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For many decades, models that can explain the behaviour of measurement condenser microphones have 

been proposed in the literature. These devices have an apparently simple working principle, a charged 

capacitor whose charge varies when one of its electrodes, the diaphragm, moves as a result of sound 

waves. However, measurement microphones must be manufactured very carefully due to their sensitivity 

to small changes of their physical parameters. There are different elements in a microphone, the 

diaphragm, the gap behind it, a back cavity, a vent for pressure equalization and an external medium. All 

these subsystems form a strongly coupled device that cannot be modelled properly as a superposition of 

submodels, but rather as a whole. For this reason, the challenge of microphone modelling is still an 

ongoing area of research. In this work, a newly developed Boundary Element Method implementation 

that includes visco-thermal losses is used to model measurement condenser microphones. The models 

presented are fully coupled and include a FEM model of the diaphragm. The behaviour of the acoustic 

variables in the gap and the effect of the pressure equalization vent are discussed, as well as the practical 

difficulty due to the production variability among single units of the same microphone model.  

1 Introduction 

Measurement of sound pressure is mostly performed using microphones of the condenser type. There are many 

variations among these devices, but they all share common features. There is a conductive diaphragm, exposed to the 

sound waves on the one side, and closely backed by a conductive plate on the other side. The two elements form a 

capacitor that must be charged electrically to create a voltage. The variation of the capacitance due to the diaphragm 

movements induced by the sound field can then be sensed as voltage changes.
1
  

Condenser microphones have a narrow space between the diaphragm and the back plate, usually only a few 

micrometers thick. This is desired for two reasons: i) the capacitance is larger the closer the electrodes, and ii) the film 

of air trapped in between can be adjusted to damp the diaphragm natural resonances by means of the viscous and 

thermal losses. The back plate distance and design can be chosen in order to fulfil these objectives and obtain the 

desired sensitivity, noise floor and bandwidth of the device. The back plate is in many cases provided with holes or slits 

and a connected back cavity in the interior of the microphone, all of them carefully balanced. Figure 1 shows a 

photograph and a sketch of a condenser microphone. 

The acoustical and mechanical coupling of the external medium, the diaphragm, the narrow gap of air, the holes and the 

back cavity is indeed very strong and sensitive to parameters such as diaphragm tension and thickness of the air gap. 

Single units of the same measurement microphone model differ slightly in their performance and must be adjusted and 

calibrated individually.
2
 

The design and analysis of condenser microphones is still mainly based on lumped parameter models.
3
 For several 

decades, modelling of condenser microphones has been a recurring topic in the literature.
4-9

 The proposed models 

combine analytical and lumped parameter representations of the elements of the device: external medium, diaphragm, 

thin air film, holes and back plate. Some authors introduce numerical models of some of these elements, but in most 

cases the visco-thermal effects in the thin air gap are represented by analytical formulas or lumped parameters. In 



   

reference [9], the Finite Element Method is used when accounting for viscous and thermal losses; however, the 

comparison with measured results of the sensitivity and membrane displacement does not seem totally satisfying. The 

Finite Element Method (FEM) approach has demonstrated its validity for a simplified microphone geometry, the same 

used in the first example in this paper.
10,11

 

Viscous and thermal losses are usually neglected when modeling sound waves, or rather accounted for as boundary 

impedance. This is due to the fact that most of the viscous and thermal effects occur within a thin layer over the 

boundary, with a thickness of a fraction of a millimeter to a few micrometers depending on the frequency. However, 

setups where the dimensions are small enough to be of the same range as the visco-thermal boundary layer need more 

advanced models that include losses. To do so, a linearized version of the Navier-Stokes equations for fluids must be 

used, either directly in a FEM implementation or through the Kirchhoff decomposition of these equations into acoustic, 

thermal and viscous components.
12.13

 In this paper the Kirchhoff decomposition in combination with the Boundary 

Element Method (BEM) is used.
14-18

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Photograph (source: Brüel & Kjær) and diagram of a condenser microphone, showing its interior. 

The paper will present the adaptation of a custom-made implementation of the Boundary Element Method, the 

OpemBEM, to include viscous and thermal losses. An axisymmetrical implementation is chosen which is convenient 

for the geometry of condenser microphones. Two calculation examples are calculated: i) an idealized geometry with no 

back cavity, and ii) a Brüel & Kjær measurement microphone with a back cavity and no holes in the back plate. The 

results are compared with an analytical model and electrostatic actuator measurements respectively. 

2 Visco-thermal equations 

Sound propagation in a fluid with losses can be described using three decoupled modes: i) an acoustic mode describing 

the part of the wave that propagates, ii) a thermal mode, which includes the effect of thermal losses and iii) a viscous 

mode, with the losses by viscous friction.
12-14

 The harmonic equations representing the three effects are: 
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where the indexes a, h and v indicate respectively acoustic, thermal and viscous modes and the total pressure is p = pa + 

ph, since the viscous velocity has no pressure associated. The wavenumbers ka, kh and kv are a function of the perfect 

fluid wavenumber k and several physical parameters, such as viscosity, bulk viscosity, thermal conductivity, etc. The 

harmonic time dependence e
iωt

 is omitted. 

Equations (1), (2) and (3) and the modes they represent are decoupled in the fluid, but they are linked through the 

boundary conditions. The viscous and thermal modes are particularly strong within a thin boundary layer on the 

boundary surface, caused respectively by the no-slip condition of the tangential velocity and the thermal absorption of 

the surface. The viscous and thermal boundary layers have a thickness that is inversely proportional to the square root 

of the frequency, and at audio frequencies it spans from a fraction of a millimeter to a few micrometers.  

The boundary condition for the pressure is a consequence of the high thermal conductivity the boundary, creating 

isothermal conditions. Since the pressure is related to the temperature, it must be: 

≈ 20 µm 
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The parameters τa and τh depend on the physical properties of the fluid and the frequency. 

The velocity boundary condition, in opposition to the classical normal velocity condition for perfect fluids, has a 

vectorial nature for fluids with losses. This means that the total velocity vector, the sum of all three modes, must match 

the movement of the boundary in the normal (noted n) and tangential (noted t) directions, that is, 
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If the thermal and acoustic velocities are expressed as a function of the corresponding pressures: 
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where φa and φh depend on physical constants and the frequency. This vectorial condition is split into normal and 

tangential components, the latter being a two-dimensional vector expression: 
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Equation (7) is the so-called no-slip condition because the fluid must follow the tangential movement of the setup at the 

boundary. 

3 The Boundary Element Method with visco-thermal losses. 

3.1 Axisymmetrical BEM  

Equations (1) to (3) are all of the Helmholtz type (note that Eq. (3) is vectorial and in reality represent three 

equations – one for each component) and therefore well suited for the Boundary Element Method. However, the 

numerical implementation has certain differences when compared to implementations or the standard (lossless) 

Helmholtz equation, since the wavenumbers kh and kv have large imaginary values and represent fast decaying fields, 

which must be carefully handled in the numerical integration. 

It is beyond the scope of the present paper to give a detailed account of the mathematical manipulations, but using 

the boundary conditions (Eq’s (4), (6) and (7)) allows for the elimination of variables and results in an expression 

relating the acoustic pressure pa to the normal component of the boundary velocity vboundary,n assuming that the 

tangential boundary velocity is zero: 

 =boundary,n av VTp  (8) 

where the matrix VT is a combination of matrices resulting from the discretized versions of Eq.’s (1) to (3) linked 

though the boundary conditions 

In this paper an axisymmetrical formulation of the BEM is used, which has been programmed in the OpenBEM 

Matlab code. The objects to be modeled must have axial symmetry, and only their generator needs to be meshed. 

4 Model of an idealized microphone 

A simple geometry of a microphone with an analytical solution can be found in reference [11]. This example has been 

used previously in the literature for comparison with numerical models.
10,14

 The microphone is a circular diaphragm 

stretched over a circular cavity and a hard back plate, forming a flat cylinder. The rim of the structure is set with a 

pressure release boundary condition (p=0) and excited by a uniform sound pressure on the membrane. The setup is 

sketched in figure 2. The surfaces of diaphragm and back plate are close enough to cause problems in a standard BEM 

formulation; this difficulty has been dealt with using an improved integration strategy.
19

 

In principle, the boundary surface must be differentiable at least once (no sharp corners) in order for the surface 

derivatives to exist.
13

 Sharp corners are nevertheless implemented in order to observe the effect on the solution. 

 



 

Figure 2. Sketch of the idealized microphone in reference [11]

 

The radius of the microphone is 2 mm and the gap thickness is 18 µm. The 

of the diaphragm material is 8300 kg/m
3

4.1 Model of the diaphragm

The diaphragm is modelled as a membrane with no stiffness, following the equation:

 

where ε is the normal displacement, K is the wavenumber of the mechanical wave

the sum of sound pressures acting on the diaphragm, internal

dimensional Finite Element Method implementation producing the matrix equation:

 

4.2 Coupled model of the idealized microphone

The coupled system of equations for the 

 





where equation (10) can be seen in the top rows of the system of equations. The term 

and –iω are coupling matrices: D represents forces on the diaphragm from the acousti

membrane movement as a boundary velocity for the acoustic part

of the microphone, pinc are the contributions of the external pressure on the diaphragm nodes, and 

displacements of the diaphragm nodes. 

4.3 Results 

The sensitivity of the idealized microphone is calculated by integrating the

diaphragm which is proportional to the sensitivity of the microphone

The sensitivity shown in figure 3 has been calculated for a range of meshes with varying number of elements and 

allowing in some cases sharp corners on the rim. The calculation does not break down 

or the corners are made sharp, and the agreement 

effect of rounding the corners is less evident the more elements in the mesh.

almost identical to the analytical solution.

Both analytical and numerical solutions 

independently, both on the boundary and in the microphone’s interior.

particle velocity is shown in figure 4 for several frequencies along a line in the z direction and at a distance midway 

 

Sketch of the idealized microphone in reference [11]. 

The radius of the microphone is 2 mm and the gap thickness is 18 µm. The diaphragm tension is
3
 and the diaphragm thickness is 6,95 µm.  

Model of the diaphragm 

membrane with no stiffness, following the equation: 
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is the wavenumber of the mechanical wave, T is the membrane tension

the sum of sound pressures acting on the diaphragm, internal and external.
4,5

 This equation is implemented using a one

implementation producing the matrix equation: 
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model of the idealized microphone 

The coupled system of equations for the idealized microphone is: 
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) can be seen in the top rows of the system of equations. The term VT represents equation (8

represents forces on the diaphragm from the acoustic pressure and 

membrane movement as a boundary velocity for the acoustic part. The pa are the pressures on the nodes in the interior 

are the contributions of the external pressure on the diaphragm nodes, and 

 

The sensitivity of the idealized microphone is calculated by integrating the diaphragm displacement over the 

diaphragm which is proportional to the sensitivity of the microphone
14,17

.  

has been calculated for a range of meshes with varying number of elements and 

allowing in some cases sharp corners on the rim. The calculation does not break down when the mesh density is reduced 

the agreement for the rougher meshes can be acceptable for initial calculations.

effect of rounding the corners is less evident the more elements in the mesh. The finer mesh

almost identical to the analytical solution. All curves, analytical and numerical, are normalized with the same value.

Both analytical and numerical solutions are able of producing results of the viscous, thermal and acoustic magnitudes 

independently, both on the boundary and in the microphone’s interior. As an example, the 

for several frequencies along a line in the z direction and at a distance midway 

 

tension is 3128 N/m, the density 

(9) 

is the membrane tension and pd is 

This equation is implemented using a one-

(10) 

(11) 

represents equation (8) and D 

c pressure and –iω represents the 

are the pressures on the nodes in the interior 

are the contributions of the external pressure on the diaphragm nodes, and the εi are the 

diaphragm displacement over the area of the 

has been calculated for a range of meshes with varying number of elements and 

when the mesh density is reduced 

can be acceptable for initial calculations. The 

The finer mesh, with 176 elements, is 

s, analytical and numerical, are normalized with the same value. 

are able of producing results of the viscous, thermal and acoustic magnitudes 

As an example, the radial component of the 

for several frequencies along a line in the z direction and at a distance midway 



   

from the centre to the rim. The boundary layer can be seen clearly: the fluid is forced to be still by the diaphragm and 

back plate surfaces.  

Figure 5 shows membrane displacement for the same frequencies and along a radius. The match with the analytical 

solution is quite good in all cases, so much that the curves are almost identical. 

The results shown in figures 3, 4 and 5 were calculated with one of the finer meshes, with 176 elements. The values 

shown in figure 4 are calculated in the domain, that is, the BEM results on the surface are used in an additional 

calculation where domain points are obtained. The process is not direct in the case of the viscous component of the 

particle velocity, since the surface results are given in a boundary reference system (tangential and normal components), 

which needs to be transported to the global coordinate system. On the other hand, the thermal and acoustic components 

of the particle velocity are calculated as finite difference gradients of the domain pressures. The outcome is however 

satisfactory. 

 

 

Figure 3. Normalized sensitivity of the idealized microphone. The lower plot is a zoomed-in version of the upper one. 

Continuous black line, analytical solution; “x”, 31 elements, rounded corners; “o”, 25 elements, sharp corners; “+”, 45 

elements, sharp corners; “*”, 51 elements, rounded corners; “◊”, 100 elements, rounded corners; “”, 176 elements, 

rounded corners. 



   

Figure 4. Radial component of the particle velocity along 

a vertical line traversing the gap halfway from the centre 

to the rim. ‘*’, BEM calculation; continuous line, 

analytical solution. 

Figure 5. Membrane displacement, over a radial direction. 

‘*’, BEM calculation; continuous line, analytical solution. 

5 Model of a measurement condenser microphone 

The second example is a commercial measurement condenser microphone, where the coupled model calculations are 

compared with measurement results. The measured sensitivity frequency response is taken from the literature and is an 

electrostatic actuator measurement
14

. The chosen microphone is the Brüel & Kjær microphone type 4938, a ¼ʺ 

pressure-field microphone with no holes in the back plate.
 20

 The microphone is therefore axisymmetrical and is suitable 

for modelling using the axisymmetrical BEM. The only non-axisymmetrical feature is the pressure equalization vent on 

the side, which is modelled as a pressure-release circular slit. The nominal parameters of the 4938 are listed in Table 1. 

However, during production, the microphone is individually adjusted in order to meet the model specifications. As a 

result, the microphone parameters and in particular the gap width and diaphragm tension vary from unit to unit and 

must be adjusted in the numerical model.  

 

Figure 6 shows a picture of the 4938 and examples of BEM meshes employed to model the microphone’s internal and 

external boundaries. Note the different scales of the sub figures. 

 

Table 1. Design parameters of the Brüel & Kjær microphone type 4938. 

Membrane radius (mm) 2 

Backplate radius (mm) 1,75 

Gap thickness (µµµµm) 18 

Membrane tension (N/m) 3128 

Membrane density (kg/m3) 8300 

Membrane thickness (µµµµm) 6,95 



 

 

 

Figure 6.From left to right, a picture of the type 4938 microphone and examples of BEM 

5.1 Coupled model of the idealized microphone

The coupled system of equations for the 
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Equation (12) includes the same terms as equation (11

by the BEM coefficient matrices Aext and 

(10), and D, E and –iω are coupling matrices. The 

the pe are the scattering pressures on the external surface of the microphone and 

incident sound field on the external surface. 

All the essential elements that play a role in the performance of the microphone are represented in this coupled system, 

with the exception of the electrostatic force

personal communication with Brüel & Kjær, and the results in this paper seem to support the idea

can easily be added as an excitation to the 

5.2 Results 

Figure 7 compares the measured responses and 

are : gap thickness of 19,65 µm (+9%), diaphragm tension 

g/m
2 
(+6%). Numbers in parentheses are relative deviations from the nominal values

 

 

 

icture of the type 4938 microphone and examples of BEM generator’s 

interior and exterior domains. 

Coupled model of the idealized microphone 

The coupled system of equations for the BK4938 microphone is as follows: 
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s the same terms as equation (11), with the additional coupling of the external domain, represented 

and Bext. The term VT represents equation (8), the term 

are coupling matrices. The pa are the pressures on the nodes in the interior of the microphone

are the scattering pressures on the external surface of the microphone and pinc are the contributions of the external 

incident sound field on the external surface.  

All the essential elements that play a role in the performance of the microphone are represented in this coupled system, 

of the electrostatic force. This force is not very relevant for this microphone type

personal communication with Brüel & Kjær, and the results in this paper seem to support the idea

to the diaphragm nodes without extending the system of equations

the measured responses and the corresponding adjusted models. In figure 7

, diaphragm tension of 3566 N/m (+14%), and diaphragm surface d

(+6%). Numbers in parentheses are relative deviations from the nominal values 

 

generator’s meshes of the 

(12) 

of the external domain, represented 

, the term T(A+K
2
B) is equation 

are the pressures on the nodes in the interior of the microphone, 

are the contributions of the external 

All the essential elements that play a role in the performance of the microphone are represented in this coupled system, 

very relevant for this microphone type according to 

personal communication with Brüel & Kjær, and the results in this paper seem to support the idea. Electrostatic forces 

of equations. 

In figure 7, the model parameters 

, and diaphragm surface density of 61,1 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Sensitivity response: comparison between the actuator measurement in reference [14] and the adjusted 

numerical model. ‘x’, BEM calculation, continuous line, actuator response. 

6 Conclusions 

The main purpose of this paper, the modelling of the measurement condenser microphone, is achieved by means of a 

novel axisymmetrical BEM formulation with losses of the interior of the device that is included in a coupled model. The 

condenser microphone poses a particularly challenging modelling task, and it acts therefore as a test for the new BEM 

implementation. 

Besides the inherent complicated nature of condenser microphones, their modelling is made yet more difficult because 

they are adjusted one by one during production in a way that prevents a sufficiently precise knowledge of their key 

parameters. Both measurements and simulations demonstrate that quite small changes in the construction parameters of 

the microphone can give rise to significant changes in its performance. The simulations of a theoretical microphone in 

section 4 demonstrate that the numerical model is able of coping with the task. When a real microphone is simulated in 

section 5, however, a parameter adjustment process is necessary in order to get a close model, and even then it is not 

possible to assume that the chosen set of parameters reflects reality. This is due to the microphone complexity, not a 

result of any modelling difficulty. Even in the case of the real microphone in section 5 and the fitting procedure, the 

sensitivity obtained differs only by a fraction of 1 dB. 

The proposed model can nevertheless be used for studying the physical behaviour of the microphone, improve its 

design and adapt it to the systems where it is included. Primary and secondary calibration systems, couplers, hearing 

aids and mobile devices can benefit from an improved microphone model.  

As to the BEM model with losses, it has shown its adequacy for this challenging modelling task with meshes that have 

fewer degrees of freedom than the corresponding FEM models in the literature. The model is robust enough to cope 

with sharp edges and corners, which in principle should be rounded for a precise representation. 

The use of the Kirchhoff decoupling of viscous, thermal and acoustic modes combines well with the Boundary Element 

Method, since all the coupling is performed at the boundary, where the BEM boundary conditions are applied. If the 

coefficients of the BEM matrices are calculated properly, calculation in the domain follows easily. 
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