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Abstract: 

This thesis studies how the mechanical design of a surveillance camera 
affects the acoustic performance, mainly in terms of the frequency 
response within the human hearing range. During the project, the 
mechanical characteristics that affect frequency response were 
investigated by measuring the camera’s audio behavior in an anechoic 
chamber. A theoretical and adaptable acoustic model was built in 
COMSOL to simulate the frequency response of the sound path. 
Measurement and simulation results were compared to identify critical 
aspects of the mechanical design and adjust accordingly for better 
acoustic performance. 
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1. Notation 
 

 Velocity of fluids   

 Specific heat   

 Thermal conductivity   

L Physical length of ducts   

 Effective length of ducts   

P Wave pressure  

 Measured sound pressure  

 Reference sound pressure  

 Prandtl number  

Q Quality factor  

S Cross-sectional area of ducts   

 Volume of cavity   

 Angular velocity   

 Characteristic specific acoustic impedance   

 Correction factor 

 Thickness of boundary layer   

 Ratio of specific heats  

 Dynamic viscosity   

 Fluid density   

 Laplace operator 
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Abbreviations 
ASIC Application Specific Integrated Circuit 

ATM Standard Atmosphere 

CAE Computer Aided Engineering 

FEM Finite Element Method 

FR Frequency Response 

MEMS Micro Electrical Mechanical System 

PCB Printed Circuit Board 

SNR Signal to Noise Ratio 

SPL Sound Pressure Level 
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2 Introduction 
2.1 Background and purpose 
Since Axis now has the strong competence to achieve satisfactory 
performance from electronics and software in their camera products, they 
currently would like to investigate more in the improvement of audio quality 
in their surveillance cameras, mainly on the frequency response. The 
frequency response is when the microphone receives sounds of different 
frequencies, the output signal will amplify or attenuate across the frequency 
spectrum. The ideal situation shows a horizontal line within 20 Hz to 20 kHz, 
which is the range of typical human hearing. The flat frequency response can 
truly stand for the characteristics of the original sound. The reference level 
at 1 kHz is customarily normalized to 0 dB. 

The company would like to investigate in the acoustics to achieve the desired 
flat frequency response for a better acoustic performance of the camera 
products. The goal of this project is to create a theoretical and adaptable 
acoustic model which will help to identify critical aspects of the mechanical 
design that would have a significant influence on the frequency response.  

 

2.2 Aim and objectives 
The research aims to identify as many camera characteristics as possible that 
could affect its acoustic performance mainly on frequency response. 
Commonly, the MEMS (Micro-Electrical-Mechanical-System) microphones 
were widely used in camera products. This kind of microphone usually has 
very small size, high sound quality and reliability situated on the PCB 
(Printed Circuit Board) deep inside the camera housing. Then, the sound path 
is needed to ensure the microphone has contact with outer environment to 
receive the input sound signal.  

The MEMS as an independent part has its own acoustical specifications, like 
sensitivity, SNR (signal to noise ratio), frequency response and so on, which 
depend on the design of the inner structure. The extensive research on the 
MEMS microphone is needed to identify its default resonance frequency. 
The sound path is how the sound propagates through and reacts on the 
microphone’s membrane to generate the signal. Differently shaped sound 
paths were studied to see the impacts on the resonance. The general features 
would be studied since the design of sound path is different for different 
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cameras. Other components like camera housing and camera lens also need 
to be considered.  

This thesis project mainly consists of two parts. Both FE-simulations and 
acoustic measurements would be carried out to compare with each other. 
However, in this report the acoustic simulation with performance on 
frequency response will be specified in more detail. The following research 
questions are addressed in this work: 

 How does a tortuous acoustic travelling path affect the frequency 
response? 

 Does the material of the acoustic path have an impact on the acoustic 
performance? 

 To what degree can the acoustic system of the camera be simplified 
to be simulated to represent the real camera system and to obtain a 
matching frequency response?  

 Can the thermo-viscous losses be shown through simulation software? 

 

2.3 Method of research 
The theoretical knowledge of the sound propagation inside the duct is the key 
to build the mathematical model. A deep research for the physical 
characteristics of MEMS microphone and sound guide is needed. The 
acoustic finite element simulation needs to be researched to show the 
simulated frequency response. The qualitative research method is used to put 
each mechanical characteristic inside the acoustic simulation to see the 
effects from each of them. Thermo-viscous effects add plenty of 
mathematical complexities while the viscosity and thermal conductivity were 
accounted. The finite element acoustic simulation will avoid the heavy 
mathematics since the region considered was divided into small parts, finite 
elements and help to avoid solving differential equations that are too complex 
to be solved analytically. The acoustic measurements will be carried out to 
verify the simulation results. Comparison between simulated and measured 
results will show how close the acoustic simulation is to the real model and 
help to identify and modify the critical mechanical components of the camera 
products. A diagram of the overall research process is shown in figure 2.1. 
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Figure 2.1. The chart of working flow. 

This project mainly includes five parts. Firstly, a research on the MEMS 
microphone will give a clear vision of which parameters that can affect the 
frequency response. Secondly, the design of the acoustic path may have a 
considerable impact on the overall performance since the sound inlet of the 
microphone usually does not directly contact with the external environment. 
Thirdly, develop the model of the acoustic path to simulate the incoming 
sound propagating through the sound path and display the simulated 
frequency response. Here, add and remove different mechanical objects, such 
as physical dimensions, material properties, thermo-viscous influence, so on 
to see how different mechanical characteristics affect the frequency response. 
Then, the results from the simulation computation need to be compared to 
the real acoustic measurements for verification. At last, the evaluation of the 
modal’s accuracy will be performed, and the final adaptable acoustic model 
will be carried out to help to identify critical aspects of the mechanical design 
and adjust these for a better acoustic performance. 

 

2.4 Related work 
The initial acoustic measurement has been done in anechoic chamber by the 
company, shown in figure 2.2 (The measurements setups are shown in 
Appendix 1). The frequency response indicates the resonance frequency 
happens around 7462 Hz with amplitude around 17 dB. Obviously, the 
resonance is far less than 20 kHz which is not desired. The data was measured 
from a fully assembled camera product, which contains the camera housing, 
sound guide, gasket and camera lens. Because that is how the camera 
products usually work. The camera’s name is ‘Axis P1367’ shown in figure 
2.3 with its microphone system highlighted. Each of the camera component 
may have a significant influence on the frequency response. Investigating the 
design characteristics of these components will help to identify and modify 
the critical features for a further improved audio performance. 

Analysis of 
sound path. 

Mathematical
model 

implementation

Acoustic finite 
element 

simulation
Acoustic 

measurements.
Evaluation of 
simulated and 

measured result.
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Figure 2.2. Initial measurement of frequency response for the camera. 

 

 
Figure 2.3. The researched camera product 'Axis P1367' [1].  

The initial measurement shows a general frequency response of the camera. 
The undesired resonance peak can be generated by so many aspects, like the 
camera housing, camera lens, the shape of sound path or electronic 
amplification, they all probably cause a bad resonance performance. A 
separation of those conditions and checking what kinds of influence they 
have, lead to an interesting research. 
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Since Karolis Poskus paid more attention to acoustic measurements, several 
interesting acoustic measurements has been done, for example, the enlarged 
Helmholtz resonator, sound interference with different shapes of reflective 
bases, self-made acoustic ducts and so on [2]. He proves that the geometrical 
features of the acoustic path into the camera housing can be modified to 
produce a more desirable frequency response through acoustic measurements. 
However, there are some conditions that the measurements skill cannot easily 
achieve, for example, tortuous shapes of sound path, different materials of 
sound path and so on. Hence, the more detailed solution will be acquired by 
FE-simulation through this paper. The improved frequency response will be 
measured by Karolis. 

 

2.5 Limitations 
 At Axis there is no EU-standard anechoic room being provided for 

the acoustic measurements so the precision measurements levels 
could be doubted. 

 The MEMS microphone is a miniature electrical component. It could 
be hard to get a satisfied acoustic measurement due to an improper 
sealing method or inaccurate calibration. 

 Both the dimensions of the MEMS microphone and the sound path 
are on the micrometer level, therefore, the high-tech measuring tool 
is needed. 

 The thermos-viscous acoustic provides a very complexed 
mathematical calculation. The research on the formula derivation is 
time consuming. 
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3 Acoustic theory 
3.1  The wave equation 
The acoustic wave equation describes the propagation of sound waves 
through a material medium. Generally, the form of the equation is a second 
order partial differential equation given by equation (3.1) [3]. 

  (3.1) 

where  is the wave pressure, and  is the speed of sound. The one-
dimensional acoustic wave equation describes as a function of position  and 
time . 

Feynman provides a derivation of the wave equation for sound wave in three 
dimensions as equation (3.2) [4]. 

    (3.2) 

where  is the Laplace operator. The pressure is described as a function of 
time. 

The acoustic pressure trends to cover a wide range of frequencies, which is 
interested between 20 Hz-20 kHz for this project. Thus, it will be convenient 
to use the logarithmic variable to measure the effective sound pressure 
related to a reference value. Hence, sound pressure level, denoted as  with 
unit dB is defined by equation (3.3). 

    (3.3) 

where  is the measured sound pressure and  is the reference sound 
pressure.  was defined as a constant value with  in the air 
and  in water. 

 

3.2  Helmholtz resonator 
A Helmholtz resonator (also known as Helmholtz oscillator) is a container of 
gas (usually air) with a ventilation hole (or neck). A volume of the air in the 
open hole vibrates because of the springiness, which means the compression 
of the air will increase the pressure inside the volume which will in turn 
expand back to its original volume. The air oscillates back and forth inside 
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the neck like a simple mass and spring system. The air in the short tube is 
considered as the mass while the air in cavity is the spring in a vibration 
system. The analogy of the single freedom vibration systems is shown in the 
diagram in figure 3.1. 

 
Figure 3.1. Analogy of a Helmholtz resonator to a spring mass system. 

The air in the neck has a total effective mass: 

     (3.4) 

    (3.5) 

where,  is the flow density inside the neck,  is the cross-sectional area of 
the opening,  is the effective length of the short tube which is longer than 
this physical length  because of its acoustic radiation at two ends of short 
tube, r is the radius of the neck and  is the correction factor. The correction 
factor is used to determine the effective increase in the length of the tube. 
That is because when the acoustic waves oscillate inside the tube fast, they 
cannot completely disperse immediately as they leave the tube. 

The air inside the neck can be compared to a piston for a better explanation.  
Before compression the air volume inside the cavity is  and the air pressure 
is . When the piston descends a small distance  into the container, the air 
inside the cavity is compressed, which will decrease the air volume to a lower 
value , where , and raise the atmospheric pressure to a 
higher value . Since the fast oscillation of the piston gives rise to 
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sound, the temperature inside the system keeps rising which will cause a 
changing of pressure. Hence, the equation that describes the changing 
pressure  produced by changing volume  involves a constant value , 
the ratio of specific heats, which is usually about 1.4 for isothermal expansion 
of an ideal gas [5]. The equation gives [6]: 

    (3.6) 

Hence, 

     (3.7) 

According to Newton’s second law for the acceleration: 

    (3.8) 

It is known that . Then, substitute the  and , gives 

   (3.9) 

    (3.10) 

This equation was solved with Laplace transform for both sides, giving: 

    (3.11) 

     (3.12) 

Hence, 

     (3.13) 

    (3.14) 

Speed of sound in ideal gases and air is given by [7]: 

     (3.15) 

Thus, the resonance frequency is: 
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     (3.16) 

 

3.3  Quality factor 
A higher quality factor (Q factor) for the resonator enables the resonant 
frequency to be identified more easily and helps to improve the potential 
accuracy. The Q factor provides an indication of how well the system 
resonates and it is defined as equation (3.17) [8]. The frequencies  and  
are the roll-off frequencies at both side of the main resonant peak and define 
the narrowness of the peak.  is the lower -3 dB frequency,  is the upper -
3 dB frequency. 

     (3.17) 

 

 

  



 

16 
 

4 MEMS microphone investigation 
4.1  Microphone type 
The MEMS microphone is a kind of micro device that can convert audio 
signals into electrical signals, of which the operation involves acoustics, 
mechanics and micro-electronics. It mainly consists of two components, the 
capacitive sensor and ASIC (Application Specific Integrated Circuit) chip. 
The sound goes through the sound path and reacts with the moveable 
membrane. The membrane helps to detect the sound wave and make a change 
of the pressure which in turn causes a changing capacitance. The capacitive 
sensor transfers the change into a small voltage signal. The changing voltage 
is than amplified and converted into electrical signal by the ASIC. 

There are two kinds of commonly used MEMS Microphone, one is top-port 
and the other is bottom-port. Each of them has its benefits and drawbacks. 
Some people prefer the top-port microphone shown in figure 4.1 because it 
is easier to protect from contamination during manufacturing. But it 
traditionally sacrifices the performance because the sound doesn’t propagate 
directly onto the membranes after crossing the sound path. On the other hand, 
the general shape of the bottom-port digital MEMS as shown in figure 4.2 
requires higher manufacturing abilities, but it provides a higher quality 
performance. 

 
Figure 4.1. General top-port MEMS microphone [9].  

 
Figure 4.2. General bottom-port MEMS microphone.  
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4.2 Axis P1367 Network camera  
The current research has been focusing on the camera features of sound path 
from the product called ‘Axis P1367’. The MEMS microphone inside the 
camera used to capture the sound is INMP522, which is a digital 
omnidirectional, metal-cap-packaged and bottom-ported microphone 
produced by InvenSense. This microphone is available in a small and thin 
4*3*1 mm surface-mount package with a wide frequency response around 
75 Hz to 20 kHz. How the frequency response of the MEMS microphone 
varies across the frequency bandwidth depends on three parameters: the size 
of ventilation hole, the front chamber and back chamber geometry. The 
detailed description is shown in figure 4.3. The ventilation hole and the back 
chamber geometry have an impact on the behavior at low frequencies while 
the behavior at high frequencies depends on the geometry of the front 
chamber only [10]. Generally, to achieve the best performance, microphone 
should have a large back chamber which contributes to improve the 
sensitivity of the MEMS sensor and a small front chamber which provides 
better performance particularly at high frequency. 

 
Figure 4.3 Detailed description of bottom-port MEMS microphone. 

The typical frequency response measured from INMP522 is given from the 
datasheet and shown in figure 4.4. It shows a roll-off at low frequencies and 
a resonant peak around 12 kHz. Behavior at high frequencies can be a 
resonance peak caused by the Helmholtz effect. The resonance is the 
phenomenon of air resonating inside the neck and cavity and it depends on 
the dimension of the front chamber and ventilation hole of the microphone. 
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Figure 4.4. Measured typical frequency response from datasheet [11]. 

 

4.3 Implementation of Helmholtz resonator 
According to the equation (3.16), the resonance frequency depends on the 
cross-sectional area of the neck, the volume of the cavity and the effective 
neck length, not on the shape. Here a separate Helmholtz resonator is taken 
with an open flanged tube for which the correction factor is . This 
is not fully correct because the value of correction factor depends on acoustic 
radiation at both ends of the short tube. 

For the MEMS microphone, the front chamber connecting with the neck 
builds up the Helmholtz resonator and the resonance is related to the value 
of . However, there is no such a good way to figure out the exact 
volume of the cavity since inner structure of the micro device was hard to 
predict. According to the datasheet, the typical frequency response that 
shows an actual microphone’s response across the frequency band is given 
in the figure 4.4, which shows the microphone’s resonance is around 12 kHz. 
It gives an approximate way to solve the cavity’s volume. The dimensions of 
the neck can be checked from the datasheet. The three different views give 
the value of actual length and through-hole diameter which is shown in figure 
4.5. The actual length has been set as  while the radium is 

. Hence, the cavity volume can be calculated as: 



 

19 
 

 

 

 
Figure 4.5. MEMS small outline 4*3*1 mm body [11]. 

This is a purely theoretical approximation without considering other effects 
like thermos-viscous and acoustic impedance, which may have a significant 
effect on its resonance frequency. In the beginning of simulation, the 
thermos-viscous effect will not be considered since it will bring a large 
complexity and time consuming in acoustic simulation. The general 
mechanical characteristics that may affect the resonance performance will be 
simulated in COMSOL to justify the critical physical design of the 
microphone system. 
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5. Acoustical FE-Simulation 
5.1 Cavity shape 
The resonance frequency was mathematically proved not related to the shape 
of the cavity by equation (3.16). However, the resonant frequency calculated 
by theoretical formula corresponds to the first order natural frequency. 
Generally, the first order resonant frequency of Helmholtz resonator has been 
studied. Only following the theoretical formula of Helmholtz resonator is not 
enough to verify a well-designed resonant cavity. The several different 
shapes were modeled to simulate the frequency response in COMSOL to 
justify the effect of the cavity shape. The shapes include cube, axisymmetric 
spheres and cylinders with different sizes. The volume of the cavity is fixed 
at . The sphere and cube can be easily calculated with its basic 
physical dimensions. To ensure the relations between the diameter and height 
of cylinder, figure 5.1 plots the relation between them. The detailed values 
for different shapes were shown in table 5.1. 

 
Figure 5.1. Same volume of the cylinder with varying diameter and height. 
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Table 5.1. The detailed dimensions of different shapes of the cavity.  

Shape Volume Physical dimensions 

Sphere  Radius:  

Cube  Side length:  

Cylinder  

Diameter  [mm] Height  [mm] 

0.8000 5.8370 

1.0000 3.7360 

1.6000 1.4590 

2.5000 0.5977 

3.2000 0.3648 
 

The short neck and the volume of the cavity are both fixed. Then the first 
order natural frequency is simulated in COMSOL. The cylinder with 
different dimensions was simulated first as shown in figure 5.2. The different 
shapes of the cavity were shown in figure 5.3 (The more detailed models are 
shown in Appendix 2). It is apparent that the resonance of the Helmholtz 
resonator is related to the shape. The simulation tells, generally the resonant 
frequency will keep increasing while the diameter is increased with fixed 
volume of cylinder. The total different shapes give results very close to 12 
kHz. The difference could be blamed on the round error when the model has 
been built with inaccurate dimensions. It seems the cubic and cylindrical with 
1.6 mm diameter model have the exact same resonance. In reality, there are 
other causes that can decrease the resonance but are not being considered in 
this simulation. Moreover, the cylinder has an axisymmetric geometry which 
will bring plenty of convenience during the simulation since 2D 
axisymmetric model can easily represent the features of 3D model. The 1.6 
mm cylinder also gives a reasonable overall appearance. Hence, the cylinder 
cavity with 1.6 mm diameter will be used for the following simulation (see 
appendix 2). 
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Figure 5.2. FR of cylinder shape with different diameter of cross-sectional 

area. 

 

 
Figure 5.3. FR with different cavity shapes. 
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5.2 Sound path 
5.2.1 Basic dimensions 
Since the MEMS microphone as micro-electronics usually work inside the 
product housing, the sound path can vary a lot according to different types of 
mechanical design of the components. According to the CAD model as 
shown in figure 5.4, the sound path of MEMS microphone inside ‘Axis 
P1376’ consists of PCB and plastic detail. There is also the tape used to stick 
the PCB and sound guide together. Each component has its mechanical 
characteristics like different diameters, thickness and material properties. 
These variations provide much more complexity to mathematically analyze 
the wave propagation through the irregular shapes. Since the geometries for 
all these parts are very small which make some dimensions really hard to 
measure, especially the sound hole inside the plastic detail. So, the CAD 
model helps a lot to confirm the detailed dimensions. The values are given in 
table 5.2. 

 
Figure 5.4. The detailed CAD model of microphone components. 
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Table 5.2. The detailed dimensions of sound path components. 

 Diameter [mm] Thickness [mm] 

Plastic Detail 0.7 (average) 3.85 

PCB 0.5 0.89 

Tape 1.2 ≤0.1 
 

The sound path contains different cross section areas. The equations to 
describe the acoustic wave propagating inside sound path are much more 
complex. So, the finite element software COMSOL Multiphysics helps to 
predict the overall performance of the acoustic design by simulating the 
entire sound path, which will bring a lot of convenience. The frequency 
response of MEMS microphone has been shown in previous work. The 
different variables will help to figure out how the acoustic design of the 
sound path will affect the overall acoustic performance of the system. 

 

5.2.2 Cross-sectional area 
The plastic detail makes it easier to obtain the different size of hole. Except 
for the original size, drills can be easily used with different size to drill a hole 
through the sound guide, like 1mm and 1.5 mm. The original sound guide 
hole is irregularly designed. Then, 0.7 mm as the average dimension was 
simulated in COMSOL. The axisymmetric model is shown in Appendix 2. 
The simulated frequency response was given in figure 5.5. The result shows 
that different cross-sectional area gives different resonance frequencies with 
constant length. The resonance frequency keeps increasing with a bigger hole 
size. 
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Figure 5.5. Frequency response of different cross-sectional area. 

 

5.2.3 Length 
Sound guides with different lengths were simulated. The cross-sectional area 
has been set to constant diameter 1 mm. Based on the currently used plastic 
detail, the length was reduced to 1 mm and 2.08 mm, compare the simulated 
result with original length which was 3.85 mm. The model with different 
length can be seen in Appendix 2. The frequency response given in figure 
5.6 shows that the resonance will be improved with a decreasing length. 

 
Figure 5.6. Frequency response of different length. 
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5.2.4 Tortuous path of sound guide with same volume 
Since the sound holes inside the camera could be designed with different 
shapes which are required by the specific design properties. It would be 
interesting to investigate how the resonance will be if the length and cross-
sectional area of the sound guide were kept the same but with different shapes 
since it gave more flexibilities to design the camera shape generally 
especially for the microphone within a small space. Hence, a tube with 
diameter 1.0 mm and height 3.85 mm was taken as the reference. To simplify 
the model, the one  bend was used with two different vertical lengths, 
shorter and longer. Then, the more complicated shape with two  bends 
was simulated as the last one shown in figure 5.7. The frequency response 
was given in figure 5.8. The sound path with one bend gives the exact same 
resonance compared with the long tube while the sound path with two bends 
gives a slightly higher resonance. The simulation result shows there is not 
such big difference on the resonance when the sound path was designed with 
irregular shapes.  

 

 
Figure 5.7. Different meshed shapes with tortuous acoustic path with 

constant cross-sectional area and length. 
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Figure 5.8. Frequency response of different shapes. 

 

5.2.5 Diameter of PCB 
The next simulation focuses on the effect of changing diameters of PCB part, 
which is not easy to predict by mathematical model which consists of the 
sound propagation through different area of tubes. The structure shown in 
figure 5.9 is a meshed axisymmetric acoustic path with a constant 1.5 mm 
diameter and 3.85 mm length of the plastic detail. The original radius of the 
PCB has been set as 0.25 mm. Then, increase the radius to 0.35 mm, 0.5 mm 
and 0.6 mm. The result in figure 5.10 shows that when the dimension of 
sound guide is fixed, an increasing cross-sectional area of PCB will generally 
increase the resonant frequency. 
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Figure 5.9. Axisymmetric structure of various diameters of PCB. 

 

 
Figure 5.10. FR with 1.5 mm sound guide but increasing PCB hole radius. 
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5.2.6 Characteristic specific acoustic impedance 
In prior work the attention was taken to evaluate how the different sound path 
geometries will affect the audio performance. What if the various material 
properties were implemented in the simulation process, such as specific 
acoustic impedance, which is a kind of property of the medium itself and the 
quantity is given by [3]: 

      (5.1) 

where  is the density of the material and  is the speed of 
sound propagating inside the medium. The SI unit of specific acoustic 
impedance is [12]: 

    (5.2) 

The plastic detail is made by polycarbonate in ‘Axis P1367’ which gives a 
specific acoustic impedance value. The plastic detail plays an extremely 
important role in the configuration of sound path. It could be interested to see 
what’s going to happen with the simulated frequency response while the 
sound guide is replaced with different materials. COMSOL gives a 
convenient way in the Pressure Acoustic Interface to define the material 
impedance of the sound guide while keeping the other parts as hard 
boundaries. The common materials acoustical properties are given in table 
5.3. The FR-4 is used to produce the majority of rigid PCBs. The frequency 
response was shown in figure 5.11.  

Table 5.3. The specific acoustic impedance commonly used with MEMS 
microphones. 

Material Density  Sound 
velocity  

Specific 
acoustic 

impedance 
[ ] 

Polycarbonate 1200 2270  

Hard rubber 1520 150  

Soft rubber 120 150 1800 

FR-4 1850 3602  
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Figure 5.11. FR with different impedance implemented on sound guide. 

The simulation result shows that different materials give a same resonance 
frequency but different magnitudes. The impedance was only implemented 
on the sound guide, since it was the main component of sound path. The 
specific acoustic impedance the property of the medium alone. It describes 
the medium ability to hide the sound. The softer material with lower specific 
acoustic impedance will let out more waves and will decreases the amplitude 
to show a much smoother frequency response. 

As the hard wall boundaries were set before, the resonant frequencies always 
show a shape peak. That is because the impedance there was always infinity. 
But as the impedance was decreased, the peak became much smoother. 

 

5.3 Discussion on simulation 
From the simulation results with a steady resonator cavity, it can be seen that 
the increasing cross-sectional area will cause an increasing resonant 
frequency while the length is constant. The increasing length causes a 
decreasing resonance while the cross-sectional area is constant. These 
simulation results are related to the model of theoretical Helmholtz resonator 
which had been derived before. The crucial condition that determines the 
resonant frequency doesn’t depend on the sound hole shapes. A tortuous 
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acoustic travelling path did not seem to have a major effect on the frequency 
response. A further widening of the sound path in front of the microphone 
sound inlet (mainly for the PCB part) will improve the resonance. The 
specific acoustic impedance has no effects on the resonant frequency, but it 
did have a significant effect on the Q factor. Softer materials damp the 
amplitude and reduce the peak value, which cause a decreasing of Q value. 

In summary, from the simulation results the general suggestions to obtain a 
flat frequency response in human hearing range are given below: 

 Enlarging the cross-sectional area of plastic detail. 

 Reducing the length of plastic detail. 

 Increasing the cross-sectional area of PCB. 

 Implementing a softer material along the sound path.  
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6. Thermal and viscous losses 
6.1 Introduction 
 The geometry of the sound path is made of several narrow ducts. For this 
kind of geometry, especially on the tiniest neck, the internal energy losses 
caused by viscosity and thermal conduction will have a critical impact on the 
audio quality. The general research shows that when the sound propagates 
inside a structure with small dimensions, the sound waves will be attenuated 
because of thermo-viscous losses. The losses are usually most pronounced at 
its resonance, damping the magnitude and shifting down the resonance [13].  

The mathematical model to represent the thermal and viscous losses is based 
on solving the momentum through the Naiver-Stokes, mass continuity and 
energy conservation equations. The combination of these equations is also 
called linearized Naiver-Stokes, which bring a large complexity to analyze 
the relations mathematically. COMSOL Multiphysics provides a specific 
module, Thermo-Viscous Acoustic, to compute the propagation of acoustic 
waves including thermal and viscous losses. The Thermo-Viscous Acoustic 
interface helps to solve the acoustic variations among pressure, velocity and 
temperature. The computation can be time consuming because of the details 
needed to be captured, especially the proper meshing on the boundary layer. 
Hence, the axis-symmetric geometry would help to reduce the computing 
load in the simulation process.  

 

6.2 Boundary layers 
When sound wave propagates near walls, a thermal and viscous boundary 
layer exists at the surface. The alternating changing wave pressure causes an 
oscillating motion of the air molecules between the walls. The motion of the 
particles close to the wall will be damped because of the frictions. Then, the 
viscous boundary layer occurs as shown in figure 6.1. The thickness of the 
viscous boundary layer depends on the frequencies not on the distance 
between the walls. The thickness of the viscous boundary layer is given by 
equation (6.1) [13]. 

     (6.1) 

where  is the dynamic viscosity,  donates the density of fluid and  is the 
angular velocity, which can be defined as .  
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Figure 6.1. The viscous boundary layers. 

The sound waves propagate by compressing and expanding the medium 
basically. The mechanical energy from back-and-force motion of the air is 
converted into heat energy and dissipate out through the walls. The thermal 
boundary layer is a region of a fluid, where the fluid temperatures are directly 
influenced by cooling from the isothermal condition near the surface wall. 
The thermal boundary layer shown in figure 6.2 is the region where the flow 
changes from adiabat in the mainstream to isotherm near the surface. The 
thermal and viscous boundary layers are correlated by the dimensionless 
Prandtl number , defined as the ratio of momentum dissipation to thermal 
diffusivity. It can be derived by equation (6.2) [14].  

     (6.2) 

where  is the specific heat and  is thermal conductivity. The Prandtl 
number is usually less than 1 in gases, which means the heat diffuses quickly 
compared to the velocity. The thickness of thermal boundary layer is given 
by equation (6.3).  

    (6.3) 
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Figure 6.2. The thermal boundary layers. 

The Prandtl number  usually was defined as 0.7 in the dry air around . 
The thickness of viscous and thermal boundary is close according to equation 
(6.3). For example, a frequency 100 Hz for the air at , 1 ATM gives 

 and . The thin boundary layers 
can draw the conclusion that the energy dissipation within the layer would 
be considered to happen at the boundaries. The thin thickness also helps to 
define the boundary layer properties in COMSOL. 

 

6.3 Thermo-viscous simulation 
Simulating with the Thermo-Viscous Acoustic physics interface can be a 
computational expensive process because of all the physical detail that needs 
to be captured, which mean that the whole sound path must be properly 
meshed. Generally, the thickness of the boundary layers where the energy is 
dissipated is defined following the equation (6.4) as a function of varying 
frequencies for both viscous and thermal boundaries, since their thicknesses 
were close to each other [15]. The meshing result was shown in figure 6.3. 
The  here means maximum and minimum frequencies that help to define 
the parameters of minimum and maximum boundary layer thickness. The 
parameters help to construct a better meshing. The no-sliding condition 

 and isothermal condition  are defined as the physical boundaries at 
the wall. 

  (6.4) 
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Figure 6.3. Acoustical meshing with boundary layer. 

The acoustic velocity distribution simulated with viscous losses is shown in 
figure 6.4 at its resonant frequency. The Helmholtz neck has been highlighted 
because of the rich-distributed color legend. The dimension of the duct plays 
an important role on the effect of viscosity. The narrower the duct is, the 
more losses of sound pressure will happen. For the neck part, fluid velocity 
is decreasing from the central duct to the wall. The velocity gradients 
between the molecule layers causes frictions near the walls. 

 
Figure 6.4. Acoustic velocity highlighted with neck implemented with 

viscous effect. 
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The simulated temperature variation is shown in figure 6.5 with a lower 
frequency for a higher thickness boundary layer. There are apparent gradients 
of the temperature happening close to the wall where the thermal losses are 
present caused by thermal conductivity. 

 
Figure 6.5. Temperature distribution along the sound path implemented 

with thermal effect. 

 

6.4 FR including viscosity and thermal 
conductivity 

1.0 mm diameter sound guide has been simulated with both thermal-viscous 
losses and material impedance. The result is shown in figure 6.6. The ideal 
resonate frequency without implementing any losses gives 7482 Hz with 
51.52 dB as magnitude. The resonance decreases to 7025 Hz with attenuating 
magnitude 18.47 dB after adding viscosity and thermal conductivity. The 
impedance shows an even lower magnitude but no changing of resonance. 
From the simulation result, the thermal-viscous losses have a significant 
impact on its resonance and an apparent attenuation on the magnitude. In 
reality, the losses have a critical influence on the audio quality in the 
narrowest neck connected to the Helmholtz resonator. Thermal-viscous 
interface provides a proper way to account for the losses in the narrow region. 
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Figure 6.6. FR with both thermo-viscous losses and material impedance 
are implemented in the same axis-symmetric acoustic sound path model. 
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7. Measurements 
7.1 Experimental setups 
The acoustic measurements were taking place in an anechoic chamber. The 
chamber was surrendered by padding material around the wall which is made 
by an acoustic foam wedge used to absorb the sound and reduce the acoustic 
reflection. Before doing each measurement, a calibration is required with the 
reference microphone: Earthworks M30 [16], which provides a stunning flat 
frequency response between 5 Hz to 30 kHz. The calibration is necessary 
because it needs to be ensured that the outer environment will not adding any 
information to the measurements which would cause inaccurate results. 
Hence, by having the calibration microphone known to provide a flat 
frequency response within the human hearing range can compensate for 
reflections in the chamber. 

The microphone is mounted one meter beneath the speaker. Three lasers help 
to locate the exact position from x/y/z directions. The power amplifier drives 
the speaker to generate an input frequency sweep. The duration time has been 
set as 1 seconds while the sweep signal was set to jump back to start 
frequency (20 Hz) every time. The acoustic pressure wave was transferred 
into electrical signal by the MEMS microphone and the frequency response 
was plotted by Spectra PLUS. The general measurement setups are shown in 
figure 7.1. 

 
Figure 7.1. Experimental setups to measure the MEMS frequency response. 
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7.2 Measurement idea 
The microphone is working inside the camera housing. The camera as a 
complexed system includes plenty of electronic and mechanical components 
that may have different influence on the resonance. To minimize the impact 
from these components, measurements with and without camera lens, 
microphone inside and outside the housing were implemented. Different 
variables defined by the physical dimensions of acoustical sound path were 
settled, such as cross-sectional area and length of sound guide. The original 
sound guide hole is irregular, and the diameter is less than 1.0 mm. Different 
cross sections were created by drilling the hole with 1.0 mm and 1.5 mm 
through the sound guide. Different lengths were made by trimming the raised 
part of the sound guide which is 2.08 mm after trimming and 3.85 mm for 
original length. The PCB is also drilled with 1.0 mm hole. 

 

7.3 Measurement results 
7.3.1 Calibration 
Before the measurement, calibration with the reference microphone has been 
done to compensate the reflections (Calibration setups are shown in 
Appendix 1). The flat frequency response is shown in figure 7.2. 

 
Figure 7.2. Frequency response of the reference microphone after 

calibration. 
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7.3.2 With and without camera lens 
In reality, the microphone is working with camera lens as a whole product. 
First, the full-assembled camera was taken and measured with the frequency 
response to check the original frequency response. The camera lens could 
sometime reflect the sound pressure waves and cause sound interference. 
Hence, the camera without lens was measured and the comparison was 
shown as figure 7.3. They have almost the same resonance but difference 
happens in magnitude at the high frequencies. The bigger amplitude at higher 
frequency with camera lens could be caused by the reflected sound from 
camera lens and sound wave overlapped to generate a higher peak. 

 
Figure 7.3. FR with and without camera lens. 

 

7.3.3 Microphone inside and outside camera housing 
The operating camera could produce the noise from electrical and mechanical 
components. To avoid the unknown effects from the camera housing the 
measurement of the sound guide attached with PCB was situated outside the 
camera. The frequency response shown in figure 7.4 indicates that the camera 
housing and electrical components have less effect on its resonance. The 
microphone outside the camera housing is shown in Appendix 1. 
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Figure 7.4. FR with microphone inside and outside camera housing. 

 

7.3.4 Drilled sound guide 
Different cross-sectional area has been created by drilling with various size 
of sound hole. The result shows that the resonance was increased while a 
bigger hole was drilled. The 1.0 mm hole gives the resonance around 7750 
Hz while the resonance of 1.5 mm hole is around 9400 Hz. The measured 
result is shown in figure 7.5. 

 
Figure 7.5. Measured FR with different cross-sectional area. 
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7.3.5 Trimmed sound guide 
The original length of sound guide is 3.85 mm. The length of trimmed sound 
guide is 2.08 mm while the raised part has been removed. Both 1.0 mm and 
1.5 mm diameter hole are measured to see the effects of the sound path length. 
When the hole is 1.0 mm, untrimmed and trimmed sound guide give the 
resonance around 8440 Hz and 9545 Hz shown in figure 7.6. When the hole 
is 1.5 mm, different trimmed sound guides give the resonance around 9542 
Hz and 9557 Hz shown in figure 7.7. Apparently, small holes show a larger 
difference rather than bigger holes. That could be because of the more 
apparent thermo-viscous losses inside the smaller with longer length.  

 
Figure 7.6. FR of trimmed and untrimmed sound guide with diameter 1.0 

mm hole. 
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Figure 7.7. FR of trimmed and untrimmed sound guide with diameter 1.5 

mm hole. 

 

7.3.6 Wave interference 
7.3.6.1 Anti-resonance peak 
There are always anti-resonance peaks occurring from the initial 
measurements shown in figure 7.8 when the MEMS microphone was taking 
outside the camera housing.  The most likely reason could be the interference 
of standing waves by the reflection of camera body. The measurement setups 
that cause the anti-peak were shown in figure 7.9. When sound wave was 
reflected by the wall, there goes two waves with same period, length and 
amplitude traveling in opposite direction inside the tube and overlapping 
with each other. Since this kind of anti-peaks also happen on the other 
microphone products of the company, the verification experiment was taken 
with M30 microphone and self-made closed tube. 
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Figure 7.8. Anti-resonance occurring in the initial measurements. 

 

 
Figure 7.9: Initial measurement setups which cause an apparent anti-

resonant peak reflected by camera housing. 
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7.3.6.2 Standing wave 
When sound waves travel inside an open closed tube [17], the first three 
resonances of the pressure waves are shown in figure 7.10. The waves are 
reflected by the wall and propagates in opposite direction. The two identical 
waves generate a superposition of a standing wave where the sharp peaks 
will happen as the overlapped resonances. The value of resonant frequencies 
depend on the length of cylinder and the derivation was also shown in figure 
7.10 where  is the length of tube. 

 
Figure 7.10. Derivation of overlapped standing waves inside an open 

closed cylinder. 

 

7.3.6.3 Standing wave measurement 
The appearance of anti-peak was assumed by the interference effects. To 
capture the characteristics, an aluminum circular plate was placed under the 
microphone. The sound reflection causes the anti-peaks showing up by the 
acoustic measurement. In order to find the regularities of the peaks, the 
surrounding wall were placed around M30 microphone. The experimental 
setups were set as shown in figure 7.11. The aluminum plate was sealed 
underneath the microphone inlet. Soft padding materials were put around the 
cylinder to absorb the reflections from camera stand and cables. The length 
from microphone inlet to aluminum plate was measured as . 
The frequency response is given in figure 7.12.  
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Figure 7.11. Setups to study the overlapped standing waves. 

 

 
Figure 7.12. The measured anti-peaks of overlapped standing waves inside 

closed cylinder. 

The first five theoretical resonances were calculated. Both theoretical and 
experimental resonances were compared in table 7.1. The first five anti-
harmonic resonances give a very close result. That could draw the conclusion 
that standing wave theory would help to explain the occurrence of anti-
resonance during the acoustic measurements. 
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Table 7.1. Comparison of first 5 harmonic resonances. 

Harmonic resonance Theoretical [Hz] Experimental [Hz] 

1st resonance 1755 1758 

2st resonance 5265 4954 

3st resonance 8775 8098 

4st resonance 12285 12010 

5st resonance 15795 15250 
 

7.4 Discussion on measurements 
The acoustic measurements of MEMS microphone are limited by machining, 
for example, the bending tortuous acoustic path cannot be easily obtained. 
The resonance peak of 1.5 mm sound guide hole is hard to obtain from the 
measured frequency response. The further discussions were shown below: 

 The surrounding camera components like lens and camera housing 
seems not to have a critical impact on the resonance.  

 Measurement results show that the effects of different cross-sectional 
areas and lengths follow the general theoretical Helmholtz resonator. 

 The drilled sound guide has a rough surface along the sound path, which 
may affect the audio performance. 

 There are undesired peaks happening along the frequency range, 
especially on higher frequencies. The reason could be inaccurate 
calibration for each measurement or unknown non-linear amplification 
from electronic devices. 

 The padding materials could help with noise absorption but not for sure. 
The property of the padding material is unknown. 

 The MEMS microphone sealed on the PCB was pasted with sound guide 
by using a piece of tape. Improper sealing ways may cause sound leakage 
so that inaccurate frequency response was obtained.  

 Different dimensions on the PCB part could make a significant 
difference in result. It is possible to drill a bigger hole in the PCB part, 
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but it may destroy the microphone since the thickness of PCB is only 
0.89 mm. 
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8. Comparison between simulated and 
measured results 

The geometry of the simulation model was calculated theoretically from a 
Helmholtz resonator. The thermo-viscous effects have been proved to have 
a significant effect on the performance of the frequency response by EF-
simulation. The specific material impedance cannot be fully decided since 
some of them, like the PCB is a composite of different kinds of layers which 
would provide different acoustic impedance. The impedance of surrounding 
material making up the cavity is not clear neither. The measurements show a 
general variation when the sound guide with different geometries was 
implemented. Some measurements, for example, the 1.5 mm sound guide 
displays a general variation inside the frequency range, but it cannot show an 
obvious resonance peak which makes it hard to decide the value of resonance. 
Hence, it is not wise to compare both simulated and measured frequency 
response since they vary a lot according to the results. The definition of 
absolute relative difference probably provides a better way to adjust the 
comparison between simulated and measured results [18]. The formula was 
shown below: 

   (7.1) 

where  and  are two resonances from different frequency response plots 
and the unit is defined as [Hz]. 

The frequency of resonance peak from simulation results is easy to take. The 
measurement plots which show an apparent peak was taken to do the 
comparison to decrease the error. The resonant frequency from both 
simulated and measured results are shown in table 8.1.  
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Table 8.1. Frequency of resonant peak comparison between simulated and 
measured results. 

Variables  Simulation [Hz] Measurement [Hz] 
1.0 mm original sound 

guide 7025 8440 

1.0 mm trimmed 
sound guide 7674 9545 

1.5 mm original sound 
guide 7674 9542 

1.5 mm trimmed 
sound guide 7970 9557 

 

The relative difference of the resonant peak was compared among the 
trimmed and untrimmed 1.0 mm sound guide, trimmed and untrimmed 1.5 
mm sound guide, original sound guide with 1.0 mm and 1.5 mm hole and 
trimmed sound guide with 1.0 mm and 1.5 mm hole respectively. The results 
are shown in table 8.2. The relative differences between simulated and 
measured results are small. It, to some extent, indicates that the FE-acoustic 
simulation provides an efficient and flexible way to simulate the frequency 
response of the acoustical path including thermo-viscous effects. 

 

Table 8.2. Comparison of absolute relative difference in resonant 
frequency. 

Variables Simulation [%] Measurement [%] 

Trimmed and untrimmed 1.0 
mm sound guide 8.46 11.58 

Trimmed and untrimmed 1.5 
mm sound guide 3.71 0.16 

Original sound guide with 1.0 
mm/1.5 mm hole 8.46 11.55 

Trimmed sound guide with 1.0 
mm/1.5 mm hole 3.71 0.13 
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9. Summary and conclusion 
This thesis work mainly includes two parts. Both FE-simulation and 
acoustical measurements have been done to research the performance of 
frequency response of a MEMS microphone. The MEMS microphone 
performed as a Helmholtz resonator help to define the theoretical volume of 
the cavity. In camera products, the microphone usually works with a PCB. 
The different cross-section areas that make up the sound path will add a lot 
of complexity to build the mathematical acoustic model. The CAE software 
COMSOL Multiphysics provides an efficient way to simulate the frequency 
response. The thermo-viscous effects in narrow region ducts cannot be 
ignored since it was proved to decrease both resonant frequency and 
amplitude of the resonance peak. In COMSOL, there is a specific module 
called Thermo-Viscous Acoustic Interface helping to implement the fluid 
viscosity and thermal conduction in circular narrow region ducts. The model 
of the sound path built in COMSOL is fast and convenient. The LiveLink 
Interface also provides a way to import complicated 3D models. The 
axisymmetric model was suggested when thermo-viscous losses were 
considered to improve the simulation efficiency. Each simulating time for 
the axisymmetric sound path model in this thesis work is around 40 mins. 
The more complex 3D model will take even longer time. The performance 
of thermo-viscous losses can be clearly shown by COMSOL. 

Acoustic measurements were carried out inside an anechoic chamber. The 
measurement results are not fully satisfied since there are a lot of unknown 
peaks happening at higher frequencies. There are no apparent resonant peaks 
in some of the frequency response plots, especially for 1.5 mm sound guide 
hole. To implement different variables in the measurements, a lot of works 
have been done to adjust the experimental objectives, such as drilling 
different size of hole through sound guide and PCB and trimming raised part 
on sound guide. The inaccurate calibration could also have an impact on the 
acoustic performance. The measurements could be limited compared with 
EF-simulation. The verification of tortuous sound path shapes cannot be 
easily measured while the specific acoustic impedance cannot be 
implemented neither, because of the micro dimensions of the acoustic path. 
However, the simulation result can conveniently prove that the tortuous 
acoustic travelling path has no effect on the frequency response, and the 
softer material with lower impedance will help to improve the performance. 

The results from both simulation and measurement show that the sound guide 
which builds up the main part of sound path has a critical effect on the 
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performance of frequency response. When the cavity of the MEMS 
microphone is fixed, increasing the cross-section area or decreasing the 
length of sound guide will significantly shift the resonant peak to higher 
frequency. The implementation of softer acoustic path material would help 
to make a much flatter frequency response in human hearing range. The 
simulated and measured frequency response give totally different frequency 
response curves because the theoretical cavity volume was used in the model. 
The absolute relative difference compared between both simulation and 
measurement results gives a closer percentage. The small relative difference 
of resonance peak shows that the FE-simulation implemented with thermo-
viscous losses in COMSOL provides a reliable way to simulate the acoustic 
performance of sound path. A clear shape and volume of the cavity will help 
to simulate a more practical result. 
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10. Future work 
 The exact dimension of MEMS mic need to be provided. The cavity 

volume will have a critical impact on the resonance peak. 

 More research is needed on the theory to define thickness of both 
viscous and thermal boundary layers.  

 A better meshing for both main model and boundary layer will not 
only provide a more accurate result but also help to control the 
computing time. 

 Accurate material properties mainly on specific acoustic impedance 
need to be researched to implement into the FE-simulation for a better 
performance. 

 The viscosity and thermal conduction were simulated together inside 
the sound path. How about the effect from each of them? 

 This thesis provides a general research on how the mechanical 
characteristics of the camera will affect MEMS microphone’s 
acoustic performance. A similar mechanical design for the other 
camera products can easily draw the same conclusion. 
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Appendix 1 Measurement setups 
 

 

A-1 Initial acoustic measurement setups with Axis P1367 camera. 

 

A-2 Calibration setups with reference microphone M30. 



 

57 
 

 

A-3 Setups with MEMS microphone system outside the camera housing. 
The padding material was set beneath the microphone to absorb the 

reflections. 
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Appendix 2 Simulation model  
 

 

A-4 Meshed spherical cavity shape with radius 0.8881 mm. 

 

A-5 Meshed cubic cavity shape with side length 1.4316 mm. 

 

A-6 Meshed cylindrical cavity shape with diameter 1.600 mm and height 
1.459 mm. 
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A-7 Simulated acoustic path after meshing with cylindrical cavity shape. 
Different cross-sectional area of the sound guide is set with different radius 

like 0.35 mm, 0.50 mm and 0.75 mm. 

 

A-8 Different lengths are set as 1.0 mm, trimmed 1.91 mm and original 
3.81mm while the radius is set as constant 0.50 mm. 
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