

wavelength λ = 0.343m. It is evident that the geometry of an 

acoustic camera obtained with optimization for f = 1 kHz 

lacks in desirable characteristics on higher frequencies. 

Consequently, in this paper we wanted to simulate three 

square arrays and one “new” MEMS microphone array in the 

shape of a hemisphere at a broadband frequency spectrum. 

Our final motivation is to design a robust and small 

dimensional acoustic camera which can be used in innovative 

environmental measurements. In order to achieve our goal, 

we have considered and analyzed arrays of various shapes 

and their directivity patterns. 

2. The Acoustic Camera Design 

2.1. The Shape of the MEMS Microphone Array 

In our previous research [14], several simulations were 

performed considering square, circular and MEMS 

microphone arrays in the shape of a hemisphere with varying 

number of microphones and varying spacing between the 

microphones. Table 1. shows signal gains for each simulated 

array configuration, as well as the length or surface area 

required for positioning the microphones in a particular 

configuration, for square, circular and hemispherical MEMS 

microphone arrays at frequency 1000 Hz. 

Table 1. Signal gains for each microphone array configuration [14]. 

Array configuration dmax = 0.1 m Surface area 

a) Square, 4 microphones 1.21 dBi P = 0.01 m2 

b) Square, 16 microphones 5.69 dBi P = 0.09 m2 

c) Circular, 8 microphones 7.93 dBi P = 0.05 m2 

d) Circular, 16 microphones 9.09 dBi P = 0.20 m2 

e) Hemisphere, 17 microphones 1.14 dBi P = 0.02 m2 

f) Hemisphere, 25 microphones 4.01 dBi P = 0.05 m2 

Bearing in mind the results obtained in our previous 

research [14], we have decided to perform additional 

simulations for frequencies 1 kHz, 2 kHz and 4 kHz. These 

results are presented in Table 2. Moreover, we wanted to 

examine the attenuation of side lobes for the aforementioned 

frequencies. 

Table 2. Signal gains for each microphone array configuration At 

broadband frequencies. 

 Frequency (Hz) 

Array configuration 1000 2000 4000 

a) Square, 4 microphones 1.21 dBi 4.98 dBi 7.15 dBi 

b) Square, 16 microphones 5.69 dBi 11.55 dBi 16.25 dBi 

c) Circular, 8 microphones 7.93 dBi 8.85 dBi 8.35 dBi 

d) Circular, 16 microphones 9.09 dBi 13.30 dBi 10.32 dBi 

e) Hemisphere, 17 microphones 1.14 dBi 4.84 dBi 3.68 dBi 

f) Hemisphere, 25 microphones 4.01 dBi 0.62 dBi 7.49 dBi 

It can be noticed from the results gathered at a broadband 

frequency range that the best results are obtained using a 

square microphone array with 16 microphones. For this case-

scenario we wanted to analyze if it is possible to design an 

acoustic camera with even better performances for a 

broadband frequency range. Therefore, we decided to 

simulate three new square arrays. For the purposes of these 

“new” simulations, we have used a 12, 24 and 48 microphone 

square array at the following frequencies 1 kHz, 2 kHz and 4 

kHz shown in Figure 2. In addition, we wanted to test a 

“new” hemispherical array with 17 microphones shown in 

Figure 3. in order to compare the obtained results with the 

square shaped microphone arrays. 
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Figure 2. Square microphone array with 12 microphones, 24 microphones 

and 48 microphones. 

 

Figure 3. Hemispherical array with 17 microphones. 

The positioning of microphones for 12, 24 and 48 square 

microphone arrays is uniform on a board with the dimensions 

of 0.2m x 0.2 m. The positioning of microphones for the 

“new” hemispherical array with 17 microphones shown in 

Figure 3. was determined using an algorithm called 

Hemisphere [14] which was written in MATLAB. The 

algorithm determines the positions of the microphones on the 

hemisphere. This algorithm is envisaged as a broadside 

microphone array in which a line of microphones is arranged 

perpendicular to the preferred direction of the sound waves 

[15]. In Table 3. parameters of an acoustic camera with 17 

microphones, one on top of the hemisphere, and the others 

positioned equidistantly in two different circles on the 

hemisphere can be seen. In Table 3. rmax is the radius of the 

hemisphere, while d represents the distance between adjacent 

microphones in the two circles. Parameter α1 determines the 

radius r1 of the first circle, as well as the height of the first 

circle, while n1 represents the number of microphones in the 

first circle. Following the same analogy, α2 determines the 

radius r2 and height of the second circle, while n2 represents 

the number of microphones in the second circle. The total 

number of microphones used is equal to the sum of the 

microphones in both circles and the one on top of the 

hemisphere, i.e. n = n1+n2+1. 

Table 3. Parametars of acoustic camera. 

rmax 0.2 m 

d 0.115 m 

α1 0° 

r1 0.2 m 

n1 11 

α2 65° 

r2 0.085 m 

n2 5 

n 17 

Results attained in simulations for these three square 

microphone arrays and the “new” hemispherical microphone 

array are presented in Table 4. When comparing these results 

with the results from Table 2. it can be seen that we have 

succeeded in obtaining four broadband acoustic cameras. All 

of the attained acoustic cameras have a respectable main lobe 

gain and, in addition, a significant attenuation of side lobes 

i.e. we have achieved superior performances in comparison 

with the initial simulated microphone arrays. Finally, it can 

be concluded that the best design for the acoustic camera is a 

square array with 24 microphones. 

Table 4. Signal gains and attenuation for square array with 12, 16, 24 and 48 microphones and the “new” hemispherical array with 17 microphones. 

Frequency (Hz) 1000 2000 4000 

Microphone array configuration G (dBi) ATT (dBi) G (dBi) ATT (dBi) G (dBi) ATT (dBi) 

Square array with 12 microphones 8.87 0 13.85 14.87 14.33 11.83 

Square array with 24 microphones 8.22 0 13.52 17.96 18.59 13.07 

Square array with 48 microphones 7.81 0 13.11 17.96 18.55 13.07 

“New” hemispherical array with 17 microphones 7.2 1.2 16.9 15.5 14.5 6.2 

 

2.2. The Analysis of Directivity Patterns 

For these three square microphone arrays and the 

hemispherical microphone array the directivity patterns are 

shown in Figure 4. and Figure 5. for the frequencies 1 kHz, 2 

kHz and 4 kHz. It can be noticed that the gain (G) in the 

desired direction (0°) as well as the number of side lobes 

and their gain is very frequency dependent. By observing 

the directivity patterns for frequencies 1 kHz, 2 kHz and 4 

kHz it can be seen that the square microphone arrays have an 

even better attenuation of side lobes for 2 kHz and 4 kHz 
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frequencies. When considering the gain (G) all four microphone arrays show similar results. 

 

 

 

Figure 4. Directivity patterns for square microphone arrays at f = 1 kHz, 2 kHz and 4 kHz a) with 12 microphones; b) with 24 microphones and c) with 48 

microphones. 
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Figure 5. Directivity patterns for the hemispherical microphone array with 17 microphones at f = 1 kHz, 2 kHz and 4 kHz. 

3. Conclusions 

In our previous research, after performing multiple 

simulations using MATLAB’s Sensor Array Analyzer for 

various shapes of MEMS microphone arrays, we have 

concluded that in order to achieve a broadband frequency 

range acoustic camera it is necessary to simulate and 

optimize the acoustic camera for the entire broadband 

frequency range. Therefore, in this paper we have simulated 

three square arrays with 12, 24 and 48 microphones and one 

“new” hemispherical array with 17 microphones. The 

simulations were performed at the following frequencies 

respectively 1 kHz, 2 kHz and 4 kHz. 

Considering the directivity patterns for the aforementioned 

frequencies it can be observed that the square microphone 

arrays have a better attenuation of side lobes for 2 kHz and 4 

kHz frequencies. Furthermore, taking into account the gain 

(G) in the desired direction all four microphone arrays show 

relatively similar results. 

Finally, it can be concluded that we have succeeded in 

designing four broadband acoustic cameras. All of the 

designed acoustic cameras have a respectable main lobe gain 

and, in addition, a significant attenuation of side lobes. 

Moreover, bearing in mind the requirements (i.e. the gain of 

the main lobe and the attenuation of side lobes) the best 

design for the acoustic camera has proven to be a square 

array with 24 microphones. 

Future work will be oriented towards the acoustic camera 

prototype manufacturing which will rely on the square array 

consisting of 24 MEMS microphones. Furthermore, a 

detailed analysis of the acoustic camera prototype parameters 

will be carried out and compared with simulations gathered 

in research presented in this paper. 
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