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ABSTRACT 
 
 
The self-noise of a microphone is the sum of the cartridge noise and the electrical 

noise of the preamplifier. For many cases the electronic preamplifier noise is dominant, and 

as such, the mechanical and acoustical sources of noise in the capsule can be neglected. 

However, the relative levels of various noise components are strongly dependent on 

frequency and the design of the transducer, as each source of noise is filtered through the 

successive signal path. The thermal-acoustic noise in the capsule can then be the dominant 

source of noise in certain frequency ranges for some microphone designs. Previously, 

Zuckerwar has employed an acoustic isolation vessel to separate the noise present in the 

motion of the microphone diaphragm from the total output noise and found a significant 

component of ρȾὪ noise on the diaphragm. To date, no physical explanation has been given 

for this spectral shape.  

This study uses the finite element method to examine the thermal-acoustic noise 

that is present in the back volume of microphones, a noise source that has historically been 

neglected. A simple finite element method for determining the thermal distributions in 

acoustic enclosures is described, and from this solution the impedance of any arbitrarily 

shaped enclosure may be obtained. This impedance is complex, in contrast to the usual 

adiabatic compliance approximation, which is purely imaginary. It is demonstrated using 

simple shapes that the resistive part of this impedance is flat at low frequencies and falls off 

as Ὢ Ⱦ at higher frequencies. According to the Fluctuation-Dissipation theorem, this 

resistance causes a noise fluctuation, which is proportional to the resistance. The frequency 

dependence of the resistance thus controls the spectral shape of the resultant noise.  
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This method is applied to the internal geometries of two commonly used and 

commonly studied measurement condenser microphones. The simulation results reveal 

that the enclosure resistances of these microphones have the same frequency dependence 

as for the simple enclosure shapes. Equivalent circuit models for these microphones with 

their preamplifiers are presented. Using a circuit simulator, the relative noise contributions 

of each acoustical noise source are compared. The simulated back volume noise dominates 

the other sources of acoustical noise for about two decades in the mid-band of the audible 

frequency range. When the electrical noise from the bias resistor is also included it 

dominates all other sources of noise in the microphone for much of the audio band. These 

ÒÅÓÕÌÔÓ ÃÏÍÐÁÒÅ ×ÅÌÌ ×ÉÔÈ ÓÅÖÅÒÁÌ ÏÔÈÅÒ ÁÕÔÈÏÒÓȭ ÐÕÂÌÉÓÈÅÄ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÎÄ ÃÁÌÃÕÌÁÔÉÏÎÓȢ 

The noise does not show a significant ρȾὪ dependence, and it is possible that no such 

dependence exists, as several errors in :ÕÃËÅÒ×ÁÒȭÓ methodology and data presentation 

were discovered.   
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Chapter 1  
 
Introduction  

1.1 Background  and motivation  

Microphones are used in a wide range of applications, each with its own special 

requirements. Professional audio, hearing aids, automotive, consumer electronics, and 

scientific research are just a few of the widely disparate industries where microphones are 

needed. Often there are tradeoffs between various parameters, and one must choose what 

can be sacrificed in a given application. For example in a smart phone, form factor is crucial, 

and manufacturers strive to release a final product that is slimmer, lighter, and more stylish 

ÔÈÁÎ ÔÈÅ ÃÏÍÐÅÔÉÔÏÒÓȭȟ ÁÌÌ ×ÈÉÌÅ ÐÁÃËÉÎÇ ÍÏÒÅ ÁÎÄ ÍÏÒÅ ÈÁÒÄware into such a small package. 

Current devices may also have more than one microphone for noise cancelation or beam-

forming, and each of these must be made as small as possible. This comes at a cost in terms 

of sensitivity, low frequency performance, and self-noise. On the other hand, suppose a 

microphone is needed for making field recordings of natural phenomena. In this case, size is 

of little issue, but a high sensitivity and extended frequency response is desirable.  

In this study, the primary focus is on measurement condenser microphones, 

specifically Brüel & Kjær Type 4134 and Type 4144. In their Microphone Handbook [1] , 

Brüel & Kjær provides criteria for the selection of a suitable measurement microphone. 

These include good acoustical and electrical performance, minor influences from the 

environment, high stability of the frequency response, and the availability of comprehensive 
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performance data. The first of these can be broken down into a few simple parameters: low 

influence on the sound field to be measured, wide frequency range, and wide dynamic 

range. These are generally desirable qualities for all microphone types and applications. The 

influence of the microphone on the sound field to be measured refers to the change in the 

sound field caused by the introduction of the microphone. This includes diffraction effects 

and modal coupling in small volumes. The frequency and dynamic ranges form the 

boundaries of an operating region for the microphone, as shown in Figure 1.1. The level 

upper and lower limits are in general frequency-dependent, although they are typically 

ÒÅÐÏÒÔÅÄ ÁÓ ÓÉÎÇÌÅ ÎÏÍÉÎÁÌ ÖÁÌÕÅÓ ÉÎ ÍÁÎÕÆÁÃÔÕÒÅÒÓȭ ÓÐÅÃÉÆÉÃÁÔÉÏÎÓȢ The frequency range is 

the band in the frequency domain in which the microphone sensitivity is reasonably flat. 

Different applications may require an extension at the upper or lower end of this band, but 

in general wider is better. The limits are controlled by the design parameters of the 

microphone, including the transduction mechanism, diaphragm properties, and electrical 

properties.  

The third criterion is a wide dynamic range. This is the range of signal amplitudes 

that the microphone can detect accurately. The upper limit of this is the level where 

distortions caused by the nonlinear behavior of the sensing elements exceed some 

threshold, typically 3% or 10%. The lower limit is controlled by the self-noise of the 

microphone system, which includes not only the microphone itself but also the preamplifier 

and any other electronic equipment in the signal chain. Each of these components will 

contribute noise to the output signal. In measurement microphones the self-noise of the 

cartridge is typically quite low, usually less than an equivalent pressure of 20 dBA [2] , so in 

most situations it is the noise floor of the environment that dictates the smallest pressure 

amplitude detectable, rather than the noise floor of the measurement system. Nonetheless, 
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there are occasions when one is limited by the self-noise, and in such situations it is 

necessary to understand the sources of noise in the microphone system. 

 

Figure 1.1 The useful region of flat, linear response is bounded in frequency and 

level.  

It is often assumed that the self-noise associated with the electronic sources is 

dominant over the noise in the microphone cartridge itself, but this is not necessarily the 

case. The noise contributions are generally frequency-dependent, and as such, several 

sources may be dominant at different frequency bands. Figure 1.2 shows the relative 

contributions of the components of an example microphone system. The measurement 

amplifier is dominant at high frequencies, the preamplifier at low frequencies, and the 

microphone in the mid-band. If neglecting the microphone cartridge noise, the overall 

system noise would be underestimated above 100 Hz.  

Microphone self-noise is becoming more important as designs are miniaturized, 

such as in microelectromechanical systems (MEMS) microphones. These microphones are 

Noise floor 

Distortion limit  

Low frequency 
limit  

High frequency 
limit  

Flat linear 
response 

Frequency  

Level 
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primarily used in the consumer electronics industry and presently come in package sizes of 

2 mm ɀ 5 mm on a side. They have high sensitivities, low power consumption, excellent 

stability, and flat frequency response [3] . The small geometry of the moving parts means 

that they are especially susceptible to molecular agitation [4] . MEMS microphones are 

notorious for having higher self-noise performance, and they typically are rated at ~30 dBA 

equivalent input noise. This has led many consumer electronics manufacturers to use two 

or more of the microphones in order to provide a signal-to-noise ratio (SNR) boost or form 

a noise-rejecting beam pattern.  

 

Figure 1.2 Relative contributions in 1/3 octave bands of the microphone capsule, 

ÐÒÅÁÍÐÌÉÆÉÅÒȟ ÁÎÄ ÍÅÁÓÕÒÅÍÅÎÔ ÁÍÐÌÉÆÉÅÒ ÏÆ ÁÎ ÅØÁÍÐÌÅ ρȱ ÍÉÃÒÏÐÈÏÎÅ ÓÙÓÔÅÍ [1] . 

The complete system includes the microphone, preamplifier, and measurement 

amplifier.  
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1.2 Quantifying noise  

The noise floor of a microphone is most often reported as a single number, which is 

usually expressed in decibels. This number is a measure of the total mean-squared noise of 

the microphone or microphone and preamplifier combination. It may be referenced either 

to the input or the output. If it is referenced to the output, it will be in electrical units, either 

nV or dB re. 1 V. If it is referenced to the input, then it is a measure of the equivalent root-

mean-squared pressure at the diaphragm that would cause the same electrical power at the 

signal output. In this case the noise is in acoustical units, either µPa or dB referenced to 20 

µPa, sometimes written as dB SPL. Often there is a weighting function applied. The most 

common, A-weighting in the US and CCIR-468 (ITU-R 468) in Europe, are shown in Figure 

1.3 along with an inverse of the ISO 226 equal-loudness contour. Others are used as well 

depending on application and industry standards. These weightings are usually built into 

the analyzer as an analog or digital filter and are intended to aÐÐÒÏØÉÍÁÔÅ ÔÈÅ ÈÕÍÁÎ ÅÁÒȭÓ 

response to noise.  

Another way of quantifying noise is to measure its frequency spectrum. This 

provides much more information about the microphone noise, although this is very rarely 

ÓÕÐÐÌÉÅÄ ÉÎ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÄÁÔÁȢ ,ÉËÅ ÔÈÅ mean-squared value, the noise spectra may 

also be referenced either to the input or the output. Output-referenced noise can be given in 

electrical units of V2/Hz for a power spectral density, or sometimes the square root of the 

power spectral density is gÉÖÅÎȟ ×ÈÉÃÈ ÈÁÓ ÕÎÉÔÓ ÏÆ 6ȾЍ(ÚȢ )Æ ÔÈÅ ÎÏÉÓÅ ÓÐÅÃÔÒÕÍ ÉÓ ÉÎÐÕÔ-

referenced it can be in acoustical units of either Pa2Ⱦ(Ú ÏÒ 0ÁȾЍ(ÚȢ 3ÏÍÅÔÉÍÅÓ ÐÒÏÐÏÒÔÉÏÎÁÌ 

quantities like displacement or force are used instead of pressure for the input-referenced 

noise spectra. In general the input- and output-referenced spectra are related by a transfer 
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function that is not simply a constant. This is because the sources of noise are filtered by the 

successive elements of the signal path.  

 

Figure 1.3 Three weighting curves: A, CCIR-468, and the inverse of ISO 226. 

It is advantageous to know the spectral distribution of the noise. These spectra are 

all densities of their respective quantity, so they must be integrated over the frequency 

band to give the equivalent pressure, etc. This integral can be expressed generally as  

 ὔ ᷿ ὋὪὡ ὪὨὪ, (1) 

where ὔ is the equivalent root-mean-squared noise in electrical, acoustical, or mechanical 

units, ὋὪ is the spectral density of the corresponding quantity, and ὡ Ὢ is the weighting 

function amplitude. The noise power in a signal is thus directly related to the bandwidth of 

the measurement. If the frequency content of a signal to be measured is known to be 

confined to a small frequency band, the measurement can be isolated to that band, reducing 
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the amount of noise power in the signal. It is therefore possible to detect signals that are 

well below the nominal self-noise rating. However, since the noise is frequency-dependent, 

not all bands have equal noise, so this technique may be sufficient for some signals and not 

others. It is important to know the limitations of the measurement system precisely if it is 

going to be used near the boundaries of its design ranges. 

1.3 Results of previous work  

1.3.1 Microphone noise measurements  

Measuring the noise spectrum of a microphone is difficult. There must be good 

isolation from ambient noise, vibrations, and electrical interference. Some sort of isolation 

chamber or anechoic room must be used, and it must be suspended or placed on some kind 

spring to isolate from ground vibrations. The transmission loss of the chamber has its limits, 

and it is especially difficult  to achieve good isolation at low frequencies. An electrically 

grounded enclosure is often employed to shield from stray electromagnetic radiation.  

The most difficult part, however, is managing to isolate the microphone noise from 

the preamplifier noise and other electronic noise sources. There are three main ways of 

doing this for condenser microphones, all of which require at least two measurements: one 

with all sources of noise included and one with the acoustical noise eliminated.  The latter is 

effectively just the electrical (and possibly mechanical) sources of noise in the microphone 

ÓÙÓÔÅÍȟ ÓÏ ÉÔ ÃÁÎ ÂÅ ÓÕÂÔÒÁÃÔÅÄ ÆÒÏÍ ÔÈÅ ÔÏÔÁÌ ÎÏÉÓÅ ÔÏ ÇÅÔ ÔÈÅ ÍÉÃÒÏÐÈÏÎÅȭÓ ÁÃÏÕÓÔÉÃÁÌ 

contribution.  



8 

 

The first method is to replaÃÅ ÔÈÅ ÍÉÃÒÏÐÈÏÎÅ ÃÁÐÓÕÌÅ ×ÉÔÈ Á ȰÄÕÍÍÙ ÍÉÃÒÏÐÈÏÎÅȟȱ 

i.e. an electrical capacitor of the same value as the equilibrium electrical capacitance of the 

microphone. This has the advantage of being completely impervious to the ambient noise, 

but it adds its own set of complications. The capacitor does not behave exactly as the 

microphone would, and it changes the physical structure of the microphone with its air gap, 

holes, and back volume. The dielectric loss mechanisms in the capacitor also add an 

additional source of noise.  

Another method is to place the microphone in a vacuum chamber, which is a 

method that can be used with other microphone types as well, not just electrostatic designs. 

Caution must be taken that the pressure is not lowered at a faster rate than its barometric 

leak can equalize, or the microphone may be damaged. The vacuum pump also contributes 

noise and vibrations, so it must be turned off during the actual measurements.  

The final method is to alter or null the polarization voltage. This is simple to do with 

Brüel & Kjær condenser microphones that are externally biased, as the standard 

measurement amplifier they are usually used with contains a switch to change the bias to 

200 V, 48 V, or 0 V, but it is may be difficult  or impossible in other designs. When the bias is 

switched to 0 V, the noise inherent to the voltage supply is also removed. The subtraction 

between bias-on and bias-off measurements will therefore still include this noise. This 

method also has the consequence of changing the capacitance slightly, as the polarization 

voltage normally deforms the diaphragm with electrostatic attraction.  
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1.3.1.1 Brüel & Kjær measurement condenser microphones  

Tarnow [5, 6] first published measurements of the noise spectra of Brüel & Kjær 

Type 4134 and Type 4144, along with an ÅØÐÅÒÉÍÅÎÔÁÌ ρȱ ÍÉÃÒÏÐÈÏÎÅ ÔÈÁÔ ×ÁÓ ÐÒÏÂÁÂÌÙ Á 

variation of a Brüel & Kjær design. The microphones with preamplifiers were sealed in a 1-

cm thick brass cylinder suspended from two rubber bands. Tarnow makes the dubious 

claim that the attenuation of this chamber was so great that the noise from the 

environment, which was an ordinary office during working hours, had only a negligible 

effect on the measured signal. This would surely not be the case at the lower end of the 

measurement band with such thin walls. The microphone capsules were replaced by an 

equivalent static capacitor to get the preamplifier noise. Noise spectra for the experimental 

ρȱ ÃÏÎÄÅÎÓÅÒ ÁÎÄ ÔÈÅ 4ÙÐÅ τρττ are given in Figure 1.4. )Î ÔÈÅ ρȱ ÍÉÃÒÏÐÈÏÎÅȟ ÔÈÅ 

microphone noise dominates at most frequencies, but in Type 4144 the microphone noise 

only becomes important above ~500 Hz. The noise trails off around 5 kHz in Figure 1.4a 

because that is the resonance frequency of this microphone. Note that the spectra are given 

in both acoustical and electrical units, distinguished only by different scales. Only the 

electrical scale can be trusted at all frequencies, as the input -referenced spectrum was 

calculated only by multiplying by the amplifier gain and dividing by the sensitivity, which is 

not entirely correct, as mentioned in Section 1.2.  

Ngo and Zuckerwar designed a superior isolation vessel for the measurement of 

microphone noise [7] , a diagram of which is shown in Figure 1.5. The vessel consisted of an 

inner chamber and an outer chamber, with the space in between evacuated to υ ρπ  

Torr by a vacuum pump. The chambers are each made of thick-walled brass, and the entire 

assembly is placed on a rubber air bladder on top of foam blocks. The inner chamber is 

where the microphones under test are placed, and it is kept close to atmospheric 
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temperature and pressure at all times, with instruments for verification present. The 

combination of heavy walls and a vacuum layer, make this a five-media system with a 

transmission loss of more than 155 dB down to 40 Hz. With this vessel, noise measurements 

could be made accurately down to single-digit Hz, which was unprecedented. 

 

Figure 1.4 Noise spectra of a) an experimental  ρȱ ÃÏÎÄÅÎÓÅÒ ÍÉÃÒÏÐÈÏÎÅ and b) Type 

4134  [5] . 

This chamber was used to measure the noise spectra of a variety of Brüel & Kjær 

ÍÅÁÓÕÒÅÍÅÎÔ ÃÏÎÄÅÎÓÅÒÓ ÏÆ ÎÏÍÉÎÁÌ ÓÉÚÅÓ ÆÒÏÍ ρȾψȱ-ρȱ [8] .  The method of isolating the 

acoustical noise was by nulling the polarization voltage, so measurements were taken with 

both 200 V and 0 V bias settings. Simultaneously the noise of just the signal analyzer was 

ÍÅÁÓÕÒÅÄ ÏÎ ÔÈÅ ÁÎÁÌÙÚÅÒȭÓ ÓÅÃÏÎÄ ÃÈÁÎÎÅÌ ×ÉÔÈ ÚÅÒÏ ÉÎÐÕÔȢ -ÕÃÈ ÃÁÒÅ ×ÁÓ ÇÉÖÅÎ ÔÏ ÅÎÓÕÒÅ 

the stability of the system by letting the electronics warm up for an hour, taking many 
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averages, monitoring temperature and pressure in the chamber, and even baking the 

microphones at 150°F overnight ahead of time. The results are shown in Figure 1.6. The Ȱ0ȱ 

ÁÎÄ Ȱ&ȱ ÄÅÓÉÇÎÁÔÉÏÎÓ ÉÎ ÔÈÅ ËÅÙ ÉÎÄÉÃÁÔÅÄ ÐÒÅÓÓÕÒÅ ÏÒ ÆÒÅÅ-field type microphones. 

Measurements were taken sequentially over overlapping low- and high-frequency bands, 

with 0.25 Hz frequency bins in the lower region and 32 Hz bins in the upper region, so there 

a total of 4 curves for each microphone, but they overlap and are quite difficult to see.  

 

Figure 1.5 Cross-section of the acou stical isolation vessel of Ngo & Zuckerwar  [7] .  

Zuckerwar and Ngo took several steps to analyze these measurements. First, they 

subtracted the unpolarized noise from the polarized, leaving them with what they call the 

membrane noise. However, as mentioned in Section 1.3.1, the voltage supply noise is also 

eliminated when the bias is nulled, so it should be present in the difference calculation. 
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Zuckerwar and Ngo did not consider this source of noise. There also seem to be some errors 

in the calculation and presentation of this curve, which are discussed in Section 5.2.1, but 

the plot is reproduced in Figure 1.7. Included is a best fit curve to their analytical expression 

for the membrane noise,  

 Ὃ Ὃ Ὃᴂ
ϳ

 , (2) 

where Ὃ is the total noise with 200 V polarization, Ὃᴂ is the unpolarized noise, ὓ is the 

open-circuit sensitivity, the ὥ and ὦ coefficients are constants, and 

 ‒ ρ , (3) 

where   is the resonance frequency and ὗ is the quality factor of the resonance. The first 

term on the right side of (2) is a residual term due to the incomplete subtraction of 

electrical noise. This is because the capacitance changes when the polarization voltage is 

nulled. The second term of (2) is the purely mechanical and acoustical noise in the 

microphone, and it contains two fit parameters, ὦ and ὦ. These parameters are not based 

on anything physical but are instead trial expressions to be fit to the data in Figure 1.7. They 

represent a truncated power series for the dependence of mechanical noise on frequency. 

Fits to the data yield nontrivial values for ὦ, which might indicate that there is some 

ρȾὪ dependence to the membrane noise. Zuckerwar reports a high level of confidence in the 

presence of this ρȾὪ noise, with probabilities of 0.999 in some cases. Furthermore, a region 

of dominance is established, where it is claimed that the ρȾὪ noise of the microphone and 

preamplifier combined is dominant over all other noÉÓÅ ÔÙÐÅÓȟ ÁÎÄ ÔÈÅ ÍÅÍÂÒÁÎÅȭÓ 

contribution to this is between 14% and 69% for the various microphone models. The 

membrane ρȾὪ noise coefficient has a high correlation with the air gap damping.  
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Figure 1.6 Noise spectra of Brüel & Kjær  condenser microphones with (solid) and 

without (dashed) the polarization voltage  [8] .  

These results are puzzling because neither Zuckerwar nor anyone else to date has 

been able to provide an explanation of this behavior. In general ρȾὪ noise is present in 

many physical phenomena, but its mechanisms are not well understood. Adding an 

acoustical source of ρȾὪ noise contributes only another mystery. While Zuckerwar did 

continue on to measure ρȾὪ noise in piezoresistive, electret condenser, and ceramic 

microphones [9] , no one else has used this method ÉÎ ÁÎÁÌÙÚÉÎÇ ÎÏÉÓÅ ÓÐÅÃÔÒÁ ÔÏ ÔÈÅ ÁÕÔÈÏÒȭÓ 

knowledge, so whether it is reproducible remains to be seen. A primary motivation for the 

current project is to determine if the methodology reported in this thesis explains the ρȾὪ 

behavior. 

# Model Size Type 

1 Type 4144 ρȱ P 

2 Type 4145 ρȱ FF 

3 Type 4134 ρȾςȱ P 

4 Type 4135 ρȾτȱ FF 

5 Type 4138 ρȾψȱ P 
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Figure 1.7 :ÕÃËÅÒ×ÁÒȭÓ ÃÁÌÃÕÌÁÔÅÄ ȰÍÅÍÂÒÁÎÅ ÎÏÉÓÅȱ ɉÓÏÌÉÄɊ ×ÉÔÈ Á ÂÅÓÔ-fit line to 

Equation ( 2)  ɉÄÁÓÈÅÄɊ ÁÎÄ ÔÈÅ ȰÍÅÃÈÁÎÉÃÁÌ *ÏÈÎÓÏÎ ÎÏÉÓÅȱ ɉÄÏÔÔÅÄɊȢ 4ÈÅ ÌÅÇÅÎÄ ÉÓ ÔÈÅ 

same as in Figure 1.6 [8] . 

1.3.1.2 Other microphone types  

Olson [10]  designed a special high-sensitivity ribbon microphone to better measure 

the thermal acoustic noise. A ribbon microphone is a velocity, or pressure gradient, 

microphone, meaning that it responds to the difference between two closely spaced 

pressures on either side of the diaphragm. It  was developed chiefly by Olson at RCA during 

the 1930s and 1940s [11] . Like the more familiar dynamic microphone, the ribbon 

microphone uses a permanent magnet to induce an electromotive force in a moving 
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conductor, in this case a thin corrugated aluminum foil strip called the ribbon. The ribbon 

acts as the diaphragm, and it is exposed to the sound field on both sides, while being fixed 

along its edges. This means that there is no back volume in this design, so the only source of 

acoustical resistance is the radiation resistance. 

Olson claimed that the dominant source of noise in a dynamic microphone is the 

Johnson noise in the conductors. Presumably this only applies to dynamic microphones, 

which employ a conductive coil of wire with  a non-negligible resistance. As such, it would be 

difficult  to measure the thermal acoustic noise with a dynamic microphone. A highly 

sensitive ribbon microphone provided a better alternative because the ribbon acts as both 

the conductor and the diaphragm, and the electrical resistance of the ribbon is much 

smaller than that of the coil in the dynamic microphone.  

The ribbon microphone was placed in a rubber suspension mount seated on a steel 

plate. Olson covered this with a glass bell jar fitted with a vacuum pump, and finally covered 

the jar with a wooden cover. He claimed the combination of wood cover and bell jar 

provided an isolation of 50 dB, which made for an ambient noise level at the microphone of 

-44 dB SPL in a 6 dB SPL laboratory. With the bell jar evacuated, the noise measured 

consisted only of electrical sources, which included the ribbon Johnson noise, the 

transformer noise (Barkhausen effect), and the preamplifier noise. The preamplifier 

employed a vacuum tube triode, and its noise contributions were calculated to be well 

below the microphone noise in the measurement band, 5 kHz ɀ 15 k Hz. The electrical noise 

measured with the bell jar evacuated could then be subtracted from the noise measured 

with the bell jar at atmospheric pressure, leaving only the microphone noise, which Olson 

argued was only acoustical noise.  
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The measurements were made using a voltmeter, so only a single mean-square 

value of noise can be ascertained, rather than a frequency spectrum. Olson gives his 

measured value of microphone thermal noise as an equivalent pressure of 8.3 µPa. He also 

calculated an estimated acoustical radiation resistance on the ribbon and determined its 

Johnson noise to be 7.5 µPa, which shows a reasonable agreement with the measured value. 

However, it is difficult to draw conclusions from this study because of the lack of reliable 

data. 

Thompson et al. [12]  described a low-noise electret microphone designed for use in 

hearing aids. They started by analyzing the existing design shown in Figure 1.8. The 

diaphragm is not exposed directly to the environment, instead coupling to a front volume 

followed by a sound coupling tube. This is generally desirable for use in hearing aids, as it 

allows for the microphone to be oriented with its smallest side towards the hearing aid case. 

Another important feature is a small pierce in the diaphragm acting as a barometric leak, 

which is not visible in the diagram.  

The microphone was placed in an isolation chamber composed of two σȱ ÔÈÉÃË ÓÔÅÅÌ 

cylinders pressed together on a rubber gasket with a 200 ml space hollowed out for the 

microphone. This is set on a plate on a rubber air bladder, and the whole chamber is 

electrically grounded. The electrical noise floor of the measurement system was determined 

to be under 1 µV, equivalent to a pressure of 5 dBA, which is well below the microphone 

noise level. The acoustic isolation of the chamber was not able to be quantified, but it 

appeared to be sufficiently high. Measurements were then made with and without a vacuum 

in the chamber, which corresponds to measurements with and without the acoustical noise 

included. The results of these measurements are shown in Figure 1.9a, in electrical units. 

The acoustical sources of noise appear to be significant at least up to 20 kHz. The bump at 5 
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kHz is the main resonance, while the tall peak at 25 kHz corresponds to the natural 

resonance of the diaphragm without fluid loading. Using an equivalent circuit model, they 

were also able to isolate the contributions of each noise source, the total of which agrees 

reasonably well with the measured noise at atmospheric pressure, as shown in Figure 1.9b. 

.ÏÔÅ ÔÈÁÔ ȰÍÏÔÏÒȱ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÄÁÍÐÉÎÇ ÏÆ ÔÈÅ ÁÉÒ ÇÁÐȟ ȰÐÉÅÒÃÅȱ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÒÅÓÉÓÔÁÎÃÅ ÏÆ 

the barometric leak, and ȰÍÅÃÈÁÎÉÃÁÌȱ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÍÅÃÈÁÎÉÃÁÌ ÒÅÓÉÓÔÁÎÃÅ ÏÆ ÔÈÅ ÄÉÁÐÈÒÁÇÍ 

in a vacuum.  

 

Figure 1.8 a) Cross-section and b) photograph of the EM -3346 microphone  [12]  

It is apparent from Figure 1.9b that the most significant noise contributions in this 

microphone design are the pierce in the diaphragm and the flow through the sound 

coupling tube. An attempt to reduce the impact of these noise sources was made with a 

redesign of the microphone. The sound coupling tube was replaced by several larger holes 

ÉÎ ÔÈÅ ÃÁÓÉÎÇȟ ×ÈÉÃÈ ÌÅÄ ÔÏ ÉÔ ÂÅÉÎÇ ÄÕÂÂÅÄ ÔÈÅ ȰÓÁÌÔ-ÓÈÁËÅÒȱ ÍÉÃÒÏÐÈÏÎÅȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ 

diameter of the pierce was decreased, which increases its flow resistance, but shifts its 

a) b) 
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effect to lower frequency. The impact of this redesign is shown in Figure 1.9c&d. The overall 

noise is decreased in the range of 40 Hz ɀ 9 kHz. The dominant sources are now the pierce 

at low frequencies, electrical noise in the mid-band, and the squeeze-film damping at high 

frequencies.  Perhaps the most significant contribution from this study is showing that it is 

indeed important to consider other sources of acoustical noise besides the usual squeeze-

film damping in the air gap. Noise sources relating to the flow of air through other narrow 

passages, like the sound coupling tube and the pierce in the diaphragm, were shown to be 

dominant in the original design, and reducing these did indeed reduce the overall noise in 

some bands. 

 

Figure 1.9 Noise contributions in the EM -3346 and saltshaker microphones  [12] . 

 

a) b) 

c) d) 
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Becker, Engel, and Breitlow  [13]  developed their own analytical model for 

determining the acoustical noise in condenser microphones. They focused on a design that 

is more common for professional audio microphones, where the desired polar response has 

a cardioid pattern. This means that instead of a high resistance barometric leak, a lower 

acoustical resistance is employed in the back volume to allow a significant pressure to enter 

from the outside and interfere with the diaphragm motion. In this design type, this 

acoustical resistance is the dominant damping source over the squeeze-film damping in the 

air gap.  

The analytical approach started with the development of an equation of motion for 

the diaphragm. This included the forces from the input pressure, the pressure difference 

across the acoustical resistor, and the tension in the diaphragm. Inertial effects were 

ignored, and adiabatic compression was assumed. A Gaussian white noise source was added 

to represent the stochastic thermal noise at the acoustical resistor, the only source of noise 

considered. Fourier transforms were used to derive a spectrum of spatially-averaged 

diaphragm displacement due to the Gaussian noise source, which were then used to find the 

noise voltage spectrum. 

They performed measurements on a modified large-diameter Neumann condenser 

ÍÉÃÒÏÐÈÏÎÅ ÅÎÃÁÓÅÄ ÉÎ Á ȰÓÏÕÎÄÐÒÏÏÆ ÂÏØȢȱ To isolate the electronic noise, they replaced 

the microphone capsule with an equivalent capacitor, and this was subtracted from the total 

noise to get the acoustical noise. The acoustical resistance of a thin disc of a porous medium 

is much easier to measure than the squeeze-film resistance, and they were able to swap out 

different resistors and gauge the impact on the noise. The power spectral densities of the 

output noise voltages for microphones with two of these resistors are shown in Figure 1.10. 

The agreement between theory and measurement in most of the measured frequency range 
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is quite good.  Between about 100 Hz and 10 kHz the acoustical noise falls at approximately 

ρȾὪ. At high frequencies the theoretical curves exhibit strong resonances that are not 

reflected in the measured data, which is a result of the breakdown of their theory when the 

wavelength becomes comparable to the dimensions of the microphone capsule, and other 

sources of viscous damping become important. The most surprising result of their study is 

that the noise of the higher damped capsule is actually below the noise of the lower damped 

capsule for much of the measured band, as evidenced by both measured and theoretical 

data. The explanation for this seems to lie in the type of damping in this microphone, which 

is manifested by a resistor between the back volume and the outside pressure. This creates 

a low-pass filter with the compliance of the back volume, so a higher resistance shifts the 

corner frequency down, lessening the impact of the damping at higher frequencies.  

 

Figure 1.10 Power spectral densities of a cardioid condenser microphone with 

varying damping  [13] . 
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1.3.2 Analytical and numerical models of microphone damping  

Accurately describing or predicting the motion of the diaphragm is not a trivial task, 

and there has been research in this area for nearly a century. While the membrane motion 

in a vacuum is well known [14, pp. 95-107], the difficulty comes from the strong coupling 

between the mechanics of the diaphragm and of the surrounding air. This coupling works 

both ways; the pressure of the air on the diaphragm affects its motion, while the position of 

the diaphragm changes the boundary condition for the fluid problem. The holes that are 

usually present in the backplate complicate the problem considerably. Moreover, in the case 

of a condenser microphone, there are quasi-static electric fields in play as well. Some 

authors have focused on particular aspects of this coupling, arguing that various terms can 

be neglected in certain applications, while others have attempted to present a unified, fully-

coupled approach. Often the help of numerical techniques is needed to apply these models 

to the complicated microphone geometries, especially for the fully-coupled approaches. 

The first general models of the dynamic behavior of condenser microphones were 

lumped element approximations given by Wente [15]  and Crandall  [16] . These are 

relatively simple models that are straightforward to work with, but they make many 

assumptions about the geometries and spatial uniformity of the pressures, and as such are 

not generally applicable.   

A more fundamental approach is to attempt to solve a simplified set of Navier-

Stokes equations for the fluid mechanics to determine the pressure on the diaphragm. 

Robey [17]  solved these equations for a thin cylindrical volume representing the air gap 

between the diaphragm and backplate, but he made the mistake of using a boundary 
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condition of vanishing pressure on the periphery of the air layer. Petritskaya [18, 19] 

improved upon this solution by using the appropriate boundary condition of vanishing 

radial velocity at the air layer periphery. The holes in the backplate are also able to be 

accounted for in her model by expressing the boundary conditions as a series expansion of 

eigenfunctions. Her publications omitted many analytical details, making the results 

difficult to reproduce [20] . 

Zuckerwar [21]  ÓÉÍÐÌÉÆÉÅÄ 0ÅÔÒÉÔÓËÁÙÁȭÓ ÍÅÔÈÏÄ ×ÉÔÈ Ô×Ï ËÅÙ ÁÓÓÕÍÐÔÉÏÎÓ ÔÈÁÔ ÈÏÌÄ 

true for many microphones, allowing a closed form solution: the membrane displacement is 

axisymmetric and the variation of the reaction pressure due to the shape of the diaphragm 

as it deforms is negligible. The axisymmetric assumption is nearly true in a cylindrical 

microphone except for the presence of the holes. Zuckerwar assumes that the tension of the 

membrane smoothes out the variations in local pressure the holes would cause. The holes 

are considered, however, in the determination of the boundary condition at the backplate. 

Unlike previous authors he includes the impact of their flows converging in the back 

volume, as shown in the equivalent circuit model in Figure 1.11. The shape of the membrane 

deformation is approximated by Bessel functions.  

4ÈÅ ÒÅÓÕÌÔ ÏÆ :ÕÃËÅÒ×ÁÒȭÓ ÃÁÌÃÕÌÁÔÉÏÎÓ ÉÓ Á ÄÅÒÉÖÁÔÉÏÎ ÏÆ ÔÈÅ ÁÃÏÕÓÔÉÃÁÌ ÉÍÐÅÄÁÎÃÅ ÏÎ 

the membrane, which can be expressed as 

 ὤ , (4) 

where Ὕ is tension, Ὧ is the membrane wavenumber, Ὓ is area, ὥ is radius, and ὐ and ὐ 

represent Bessel functions of the first kind. Ὀ is equal to a complicated matrix expression 

accounting for the non-uniform boundary condition at the backplate. This can be simplified 

at frequencies well below resonance to 
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 ὤ Ὦ  , (5) 

where „  is the membrane surface density. The first and second terms represent the 

membrane mass and compliance. These differ from the physical values of mass and 

compliance by a factor of 4/3 and 8̄, respectively. This is due to the fact that the membrane 

does not behave as a piston, and they match expressions for the effective mass and 

compliance found previously [22, p. 202]. Only the last term depends on Ὀ, and it 

represents the air compliance and damping. Theoretical responses of Brüel & Kjær Types 

4134 and 4146 were calculated using this method, and the agreement with measured data 

was quite good.  

 

Figure 1.11 Equivalent circuit  of the holes in the backplate and the back volume  [21] . 

A simpler alternative approach to determine just the air gap damping was proposed 

by £ËÖÏÒ [23] . This method assumes incompressible air flow between diaphragm and 

backplate to the holes in the backplate, which are uniformly spaced. The results are thus 

dependent only on the number and average diameter of the holes, not on their locations. He 

found that at low (audio) frequencies, this resistance is frequency-independent but 

becomes frequency-dependent at higher frequencies. This simple approximation is quite 

easy to calculate given a few geometrical parameters, but it tends to overestimate the 
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damping. Tan and Miao [3]  modified this approach by taking into account the location of the 

hole using a mode shape factor. When applied to the Brüel & Kjær Type 4134, they saw an 

improvement in accuracy of the damping estimate, assuming that this is this damping is the 

sole source of thermal noise. A comparison of the £ËÖÏÒ ÍÅÔÈÏÄȟ 4ÁÎ Ǫ -ÉÁÏȭÓ ÍÏÄÉÆÉÅÄ 

£ËÖÏÒ ÍÅÔÈÏÄȟ ÁÎÄ :ÕÃËÅÒ×ÁÒȭÓ ÍÅÔÈÏÄ (the real part of (5)) for estimating the air 

resistance is given in Figure 1.12.  

 

Figure 1.12 Comparison of squeeze-film resistance calculation methods for Type 

4134  [3] . 

Lavergne et al. [24]  developed a method for analyzing the dynamic behavior of 

condenser microphones being used at ultrasonic frequencies. The backplate boundary 

conditions can no longer be averaged over the surface, as the air near the holes behaves 

locally at these frequencies. Thus, the azimuthal position of the holes becomes important, 

and the membrane motion can no longer be considered axisymmetric. They also included an 

averaged slip condition and thermal condition over the backplate surface to account for 
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further hole effects. Since they were dealing with high frequencies, they treated the back 

volume as a large cavity where modal coupling takes place. Thermal boundary layers in the 

back volume were neglected. They attempted to validate their analytical method using a 

laser scanning vibrometer on the diaphragm surface, and some of their results are given in 

Figure 2.6b&c. Unfortunately it seems their results greatly overestimated the influence of 

the holes on the local pressure at these frequencies. 

Homentcovschi and Miles [25]  proposed a new analytical model of the viscous 

damping between diaphragm and backplate that was intended specifically for gaps where 

the Reynolds equations cannot be applied. This is because the lubrication approximation, 

which assumes the gap height is small enough that the Navier-Stokes equations may be 

integrated over it to yield a two-dimensional problem, does not hold in the highly 

perforated microstructures found in most MEMS designs. Instead they restricted their 

analysis to a unit cell around single hole in the backplate, which had axisymmetry, allowing 

for a reduction to a 2D problem again. The unit cell solution could then be extrapolated for 

all the backplate holes in the highly regular distribution of a perforated microstructure. 

They also successfully transformed this analytical model into a numerical model using the 

weakly compressible Navier-Stokes physics mode in the Heat Transfer module of COMSOL. 

They later generalized their method to be used with any condenser microphone [26] . They 

used COMSOL to calculate the response for Type 4134 and a Brüel & Kjær MEMS 

microphone. Both showed good agreement. 

Tan and Miao [27]  ÁÐÐÌÉÅÄ ÔÈÅ ÄÅÓÉÇÎ ÏÆ ÅØÐÅÒÉÍÅÎÔ ÔÅÃÈÎÉÑÕÅ ÔÏ :ÕÃËÅÒ×ÁÒȭÓ 

model to optimize condenser microphone backplate design. They studied the effects of 6 

parameters: the air gap size, presence of a slot, hole location, hole number, hole radius, and 



26 

 

backplate thickness. They found that the major factors in controlling the thermal noise are 

air gap size, slot presence, and hole location. 

1.3.3 Summary  

 

Very few microphone self-noise spectra have been published. The papers that do 

include noise spectra demonstrate the usefulness of such measurements, as the curves are 

quite different for diffeÒÅÎÔ ÍÉÃÒÏÐÈÏÎÅ ÄÅÓÉÇÎÓȢ 4ÈÉÓ ÉÓ ÅÓÐÅÃÉÁÌÌÙ ÅÖÉÄÅÎÔ ÉÎ 4ÈÏÍÐÓÏÎȭÓ 

[12]  results, which show the relative contributions of several noise sources. When the 

design is altered, so is the noise curve. The results from Becker, Engel, and Breitlow [13]  

also show the importance of including the filtering effects, as their result of lower noise for 

higher damping would not otherwise make sense.  

The Brüel & Kjær measurement condenser line of microphones is the topic of the 

most published studies, especially Types 4134 and 4144. The best available measurements 

for these microphones were published by Zuckerwar [8] , who attempted to isolate the 

acoustical/mechanical noise. He further decomposed that spectrum in an attempt to prove a 

ρȾὪ dependence. There are doubts as to the validity of some of his calculations, but the total 

noise power spectral density including the preamplifier noise seems to be the best available 

data with which to  compare simulation results. Several other authors based calculations or 

simulations on the specifications of these microphones, so their results provide another 

point of comparison for the results of this thesis. 

A number of analytical and numerical methods for predicting the microphone 

damping, noise, or response have been suggested. These vary in complexity from simple 
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formulae to finite element implementations coupling the acoustics of air gap, holes, and 

back volume with the structural behavior of the membrane. However, none of them seem to 

account for the noise in the back volume due to the thermal exchange with the boundaries. 

This thesis will show that it is indeed important to consider this source of damping and 

noise. 

 



 

 

Chapter 2  
 
Theory  

Here the relevant theoretical concepts are presented. This includes the 

fundamentals of transducer mechanisms, generalized dissipation theory, dissipative 

acoustic theory, and a method for approximating the impedance of any arbitrary enclosure. 

2.1 Electrostatic microp hone transduction principles  

A microphone is an electroacoustic transducer; that is, it converts acoustical energy 

to electrical energy. The acoustical energy is in the form of a small-amplitude varying 

pressure superimposed on the much larger atmospheric pressure, and the electrical energy 

is in the form of a time-varying voltage signal. There are a number of mechanisms that can 

achieve this transduction, but the focus in this thesis is on condenser microphones. The 

basic principles of operation for this type are presented here, along with a brief description 

of a few other types for comparison. 

An electrostatic microphone is one whose transduction mechanism comes from a 

quasi-static electrical field between two (or more) differently charged plates. These plates 

are separated by an air gap, which serves as the necessary dielectric medium in the 

formation of an electrical capacitor. For this reason electrostatic microphones are also 

called capacitive or condenser microphones, the latter being an archaic term for a capacitor. 

One of the plates, the backplate, is fixed, while the other is a stretched diaphragm that is 
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fixed around the edges but is free to move elsewhere. An oscillatory pressure incident on 

the diaphragm will cause it to move, changing the separation distance by a small amount, on 

the order of ±5 nm for a 1 Pa root mean square sine wave signal [28] .  

The capacitance of a simple parallel-plate capacitor is 

 ὅ  , (6) 

where ‐ is the permittivity of air approximately equal to the permittivity of free space 

‐ ψȢψυρπ, Ὓ is the plate area, and Ὤ is the separation distance. Changes in the 

separation distance correspond to an inverse change in the capacitance. The constant 

charge ή on the plates means the capacitance changes lead to a voltage signal, using the 

relationship 

 ή ὅὠ. (7) 

Figure 2.1 is a visualization of this. Equations (6) and (7) can be combined and applied to 

the case of a condenser microphone with a moving diaphragm if the separation distance is 

separated into an equilibrium distance Ὤ and a displacement Ὠ, and the voltage is likewise 

split into the polarization voltage ὠ  and the small signal voltage Ὡ. This gives [1]  

 ὠ Ὡ ὠ  , (8) 

which reduces to 

 Ὡ ὠ  . (9) 

This shows that the output signal voltage is linearly related to the displacement of the 

diaphragm. Contrast this to the inverse relationship between capacitance and separation 

distance in Equation (6). This linearity is important in ensuring the linearity in the final 

microphone response. 
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Figure 2.1 a) A fixed charge is placed on a parallel plate capacitor, b) an increased 

separation between the plates leads to a decreased capacitance and an increased 

voltage, and c) a decreased separation leads to an increased capacitance and 

decreased voltage. Adapt ed from [28] . 

In reality the microphone capsule is not truly a parallel plate capacitor. There are 

holes in the backplate, the backplate is smaller than the diaphragm, there is stray 

capacitance between the backplate and the housing, and the diaphragm deforms in the 

center. A better expression for the capacitance of a condenser microphone taking some of 

these factors into account is [29]  

 ὅ ρ , (10) 

where ὥ is the radius of the diaphragm, ὦ is the radius of the backplate, and ὣ is the 

equilibrium deflection of the diaphragm, which can be expressed as 

 ὣ ρ ςÌÎ , (11) 

where ὴ is the pressure on the diaphragm due to the electrostatic attraction, and Ὕ is the 

tension. An ideal backplate size for maximum energy density is given by a ratio of 

diaphragm and backplate radii [20] : 

 πȢψρφυ. (12) 
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2.1.1 Electret microphones  

One method of giving the microphone capacitor its fixed charge is to use an 

ȰÅÌÅÃÔÒÅÔȱ ÌÁÙÅÒȢ Either the diaphragm or backplate is coated with this layer on its inside 

surface. The electret is a polymer such as polytetrafluoroethylene (abbreviated to PTFE and 

commercially known as Teflon) that is embedded with a permanent electrical charge that 

remains stable for thousands of years [1] . This can be thought of as the electrical equivalent 

of a permanent magnet [28] . 4ÈÅ ȰÆÒÏÚÅÎȱ ÃÈÁÒÇÅ ÉÓ ÌÏÃÁÔÅÄ ÎÅÁÒ ÔÈÅ ÉÎÎÅÒ ÓÕÒÆÁÃÅ ÏÆ ÔÈÅ 

electret layer. A collection of dipoles form inside the electret due to a balancing static charge 

accumulation [30] . This then attracts an equal and opposite charge that is shared by the 

backplate and diaphragm. Two electrical fields are thus induced: one from the backplate to 

the electret and another from the electret to the diaphragm. Figure 2.2 is a diagram showing 

these electrical fields. In this example the electret layer is on the backplate, as this is the 

way that high quality measurement microphones are produced. The electret layer is 

therefore stationary, which is advantageous because the polymer material may not be best 

suited to act as a diaphragm. However, microphones with the electret layer coated on the 

diaphragm or as the diaphragm alone are indeed manufactured, more commonly used in 

low cost applications.  

2.1.2 Externally polarized c ondenser microphones  

Electrostatic microphones can also be polarized using an external voltage supply. 

This supply, which is typically 200 V, is connected to either the diaphragm or backplate, 

whil e the other plate is grounded. It usually makes more sense to ground the diaphragm 

because it  is connected electrically to the housing. If it were charged it would lead to 
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grounding noise issues as well as the danger of electric shock. The voltage is supplied via a 

large electrical resistor, typically 1-ρπ 'Џ [1] , to ensure that the charge on the backplate 

remains the same even as the diaphragm moves. This is because the large resistor creates a 

long RC time constant with the capsule capacitance. The configuration is illustrated in 

Figure 2.3.  

 

Figure 2.2 Electrical fields produced in the back plate and diaphragm of an electret 

microphone. Adapted from [1, 30] . 

 

Figure 2.3 A quasi-static charge used for polarization is supplied by a DC voltage 

source through a large resistor. Adapted from [1] . 

Compared to the electret microphone, the externally polarized condenser has the 

obvious disadvantage of requiring an external voltage source of 200 V. This is not always 

practical, for example in outdoor measurements or for use with portable hand-held 
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analyzers. It also limits the equipment that can be used with the microphone, as the 

measurement amplifier must be one that contains the correct voltage source. On the other 

hand, the externally polarized condenser is somewhat simpler in its design, so it may be 

easier and more economical to manufacture. It also performs better at high temperatures. 

These days though, while externally polarized measurement condenser microphones are 

still in wide use, it seems that the electret types are becoming more popular for the above 

mentioned reasons. Nonetheless, the present study focuses on two externally polarized 

types because of the availability of data. 

)Î ÔÈÅ ÐÒÏÆÅÓÓÉÏÎÁÌ ÁÕÄÉÏ ÉÎÄÕÓÔÒÙȟ ÔÈÅ ÅØÔÅÒÎÁÌ ÖÏÌÔÁÇÅ ÓÕÐÐÌÙ ÉÓ ÃÁÌÌÅÄ ȰÐÈÁÎÔÏÍ 

ÐÏ×ÅÒȢȱ 4ÈÅ $# ÂÉÁÓ ÖÏÌÔÁÇÅ ÉÓ ÃÁÒÒÉÅÄ ÁÌÏÎÇ ÔÈÅ ÍÉÃÒÏÐÈÏÎÅ ÃÁÂÌÅÓ ÁÎÄ ÔÈÅ ÓÏÕÒÃÅ ÉÓ 

contained in the mixing console. In that industry the voltage is standardized to 48 V.  

Sometimes this is not enough to give the desired sensitivity of a high quality studio 

microphone, so the DC bias is supplemented by an electret layer, effectively combining the 

pre-polarized and externally polarized schemes. 

2.1.3 Frequency -modulated electrostatic microphones  

Both the condenser and electret microphones use a constant charge difference 

between their  plates, caused by either the electret layer for the electret type or an external 

voltage source for the condenser. There exists another method of extracting a usable signal 

from the variable capacitor. It can be used in a high frequency tuning circuit, where the 

variable capacitor is wired in parallel with an inductor driven at a high carrier frequency, 

typically 1-10 MHz [20] . Changes in the capacitance then result in a modulation of the 

carrier, either frequency-modulated or phase-modulated, depending on the configuration. 
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This approach is obviously a bit more complicated than the ones previously 

described, and it has the additional disadvantage of a higher electrical noise. As such, it is 

very rarely used [1] . However, it does have one advantage that makes it useful in the special 

case of detecting very low frequencies, below the range of human hearing. In a fixed-charge 

electrostatic microphone the low-frequency response is limited by the time it takes to 

charge the capacitor. The frequency-modulated system is not limited by this, so it can 

operate at arbitrarily low frequencies, even including the detection of barometric pressure 

changes [20] .  

2.1.4 Condenser microphone design parameters  

The diaphragm properties are critical in creating the desired response. The 

diaphragm is made of a finely grained nickel, a special stainless steel alloy, or a metallized 

polymer that is made into a very thin foil, typically 1.5 µm ɀ 8 µm [1] . This foil is stretched 

over the housing with a very high tension. For example in Type 4144 the tension is about 

400 N/mm 2 [31] , and other models may use up to 600 N/mm2 [1] . The air gap between 

diaphragm and backplate is typically initially between 15 µm and 30 µm. At such high 

tensions there can be assumed no sagging due to gravity, but the electrostatic attraction 

between the polarized backplate and the diaphragm does bring the separation distance 

down slightly. In Type 4144 the initial gap height is 22 µm, but when polarized this 

decreases to about 20.5 µm [31] . 

The mechanical motion of the diaphragm is important to consider. A first-order 

approximation is to model the motion as a simple damped harmonic oscillator. Figure 2.4 

shows this oscillator as a piston connected to a spring and a dashpot. Springs are usually 
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described in terms of their stiffness Ὧ, while acoustical systems are more commonly 

described by the compliance ὅ, the reciprocal of ὯȢ .Å×ÔÏÎȭÓ ÓÅÃÏÎÄ ÌÁ× ÏÆ ÍÏÔÉÏÎ ÇÉÖÅÓ ÔÈÅ 

equation of motion to be 

 ВὊ Ὑ ὼ ά  . (13) 

The resonance frequency of this system is 

  ς“Ὢ  , (14) 

so (13) can be re-expressed as 

  ὼ π. (15) 

This is a second order differential equation, and solutions are in the sinusoidal form [14, p. 

9] 

 ὼ ὃὩ ÃÏÓὸ ‰ , (16) 

where ὃ is a real amplitude, ‰ is phase in radians, 

   , (17) 

and 

    ϳ . (18) 

 

Figure 2.4 Simple harmonic oscillator.  
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Each of the three oscillator parameters, ὅ, Ὑ, and ά; comprises multiple physical 

contributions in the microphone capsule. The oscillator compliance is formed by a 

combination of the compliance of the diaphragm and the compliance of the volumes of air 

surrounding it. In the microphones studied in this project, there is only a back volume 

because one side of the diaphragm is directly exposed to the environment. In some 

transducer designs, such as those used in the hearing aid industry, there is a front volume as 

well, which is then ported to the outside environment with a tube [12] . This is desirable in 

such applications, as it allows greater flexibility in the orientation of the microphone, which 

can be helpful in reducing the form factor of the complete package.  

A ratio of the air compliance to diaphragm compliance, „, shows which is dominant 

in controlling the microphone sensitivity. This ratio should be greater than unity in order to 

have a reliable design because the diaphragm is much less sensitive to temperature 

changes. The effect of this ratio on the microphone sensitivity is given as [1]  

 ὓὴ ὓὴ  , (19) 

where ὓ is the sensitivity, ὴ is the ambient pressure, and ὴ  is the reference ambient 

pressure at which „ was measured. The larger „ is, the less effect an ambient pressure 

change will have on the microphone sensitivity. Tan and Miao [27]  suggest a „ of about 16 

for stable microphone design. 

The thin air gap has the consequence of creating a high stiffness and resistance on 

the diaphragm. The high stiffness comes from the small volume of compressible air, and the 

high resistance comes from the non-negligible viscous shearing of the air moving in narrow 

spaces. Both of these can be relieved by the inclusion of a number of holes in the backplate 

that vent to a back volume, as can be seen in Figure 2.5. Of course, creating these holes leads 
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to other consequences, such as a non-uniform electrical field, a reduced electrical 

capacitance, a non-uniform pressure on the back of the diaphragm, and an increased 

moving mass of air in the holes. The viscous effects of the air in the holes also lead to 

resistance, which could be comparable to the original resistance of the air gap with a 

continuous backplate. Therefore it is quite important to consider these tradeoffs when 

choosing the number, location, and size that should drilled or pierced in the backplate, and a 

great deal of study has been undertaken to analyze and improve upon hole distributions. 

 

Figure 2.5 Sectional view of a traditional measurement condenser design showing the 

holes in the backplate  [1] . 

The mass of the vibrating diaphragm system is ideally kept as low as possible 

because a decrease in mass leads to an increase in the resonance frequency, thus increasing 

the operating frequency range. Practically, the limitation of mass reduction is given by the 

available diaphragm materials that can withstand the high tensions applied. The mass 

comprises both the mechanical mass of the diaphragm and the acoustical mass or 

ȰÉÎÅÒÔÁÎÃÅȱ ÏÆ ÔÈÅ ÁÉÒ ÉÎ ÔÈÅ ÇÁÐ ÁÎÄ ÈÏÌÅÓ ÉÎ ÔÈÅ ÂÁÃËÐÌÁÔÅȢ The physical mass of this air is 

much lower than that of the diaphragm, but because it moves at a higher velocity than the 

diaphragm, its effective mass is non-negligible. This effective mass is typically 10%-50% of 

the total diaphragm system mass [1] .  
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The mechanical mass of the diaphragm is also not exactly the physical mass because 

not all of it moves at the same amplitude; the edges are fixed, and below the resonance 

there is a gradient of displacement amplitude from edge to center. However, measurement 

microphones are sometimes employed to measure frequencies above their fundamental 

resonance, where the membrane motion becomes more complex. Figure 2.6a shows the 

first few modes of a circular membrane. Only the first one appears at frequencies below 

resonance. These modes are further complicated by the influence of the holes on the 

pressure on the membrane. Lavergne et al. [24]  measured the displacements of a Brüel & 

Kjær Type 4134, which has six holes in the backplate, using a laser scanning vibrometer at 

an extended frequency range. Some of the displacement patterns they found are shown in 

Figure 2.6b&c, which demonstrates the influence of the holes at high frequencies. 

 

Figure 2.6 a) The first three vibrational modes of a circular membrane fixed at the 

outer edge  [28]  and the measured displacement patterns at b) 40 kHz and c) 70 kHz  

[24] . 

A barometric pressure leak must also be included in the design of the microphone in 

order to avoid the influences of barometric pressure changes on the diaphragm. The 

acoustical pressure amplitude being measured is usually much smaller than the barometric 

a) 

b) c) 
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pressure. For example, a relatively loud signal of 1 Pascal root-mean-square amplitude (94 

dB re. 20µPa) is only a 0.00001% fluctuation of a 101.3 kPa barometric pressure. Changes in 

the barometric pressure would displace the diaphragm away from its operating equilibrium 

position, which would change the sensitivity and lead to nonlinearities in the response.  

The need for a barometric ÌÅÁË ÉÓ ÓÉÍÉÌÁÒ ÔÏ ÔÈÅ ÎÅÅÄ ÔÏ ȰÐÏÐȱ ÏÎÅȭÓ ÅÁÒÓ ÁÆÔÅÒ Á 

change in environmental pressure, perhaps when ascending or descending in an airplane or 

while SCUBA diving. In the ear the pressure is relieved by opening the Eustachian tubes, 

which is achieved by yawning ÏÒ ÃÌÏÓÉÎÇ ÏÎÅȭÓ ÍÏÕÔÈ ÁÎÄ ÎÏÓÅ ×ÈÉÌÅ ÂÌÏ×ÉÎÇȢ In a 

microphone the pressure is also equalized via a capillary tube or slit leak, but it is usually 

left open at all times. 4ÈÉÓ ÌÅÁËȭÓ ÅÆÆÅÃÔ ÏÎ ÔÈÅ ÄÉÁÐÈÒÁÇÍ ÍÕÓÔ ÂÅ ÍÉÎÉÍÁÌ ÁÔ ÁÕÄÉÏ 

frequencies; otherwise pressure on the underside of the diaphragm coming from the leak 

would inter fere with the pressure impinging on the outside of the diaphragm. Preventing 

this interference is achieved by ensuring the leak has a high resistance path to the 

diaphragm, effectively creating a low-pass filter with a relatively long Ὑὅ time constant. For 

measurement microphones this is usually about 0.1 s, which corresponds to a corner 

frequency of 1.6 Hz [1] , sufficiently low as to leave the response virtually unaffected above 5 

Hz.  

The impact of the leak is, however, dependent upon the atmospheric pressure. This 

is mainly due to the change of back volume compliance with ambient pressure, which 

changes the time constant of the low-pass filter. Also, it is sometimes necessary to block this 

leak, for example when using the microphone in a coupler that physically blocks the 

opening. This can be done safely as long as the leak is still periodically exposed to the 

environment, and it also must be noted that this will actually give the response a slight low-

frequency rise. This is because the ratio of air compliance to diaphragm compliance „ is 
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effectively increased by the vent at low frequencies. This effect is also dependent on the 

ambient pressure. The impact of a blocked or exposed leak on the magnitude of the low-

frequency response at various absolute pressures is shown in Figure 2.7. 

 

Figure 2.7 Effects of exposing or blocking the barometric leak at a) 1 bar, b) 2 bar, c) 

10 bar, and d) 0.5 bar  [1] . 

2.1.5 Microphone preamplifiers  

A preamplifier is necessary following the microphone before the signal is 

transmitted to the measurement instrumentation via a cable. This is purely for the purpose 

of impedance matching, and the gain is kept near unity. The microphone has a very high 

electrical impedance, so it would not otherwise be able to sustain the load of the cable and 

following instrumentation. The preamplifier usually uses a junction gate field-effect 

transistor  (JFET) or in older designs a vacuum tube [10] . A simple model of a microphone 

Leak blocked 

Leak exposed 
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combined with a preamplifier and cable is shown in Figure 2.8. Ce0 is the microphone 

electrical capacitance, Ci and Ri are the input capacitance and resistance of the preamplifier, 

g is the preamplifier gain, Ro is the preamplifier output resistance, and Cc is the cable 

capacitance.  

The preamplifier is designed to have a minimal impact on the microphone signal, 

but its effects are still important to consider. The low-frequency response and the dynamic 

range effects, including the electrical noise and distortions, can be significant in their 

contributions to the output. Using the circuit in Figure 2.8, the frequency response of the 

system is given by [1]  

 Ὣ  , (20) 

and using the typical values in Table 2.1, magnitudes and phases of this response are given 

in Figure 2.9. The low frequency roll off is caused by the high-pass filter formed by ὅ  and 

Ὑ, and the high frequency roll off is caused by the low-pass filter formed by Ὑ  and ὅ. 

 

Figure 2.8 Circuit diagram of a simple model of a microphone, pre amplifier, and cable 

combination. Adapted from [1] . 
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Element Symbol Units Value 

Microphone capacitance ὅ  pF 18 

Preamplifier input capacitance ὅ pF 0.2 

Preamplifier input resistance Ὑ 'Џ 10 

Preamplifier gain Ὣ -- .995 

Preamplifier output resistance Ὑ  Џ 30 

Cable capacitance ὅ nF 3 

Table 2.1 Typical values for the circuit elements shown in Figure 2.8 ÆÏÒ Á ϵȱ 

microphone with preamplifier  [1] . 

 

Figure 2.9 a) Magnitude and b) phase of the frequency response of the circuit shown 

in Figure 2.8 with typical values  given in Table 2.1 [1] . 

 

a) 

b) 
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2.2 Dissipative acoustics  

Dissipation is the loss of energy in a system undergoing an irreversible process. An 

irreversible process is any process that cannot be reversed without impacting its 

surroundings [32, p. 201]. This impact comes in the form of an energy transfer, which is 

usually heat. ! ÄÁÍÐÅÄ ÈÁÒÍÏÎÉÃ ÏÓÃÉÌÌÁÔÏÒȭÓ ÍÏÖÅÍÅÎÔ ÉÓ ÁÎ ÅØÁÍÐÌÅ ÏÆ ÁÎ ÉÒÒÅÖÅÒÓÉÂÌÅ 

process. With each period of motion, the damping resistance converts some of the kinetic 

energy of the system to thermal energy, which can be considered dissipation because it 

does not reenter the system. 

In air acoustics, dissipation primarily comes from three mechanisms:  thermal 

conduction, viscosity, and relaxation effects. This last one is a consequence of the finite 

amount of time it takes a real fluid to come to thermodynamic equilibrium when the 

pressure or temperature is changed [33, pp. 316-317]. It is more important when 

considering sound propagation over longer distances and is not relevant in air in the small 

dimensions considered here.  

2.2.1 Viscosity effects  

The Navier-Stokes equations describe the motion of a fluid. In a compact general 

form, they can be expressed as 

 ”
○

ὴɳ Ͻɳ4 Æ, (21) 

where ○ is the velocity vector, T is the stress tensor, and f is body force per unit volume 

ÁÃÔÉÎÇ ÏÎ ÔÈÅ ÆÌÕÉÄȢ 4ÈÉÓ ÉÓ ÁÎ ÅØÐÒÅÓÓÉÏÎ ÏÆ .Å×ÔÏÎȭÓ ÓÅÃÏÎÄ ÌÁ×Ȣ 4ÈÅ ÌÅÆÔ ÓÉÄÅ ÏÆ ÔÈÅ 
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equation is an intensive mass (”) times an acceleration. The right side is a sum of 

volumetric forces acting on a parcel of fluid. 

The large Ὀ operator is the material derivative or convective derivative, which is 

defined as 

 ○ẗɳ . (22) 

The material derivative is required by the choice to operate in an Eulerian frame of 

reference [34] . This approach does not follow the time evolution of individual parcels of gas, 

instead monitoring a spatially stationary control volume and accounting for flows passing in 

and out of its boundaries. The material derivative consists of two parts: a partial derivative 

with respect to time and a directional derivative along the flow of the fluid velocity. 

Together they are the equivalent of a time derivative of a quantity, which is the velocity in 

(21). 

Solving the Navier-Stokes is difficult; in fact, there are no known general solutions. 

However, some simplifications can often be made to disregard certain terms, making a 

closed form solution possible in certain cases. For example using an acoustic approximation, 

where only first-order terms are kept and viscous and gravitational forces are disregarded, 

the Navier-Stokes equations become the Euler equation: 

 
○ ᶯ

 . (23) 

Note that the last two terms of Equation (22) have vanished and the material derivative has 

been replaced by a partial derivative. This approximation is often sufficient in linear 

acoustic applications, but more terms need to be included when considering thermoviscous 

losses. 

If only external body forces are neglected, (21) becomes [14, p. 211] 
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 ”
○

ὴɳ ‘ ‘ ᶯ○ ‘ɳ ᶯ ○, (24) 

where ‘ is the dynamic viscosity, and ‘  is the bulk viscosity. This now includes several 

higher order terms that are not ignored. The ‘○ term accounts for the shear stress on 

the fluid. This is a result of the diffusion of momentum by the collisions of molecules from 

neighboring fluid parcels at different velocities. The ‘○ term is the effective force on the 

fluid from molecular relaxation effects. The coefficient ‘  is zero for in a monatomic gas, so 

the term vanishes in that case. For other fluids its value may be nonzero. In the case of air its 

impact is negligible for most applications, including the present one. The final term gives 

the higher order viscous force contributions, which come from turbulent flow. 

Equation (24) can be applied to the fluid as a whole, but it requires the knowledge of 

the velocity field of the fluid. However, since it really only depends on the gradient of the 

velocity, it is only relevant at locations where the velocity varies spatially. In an enclosure 

like a microphone back volume, this only occurs near a walÌȢ 4ÈÅ ȰÎÏ-ÓÌÉÐȱ ÃÏÎÄÉÔÉÏÎ 

specifies that velocity vanishes at the wall, so there must be a decrease in velocity as one 

approaches the wall, as shown in Figure 2.10.  

 

Figure 2.10 Velocity profile near a wall.  

Consider a plane wave travelling toward a rigid wall. In this scenario Equation (24) 

can again be simplified by quite a bit. The pressure is assumed constant in this small space, 

so the ɳ ὴ term vanishes. Turbulent and bulk effects are ignored, so those terms drop as 
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well. Finally, only a linear one-dimensional motion is needed, so the Navier-Stokes 

equations reduce to [35]  

 ” ‘ɳ ὺ, (25) 

where ὺ is the velocity in the y-direction. Recognizing that ὺ is a harmonic variable, (25) 

becomes 

 Ὦὺ Ὧὺ ’Ὧὺ, (26) 

where Ὧ is the complex wavenumber, and ’ is the kinematic viscosity, ’ ‘”ϳ . Solving this 

for Ὧ gives 

 Ὧ ρ Ὦ  , (27) 

where 

 
ς’


 . (28) 

Equation (27) shows that the complex wavenumber consists of real and imaginary parts of 

equal magnitude, which is the reciprocal of the viscous penetration depth, ρϳ . This means 

that the viscosity of the fluid results in an evanescent wave radiating from the wall.  

2.2.2 Thermal conduction effects  

The balance of energy in a fluid is given by the conservation of entropy equation: 

 ”Ὕ ‖ɳ Ὕ 4Ͻɳ Ͻ○, (29) 
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where ‖ is the thermal conductivity of the fluid, and ί is the entropy.  The left side of the 

equation is the time rate of change of the energy content in the fluid, where again the 

material derivative has been used. The right side of the equation contains two sources of 

entropy generation. The first is from thermal conduction, and the second is from viscous 

(friction) effects.  

Consider again the plane wave travelling toward a rigid wall. Once again, a 

linearized one-dimensional model is used. The viscous contributions to the entropy can be 

neglected because most of the viscous effects are already being accounted for in the 

previous section. This leaves 

 ”ὧ ‖  , (30) 

which is the Fourier diffusion equation in one dimension. Recognizing that Ὕ is a harmonic 

variable, (30) can be rewritten as 

 ”ὧὮὝ ‖ὯὝ. (31) 

This can again be solved for Ὧ, which gives 

 Ὧ ρ Ὦ  , (32) 

where 

   . (33) 

Equation (32) shows an evanescent thermal wave, just like the evanescent viscous wave in 

(27), this time with a thermal penetration depth, .  

The relative importance of  and  is given by the Prandtl number Pr: 
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 0Ò  . (34) 

The value of Pr for air at 20°C is approximately 0.8. This indicates that both boundary layers 

are of similar size, so when one must be considered the other should be as well [36] . 

2.3 Generalized noise  

The fluctuation-dissipation theorem [37]  establishes a relationship between the real 

part of the ȰÉÍÐÅÄÁÎÃÅȱ ÏÆ ÁÎÙ linear ÄÉÓÓÉÐÁÔÉÖÅ ÓÙÓÔÅÍ ÁÎÄ Á ÃÏÒÒÅÓÐÏÎÄÉÎÇ ȰÆÏÒÃÅ.ȱ This 

was originally observed by Johnson [38]  and explained by Nyquist [39]  for the case of 

electrical resistor noise. It was found that there were voltage fluctuations across a resistor 

at thermal equilibrium. This noise exists independent of any applied voltage. This has come 

to be known as Johnson noise or Johnson-Nyquist noise, and its power spectral density is 

 ộὩỚ τὯὝὙЎὪ, (35) 

where Ὡ is the noise voltage,  Ὧ  is the Boltzmann constant, Ὕ is the ambient temperature. 

ЎὪ is the frequency band, and the brackets indicate a time average. Note that there is no 

dependence on frequency (just the frequency band), so this noise may be considered 

Ȱ×ÈÉÔÅȢȱ The noise is, however, dependent on the temperature and resistance of the 

conductor. This is because the noise is caused by the scattering of free charge carriers 

(electrons) by the thermal vibrations in the solid lattice of the conductive material [40] . 

Tarnow [6]  used a liquid nitrogen tank to cool a microphone to demonstrate the 

temperature dependence of the noise, as shown in Figure 2.11. The data point at absolute 

zero was obtained by replacing the capsule with an equivalent capacitor. 
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Figure 2.11 The dependence of noise power on absolute temperature  [6] . 

The fluctuation-dissipation theorem extends this example to the general case, 

stating that any dissipation caused by a generalized impedance will create a corresponding 

fluctuating generalized force. These generalized forces and impedances come from the 

ȰÉÍÐÅÄÁÎÃÅ ÁÎÁÌÏÇÙȟȱ ×ÈÉÃÈ ÉÓ ÄÅÓÃÒÉÂÅÄ ÆÕÒÔÈÅÒ ÉÎ ÔÈÅ -ÏÄÅÌÉÎÇ ÃÈÁÐÔÅÒȢ In essence, this 

theorem means that in order to understand the noise of a system, one must first understand 

its damping. 

Another method for analyzing noise is the Equipartition theorem. This states that an 

object in thermal equilibrium with its surroundings has its energy partitioned, with an 

average value of ὯὝςϳ  for each independent component [41] . A qualifying independent 

component of energy will have an energy expression that is dependent on the square of 

some variable, e.g. άὺ for kinetic energy or Ὧὼ ÆÏÒ Á ÓÐÒÉÎÇȭÓ ÐÏÔÅÎÔÉÁÌ ÅÎÅÒÇÙ [4] . For 

example, the simple harmonic oscillator in Figure 2.4 has one degree of freedom for its 
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kinetic energy and one type of potential energy, stored in the spring. This makes two 

components, so the total energy of the system in thermal equilibrium is ὯὝ. Furthermore, 

the mean-squared speed and displacement can be determined by setting 

 άộὺỚ ὯὝ (36) 

for the kinetic energy of the mass and 

 ὯộὼỚ ὯὝ (37) 

for the potential energy of the spring. 

The Johnson-Nyquist relation (35) is more useful than the Equipartition Theorem in 

analyzing the thermal noise in a microphone because the latter only provides a way of 

determining a mean-squared representation of noise. From (35) it is possible to determine 

the frequency spectrum of the noise from each source of resistance, which may be electrical, 

mechanical, or acoustical. While the equation does not directly depend on frequency, the 

resistances themselves may be frequency-dependent, or they may be passed through filters 

that alter their spectra. The integral of the sum of these noise contributions over the entire 

frequency range would give the same result as could be determined using the Equipartition 

Theorem, but this process cannot be reversed to get the spectra. 

2.4 Sources of noise 

In the microphone system there are noise contributions to consider from the 

environment, the microphone itself, and the preamplifier. In the majority of use cases the 

ambient acoustic noise is the limiting factor in achieving a good signal-to-noise ratio. 

However, it is important to know the limitations of the system components if one is 
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interested in very small amplitude signals, or if one wishes to improve the noise 

performance of one of the components. A plot of the noise spectra of a typical Brüel & Kjær 

microphone system showing the relative contributions of microphone and preamplifier is 

given in Figure 2.12.  

 

Figure 2.12 Typical 1/3 -octave noise spectra of a Brüel & Kjær 50 mV/Pa sensitivity 

condenser microphone with preamplifier. The bars show total linear (L) and A -

weighted (A) noise levels for the microphone (M), preamplifier (P), and combination 

(C) [1] . 

2.4.1 Preamplifier noise  

The preamplifier noise depends on the electrical mechanism used. Today it is 

usually a JFET, but historically vacuum tubes were used as well. In a JFET preamplifier the 

noise is typically due to the shot effect, Johnson noise of the conductors, and other 
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electronic effects. In a vacuum tube preamplifier, the Johnson noise is exchanged for flicker 

noise [10] . The electrical Johnson noise in the preamplifier is as described in the previous 

section. 

Shot noise is a phenomenon associated with the discrete nature of charge, and it 

appears in semiconductor p-n junctions, photodetectors, vacuum tubes, and electron 

tunneling junctions [41] . When these independent particles move about randomly, they 

create a noise current, which can be expressed as 

 ộὭỚ ςὩὍЎὪ, (38) 

where Ὥ is the noise signal current, Ὡ is the elementary charge (ρȢφ ρπ  C), and Ὅ is the 

average current. Unlike the Johnson noise, shot noise is not dependent on temperature, 

which means it becomes more important to the overall noise level at lower temperatures. 

&ÌÉÃËÅÒ ÎÏÉÓÅ ÉÓ ÏÎÅ ÔÙÐÅ ÏÆ ȰρȾὪȱ ÎÏÉÓÅȟ ×ÈÉÃÈ ÍÅÁÎÓ ÉÔ ÈÁÓ Á ÓÐÅÃÔÒÁÌ ÄÅÎÓÉÔÙ ×ÉÔÈ Á 

ρȾὪ dependence. It can arise from the variations in resistance of some circuit elements. 

5ÓÉÎÇ /ÈÍȭÓ ,Á×ȟ ÔÈÉÓ ÃÒÅÁÔÅÓ Á ÎÏÉÓÅ ÖÏÌÔÁÇÅȢ )Î ÒÅÁÌÉÔÙ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÄÅÐÅÎÄÅÎÃÅ ÍÁÙ ÎÏÔ 

be exactly ρȾὪ, but rather ρȾὪ , with  ranging from 0.8-1.3 for most examples [12] . There 

are other possible sources of ρȾὪ noise, none of which are well understood. These are 

present in the JFET preamplifiers as well. It is not an equilibrium source of noise, so it 

vanishes when there is no driving power, but a DC bias voltage is enough to sustain it [41] . 

At present it is most important to understand that this noise is ubiquitous in electrical (and 

possibly other) systems, and that it has the biggest impact at low frequency because of its 

spectral behavior. 
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2.4.2 Microphone noise  

The noise in the microphone itself may come from the mechanical-thermal noise of 

the diaphragm, the acoustical-thermal noise in the air on either side of the diaphragm, and 

the electrical Johnson noise of the electrical components in the microphone. The 

mechanical-thermal noise is the noise from the random vibrations of the solid lattices in the 

diaphragm material. The acoustical-thermal noise is from the fluctuations of Brownian 

motion of gas molecules in an acoustical resistance. In the literature, the acoustical-thermal 

and mechanical-thermal noise are usually grouped together and called the mechanical-

thermal noise. Presumably this is because the acoustical noise is only relevant to the extent 

that it affects the membrane motion, i.e. the air impinging upon the diaphragm. The 

electrical Johnson noise depends on the polarization method. For an externally polarized 

condenser the large bias resistor provides a large source of noise. In the electret 

microphone the only electrical Johnson noise is from the small amount of resistance in the 

conductive plates, which is negligible. 

The mechanical/acoustical thermal noise is mostly due to the acoustical damping on 

the diaphragm; the mechanical damping on the diaphragm in a vacuum is negligible. The 

primary source of acoustical damping, and often the only one considered, is the viscous 

dissipation in the air gap and holes in the backplate. If this is indeed the only important 

source of damping in a microphone design, the microphone noise voltage spectrum will 

have the same frequency response as the microphone sensitivity, since the Johnson noise is 

white and it acts directly on the diaphragm with no filtering. This is often not the case. The 

noise from the barometric leak must also be considered, as well the thermal noise from the 

resistance in the back volume, as described in the next section. 
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2.5 Derivation of a t hermal correction impedance , ╩◄ 

In standard lumped element models for the impedance of acoustical enclosures the 

air behavior is usually approximated as adiabatic. As long as the thermal penetration depth, 

 is much shorter than the dimensions of the enclosure, then the thermal boundary layer ,

is thin and makes up an insignificant portion of the volume, and this adiabatic assumption is 

valid. This makes it simple to make useful calculations of the compliance of a cavity or the 

inertance of a section of pipe. Models for the back volume of a microphone are usually 

represented as only this adiabatic compliance.  

However, at lower frequencies or small enclosure sizes, the boundary layer is larger 

and may represent a significant portion of the total volume. The acoustical behavior can no 

longer be treated as purely adiabatic, and the effects of heat transfer with the boundaries 

must be considered. As this section shows, these effects manifest themselves as a correction 

impedance that is added in parallel to the adiabatic impedance. In contrast to the adiabatic 

approximation, the thermal correction impedance includes a resistive component. This adds 

a source of damping and therefore noise to the microphone model. 

To begin, an energy balance equation is needed to describe energy entering and 

leaving a volume element of gas. Wente, the inventor of the condenser microphone, 

provided this equation originally as a means of deriving a theoretical formula for the 

efficiency of a device known as a thermophone [42] . This device consists of a metal foil or 

wire that is heated by an alternating current. The temperature variation gives rise to a 

periodic pressure. These thermophones are quite inefficient, but they are able to create a 

very precisely controlled source of sound over a large frequency range. For this reason, they 

were used as a means of calibrating microphones in the 1910s and 1920s [43, 44]. 
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Pistonphones are used in their place now. These devices similarly produce a precise 

acoustic pressure in a small coupling volume, but they rely on a known volume 

displacement rather than thermoacoustic principles. They only operate at a single 

frequency, which is usually rather low for practical purposes, but they are more efficient 

than thermophones. Interestingly, thermophones are showing up in research literature 

again recently, using carbon nanotubes in a thin film in places of the metal foil [45] . These 

ÔÈÅÒÍÏÁÃÏÕÓÔÉÃ ÆÉÌÍÓ ÃÏÕÌÄ ÈÁÖÅ ÆÕÔÕÒÅ ÁÐÐÌÉÃÁÔÉÏÎÓ ÁÓ ȰÌÏÕÄÓÐÅÁËÅÒ ÃÏÁÔÉÎÇÓȱ ÏÎ ÓÕÒÆÁÃÅÓȢ 

7ÅÎÔÅȭÓ ÅÑÕÁÔÉÏÎ [42]  is a balance of the rate of change of the heat content of a gas 

volume element with the work done on it and heat transferred to it by conduction, which 

can be expressed as 

 ”ὧ ὃὴ” ‖ɳ Ὕ. (39) 

Here the volume ὠ is given as a specific volume, ὠ ρ”ϳȢ )Î 7ÅÎÔÅȭÓ ÓÔÁÔÅÍÅÎÔ ÏÆ ÔÈÉÓ 

equation, the final term, which is the heat conduction term, is negative. This cannot be 

correct. A positive heat transferred to the system should give a positive increase in heat 

content, so the first and final terms in the equation must have the same sign. Conversely, the 

middle term must have the opposite sign because it represents work done by the system, 

while the heat content increases with work done on the system. As this derivation 

ÃÏÎÔÉÎÕÅÓȟ ÔÈÅ ÅÑÕÁÔÉÏÎÓ ×ÉÌÌ ÁÇÁÉÎ ÍÁÔÃÈ 7ÅÎÔÅȭÓ ÅØÁÃÔÌÙȟ ×ÈÉÃÈ ÓÕÇÇÅÓÔÓ ÔÈÁÔ ÔÈÉÓ ÉÎÉÔÉÁÌ 

equation was a simple oversight.  

Although Wente never explicitly explains the ὃ term, it appears to be a conversion 

factor to maintain dimensional consistency because this paper was published before the 

standardization of SI units. If SI units are used for all variables, ὃ ρ and can be omitted. 

Each term is then dimensionally consistent with units of [Wϳm3].  
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In the case of a small enclosure like a microphone back volume, the fluid velocity is 

quite small, and thus can be neglected, meaning that ὈὈὸϳ  may be replaced with Ⱦὸ. By 

use of the chain rule 

  , (40) 

the last transformation using the ideal gas law, ὠ ὙὝὴϳ , where Ὑ is the specific gas 

constant. Using this and the fundamental relationship ὧ ὧ Ὑ for an ideal gas, (39) can 

be rewritten as 

 ”ὧ  ‖ɳ Ὕ π. (41) 

Each of the variables ”, Ὕ, and ὴ can be assumed to be the sum of a static equilibrium 

component and a harmonic component, where the harmonic component is much less than 

the static component. This may be expressed as 

 ” ” ”Ὡ , (42) 

 Ὕ Ὕ ὝὩ , (43) 

and 

 ὴ ὴ ὴὩ , (44) 

which means (41) conveniently becomes 

 ‖ɳ Ὕ ὮὧὝ” Ὦὴ π. (45) 

(ÅÎÃÅÆÏÒÔÈ ÆÏÒ ÓÉÍÐÌÉÃÉÔÙȭÓ ÓÁËÅȟ ÔÈÅ ÓÕÂÓÃÒÉÐÔ ×ÉÌÌ ÂÅ ÏÍÉÔÔÅÄ ÆÒÏÍ ÖÁÒÉÁÂÌÅÓ ÌÉËÅ Ὕ, 

and Ὕ will be understood to mean the oscillatory temperature, with Ὕ still designating the 

static value. Equation (45) can be written compactly as [46]  

 ᶯὝ  Ὕ Ὕ , (46) 
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where 

   , (47) 

and 

 Ὕ  , (48) 

the last transformation using ὧ ὧ Ὑ, the ideal gas law, and the definition of the heat 

capacity ratio,  ὧ ὧϳ . Equation (46) shows that the conductive term from (39) is related 

to the difference between the oscillatory temperature Ὕ and Ὕ. Ὕ has physical significance 

as the oscillatory temperature amplitude in the case of purely adiabatic gas compression. It 

can be considered spatially constant, since it is a function only of pressure, and in a small 

enclosure it is reasonable to assume that the pressure is the same everywhere.  

A solution to (46) will give the spatial variation of the oscillatory temperature 

amplitude. A simple example is in the case of a semi-infinite space bounded by an infinite, 

rigid, isothermal plane positioned at ᾀ π. Thompson [47]  gives the solution as 

 Ὕ Ὕ ρ Ὡ Ὕ ρ Ὡ ϳ . (49) 

The familiar thermal penetration depth as defined in (33) shows up here, suggesting a 

spatially constant temperature amplitude except close to the boundary. Figure 2.13 shows 

this to be true. Here the temperature has been normalized by Ὕ, and the distance from the 

wall has been normalized by the thermal penetration depth. At the wall the magnitude 

vanishes because the wall is isothermal, so there can be no temperature variation there. It 

quickly rises in the first penetration depth, and after three it is very nearly unity. The phase 

is zero at ḻρ, which means that the temperature is in phase with pressure, since Ὕ is a 

function of pressure. As we near the wall the phase difference approaches 45°.  
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Figure 2.13 Normalized temperature variation near an infinite, rigid, isothermal wall.  

Solutions to (46) can be used to find the impedance of an enclosure. The definition 

of acoustical impedance can be written as 

 ὤ  , (50) 

where Ὗ is volume velocity, and ὠ is an incremental volume displacement. To find an 

expression for ὠ ×Å ÔÕÒÎ ÔÏ "ÏÙÌÅȭÓ ÌÁ×ȟ ×ÈÉÃÈ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÉÎ ÏÕÒ ÎÏÔÁÔÉÏÎÓ ÁÓ 

  , (51) 

where Ὕ is the spatially averaged oscillatory temperature amplitude. Combining (48) and 

(51) gives 

ὠ    ρ , (52) 

which makes [47]  
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 ὤ  , (53) 

where 

 ὤ  . (54) 

and  

 ὅ ὠὴϳ . (55) 

4ÈÅ ÎÅÇÁÔÉÖÅ ÓÉÇÎ ×ÁÓ ÒÅÍÏÖÅÄ ÂÅÃÁÕÓÅ ÔÈÅ ÅØÐÒÅÓÓÉÏÎ ÏÆ "ÏÙÌÅȭÓ ,Á× ÉÎ ɉ51) assumes a 

decrease in pressure for an increase in volume, while in our case a positive volume velocity 

is associated with positive pressure [46] .  

Equation (53) is now an expression for the total acoustical impedance of an 

enclosure, including the thermal effects of heat exchange with the boundaries. The last part 

of (53) shows that the total impedance can be expressed as a function of the purely 

adiabatic impedance ὤ and the relative temperature variation in the enclosure. Thompson 

[47]  shows that (53) can be conveniently expressed as 

 ὤ  , (56) 

where ὤ is the thermal correction impedance given as 

 ὤ  , (57) 

where 

  ὣ ρ ὝὝϳ . (58) 

This is an interesting result because it is equivalent to a parallel combination of two 

impedances: the impedance of the pure compliance of an adiabatic volume and a thermal 
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correction impedance. At high frequencies and large enclosure sizes, Ὕ Ὕ, and ὤ is 

reduced to ὤ. It is also important to note that while ὤ is purely imaginary, ὤ has both an 

imaginary and a real component because Ὕ is complex. This introduces a resistive term that 

is not present with the adiabatic assumption, and it is this resistance that adds an additional 

source of noise to the complete microphone model. 



 

 

Chapter 3  
 
Finite Element Modeling  

The analytical method described in the previous section can be used to calculate the 

noise performance of a microphone. The equations have been solved for simple shapes, but 

they are difficult or impossible to apply to more complicated shapes, such as those found in 

a real microphone. Simplifications must be made to the problem in such a way that it can be 

solved but is not made less accurate. Further simplifications are needed to relate the back 

volume thermal noise to the other sources of noise in the signal chain. Modeling is this 

practice of reducing the complexity of problems for ease of calculation. There are two main 

modeling processes used in this project and described in this chapter: finite element 

modeling of the thermal noise in the microphone back volume and lumped element 

modeling of the microphone with connected preamplifier. The results of the former are 

used in the latter, allowing the thermal noise in the back volume to be compared to the 

other sources of acoustical and electrical thermal noise in the microphone and preamplifier.  

3.1 Brüel & Kjær Types 4134 and 4144  

The microphones examined in this study are both manufactured by Brüel & Kjær, a 

Denmark-based company specializing in sound and vibration measurement equipment. 

They began manufacturing microphones in 1945, and five years later they were a leading 

supplier of measurement microphones [1] . In 1973 they solidified their importance by 
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introducing Types 4160 and 4180, which are laboratory reference condenser microphones 

of ρȱ ÁÎÄ ϵȱ ÎÏÍÉÎÁÌ ÄÉÁÍÅÔÅÒÓȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅÓÅ ÍÏÄÅÌÓ ÁÒÅ ÓÔÉÌÌ ÍÁÎÕÆÁÃÔÕÒÅÄ ÁÎÄ ÕÓÅÄ 

today due to their stability and familiarity as references. Now Brüel & Kjær produces a wide 

range of microphones for various purposes, including a measurement condenser 

ÍÉÃÒÏÐÈÏÎÅ ÌÉÎÅ ×ÉÔÈ ÓÉÚÅÓ ÒÁÎÇÉÎÇ ÆÒÏÍ ρȾψȱ ÔÏ ρȱȟ ÁÓ ÓÈÏ×Î ÉÎ Figure 3.1. 

 

Figure 3.1 The Brüel & Kjær family of ÍÅÁÓÕÒÅÍÅÎÔ ÃÏÎÄÅÎÓÅÒÓȟ ÆÒÏÍ ρȾψȱ ÔÏ ρȱ [1]  

4ÈÅ ÍÏÄÅÌÓ ÓÔÕÄÉÅÄ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓȟ 4ÙÐÅÓ τρττ ÁÎÄ τρστȟ ÁÒÅ ÁÌÓÏ Á ÐÁÉÒ ÏÆ ρȱ ÁÎÄ ϵȱ 

measurement condensers. These microphones are chosen because they are widely used, 

they have been previously studied [21, 8, 24, 26, 5], and some geometrical data were made 

ÁÖÁÉÌÁÂÌÅȢ !ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÇÕÉÄÅ [2] , these microphones are designed for 

use with acoustical couplers, such as an artificial ear. However, the low self-noise and high 

sensitivity make them appropriate microphones to use in other sorts of laboratory 

measurements as well [48] . Both of these microphones are also externally polarized, so an 

external voltage source must supply the bias of 200 V. This comes from a power supply, 

which is typically integrated into the measurement amplifier.  

4ÈÅÓÅ ÍÉÃÒÏÐÈÏÎÅÓ ÁÒÅ ÏÆ ÔÈÅ ȰÐÒÅÓÓÕÒÅ ÒÅÓÐÏÎÓÅȱ ÔÙÐÅȢ 4ÈÉÓ ÒÅÆÅÒÓ ÔÏ the type of 

signal they are designed to accurately capture, a distinction necessary as a consequence of 

increased diffraction at high frequencies, when the dimensions of the microphone are of the 

same order of magnitude as the wavelength of sound [1] . A pressure response measures a 
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local scalar pressure that is independent of the orientation of the microphone with respect 

to the incident signal. This is what makes these microphones appropriate for use with 

couplers, where the source of sound may not be facing the microphone, but they are both 

ÃÏÎÆÉÎÅÄ ×ÉÔÈÉÎ Á ÓÍÁÌÌ ÖÏÌÕÍÅȢ ! ȰÆÒÅÅ-ÆÉÅÌÄ ÒÅÓÐÏÎÓÅȱ ÍÉÃÒÏÐÈÏÎÅ ÍÅÁÓÕÒÅÓ Á ÓÉÇÎÁÌ 

coming from some known direction, and the microphone diaphragm must be oriented 

normal to the source signal. A pressure response microphone can also measure a free-field 

response as long as the microphone diaphragm is oriented parallel to the direction of 

incident sound, which may seem unintuitive. Free-field corrections can also be applied to 

pressure response microphones if other angles of incidence are to be used. An example is 

shown in Figure 3.2Ȣ ! ÔÈÉÒÄ ÔÙÐÅ ÏÆ ÓÉÇÎÁÌ ÉÓ ȰÒÁÎÄÏÍ-ÉÎÃÉÄÅÎÃÅȱ ÏÒ ȰÄÉÆÆÕÓÅ-ÆÉÅÌÄȟȱ ×ÈÅÒÅ 

the signal is equally likely to come from all directions. A special diffuse-field microphone 

can be used for this, or there is another correction curve, an example of which is also shown 

on Figure 3.2ȟ ÌÁÂÅÌÅÄ ÁÓ Ȱ2ÁÎÄÏÍȢȱ 3ÉÎÃÅ ÐÒÅÓÓÕÒÅ ÒÅÓÐÏÎÓÅ ÍÉÃÒÏÐÈÏÎÅÓ ÃÁÎ ÂÅ ÕÓÅÄ ÆÏÒ 

all these signal types under certain conditions, they are good candidates for general 

purpose measurement microphones and are in wide use.  

The designs for the two microphones are similar, both looking approximately like 

the diagram in Figure 3.3. The various physical features generally scale appropriately from 

Type 4134 to Type 4144 with the important exception of the holes in the back plate as 

shown in Figure 3.4; more holes are used in the larger Type 4144, rather than simply 

scaling the holes up. This creates both a more uniform electrical field and a more uniform 

air resistance against the diaphragm.  
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Figure 3.2 An example of free -field correction curves for Type 4144  [48]  

 

 

Figure 3.3 Sectional view of a typical Brüe l & Kjær condenser microphone including 

the protective grid  [2]  
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Figure 3.4 Hole distributions in the backplates of a) Type 4134 and b) Type 4144. 

Approximately to scale. [49, 50]  

3.2 The finite element method  

The finite element method (FEM) is a numerical approach for approximating the 

solutions to differential equations in arbitrary geometries [51] . The geometry is divided into 

a number of partitions called elements, which are connected by nodes to form a mesh.  These 

elements are simple shapes, typically three- or four-sided polygons for two-dimensional 

meshes and four- or six-sided polyhedrons for three-dimensional meshes. Boundary 

conditions are set on the outer boundaries of the mesh, and a number of equations equal to 

the number of nodes are solved for the dependent variable or variables. This systematic 

approach allows for computer calculation using matrix operations. There are many 

commercial software packages available that employ the finite element method, with some 

of the most popular being ANSYS, Abaqus, NASTRAN, and COMSOL. These packages are 

widely used in many engineering fields, including acoustics, mechanics, heat transfer, 

electromagnetics, and practically any field where differential equations are applied to a 

geometry.  

a) b) 
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3.3 COMSOL Multiphysics 

COMSOL Multiphysics is a commercial FEM software package with a special 

ÅÍÐÈÁÓÉÓ ÏÎ ȰÍÕÌÔÉÐÈÙÓÉÃÓȱ ÃÏÕÐÌÉÎÇÓȟ ÓÃÅÎÁÒÉÏÓ ÉÎ ×ÈÉÃÈ ÔÈÅÒÅ ÉÓ ÍÏÒÅ ÔÈÁÎ ÏÎÅ ÐÈÙÓÉÃÁÌ 

phenomenon at work. In COMSOL the set of differential equations to be solved, along with a 

set of built-ÉÎ ÖÁÒÉÁÂÌÅÓ ÁÎÄ ÓÅÔÔÉÎÇÓȟ ÁÒÅ ÃÁÌÌÅÄ Á ȰÐÈÙÓÉÃÓȱ ÔÙÐÅȢ 0ÈÙÓÉÃÓ ÔÙÐÅÓ ÁÒÅ ÇÒÏÕÐÅÄ 

together by discipline and sold together in modules. Any physics type can be used in 

conjunction with any other with the proper couplings established. Additionally, user-

defined differential equations may be solved, allowing virtually any physical phenomenon 

to be modeled. COMSOL is widely used and supported, and as such there is a large library of 

example models supplied in #/-3/,ȭÓ Model Library and in the user community. Updates 

to the software usually come several times per year. All of the data presented in this thesis 

come from Version 4.3a, the most recent version as of April 2013, although earlier versions 

were used for preliminary work. 

The normal mode of operation is with a user-friendly, interactive graphical user 

interface, although there are also options for batch operations. In versions after 4.0 the 

commands and parameters defining the model are organized in a tree structure called the 

Model Builder. The primary tree nodes are the Global Definitions, Models, the Studies, and 

the Results. Global Definitions are parameters, variables, and functions that apply to all 

current models. The parameters are especially useful to define; geometrical and physical 

values can be parameterized in the model, allowing their values to be altered later in Global 

Definitions. The Model nodes contain all the definitions and settings to create the model, 

The Study nodes contain the solving parameters, and the Results node contains the plots 

and data created by the solver. The Model node is divided into Definitions, Geometry, 
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Materials, physics, and Mesh nodes. There may be one or multiples physics nodes, 

depending on the problem. Each of these nodes contains multiple subnodes that are edited 

to define the model properties. By default much of the mathematics is hidden from the user 

but can always be viewed and modified when desired.  

3.4 COMSOL implementation of acoustic heat transfer  

In order to calculate the thermal noise in the microphone back volume, Equation 

(46) needs to be solved for in the back volume geometry. COMSOL has the ability to solve 

user-defined differential equations, but this method can be a bit obtuse, and it does not take 

advantage of ÔÈÅ ÎÕÍÅÒÉÃÁÌ ÏÐÔÉÍÉÚÁÔÉÏÎÓ ÁÎÄ ÐÒÅÄÅÆÉÎÅÄ ÖÁÒÉÁÂÌÅÓ ÃÏÎÔÁÉÎÅÄ ÉÎ #/-3/,ȭÓ 

supplied physics types. There are a few options that may seem viable. The first is the 

Pressure Acoustics physics, which is intended for general acoustics in fluid media. In the 

present case of non-negligible heat conduction, this physics is inappropriate because its 

model assumes a linear elastic fluid. Recently COMSOL has introduced other fluid model 

options in Pressure Acoustics, including models purporting to approximate viscous and/or 

thermal losses, but these have not been explored. Another option is #/-3/,ȭÓ ÎÅ× 

Thermoacoustics physics, which is left for future work (see Section 5.3.2).  

The final option, and the one used for simulations in this project, is Heat Transfer 

physics. Heat Transfer is not normally intended for acoustics applications, so pressure is not 

a dependent variable; rather, the dependent variables are temperature and surface 

radiosity. This is not a problem as long as the temperature is normalized to Ὕ ὝȾὝ, 

eliminating the pressure from (46). The COMSOL model temperature variable will be called 

Ὕ, and (46) becomes 
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 ᶯὝ  Ὕ ρ. (59) 

The equation solved in the Heat Transfer physics is 

 ”ὧ◊ϽɳὝ Ͻɳ‖ɳὝ ὗ, (60) 

where ◊ is the fluid velocity vector and ὗ is a volumetric heat source. In the microphone 

back volume, there is no net air flow, so this needs to be set to zero. This can be done in 

COMSOL by choosing Heat Transfer in Solids rather than the expected Heat Transfer in 

Fluids physics. This reduces (60) to 

 ᶯὝ  , (61) 

which can be set equal to (59) and solved for ὗ to get 

 ὗ ‖ Ὕ ρ Ὦὧ” Ὕ ρ. (62) 

A user-defined volumetric heat source with this value can be added to the Heat Transfer 

model. Frequency is recognized in all COMSOL models, and the thermodynamic constants 

can be referred to the information in the Materials subnode. With these physics settings and 

the appropriate boundary conditions it is possible to apply the method of Section 2.5 to 

enclosures of complicated shapes, including microphone back volumes. 

3.5 Thermal noise in a spherical enclosure  

A preliminary model of a spherical enclosure was created as a means of verifying 

the validity of this method. The analytical solution for this shape has been given by 

Thompson [47] , so a direct comparison is possible. The model is a hemispherical air domain 

with a 2 mm radius, as shown in Figure 3.5. Using a hemisphere takes advantage of 
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symmetry to reduce the mesh size and consequently, the computing requirements. Further 

symmetries could have been used but were unnecessary in this simple model. Also included 

is a line through the axis, which is used as a reference to calculate the radial temperature 

distribution. 4ÈÅ ÍÁÔÅÒÉÁÌ ÓÅÌÅÃÔÅÄ ÆÏÒ ÔÈÅ ÁÉÒ ÄÏÍÁÉÎ ÉÓ #/-3/,ȭs included Air material, 

which includes built-in functions for properties including density, heat capacity at constant 

pressure, and thermal conductivity. 

 

Figure 3.5 Geometry of the spherical enclosure mode l 

The parameters used as Global Definitions are given in Table 3.1. The inclusion of a 

ȰÔÅÓÔ ÆÒÅÑÕÅÎÃÙȱ ÉÓ ÔÏ ÐÒÅÖÅÎÔ warnings of an unknown variable in later expressions in 

COMSOL; it is not strictly necessary and will be replaced by a parametric sweep of 

frequencies later by the solver. Table 3.2 displays the variables used in this model. The 

expressions for Z_t, Z_a, and Z_tot correspond to equations (54), (56), and (57). The aveop1 

functiÏÎ ÉÎ ÔÈÅ ÅØÐÒÅÓÓÉÏÎ ÆÏÒ 4ͺÁ ÒÅÆÅÒÓ ÔÏ ÁÎ ÁÖÅÒÁÇÉÎÇ ȰÍÏÄÅÌ ÃÏÕÐÌÉÎÇȱ ÏÖÅÒ ÔÈÅ ÖÏÌÕÍÅȟ 

which is defined in the Definitions subnode.  
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Name Expression Description 

rad 2[mm]  radius 

T_0 293.15[K] atmospheric temperature 

p_0 1[atm]  atmospheric pressure 

gamma 1.4 ratio of specific heats 

freq 1000[Hz] test frequency 

Vol (4/3)*pi*rad^3  volume 

Table 3.1 Model parameters for the spherical enclosure  

Name Expression Description 

C_0 Vol/(gamma*1[atm])  adiabatic compliance 

T_bar aveop1(T)[1/K]  
spatially averaged temperature 
amplitude 

Y 1-T_bar -- 

Z_t 1/(i*2*pi*freq*C_0*(gamma-1)*Y) thermal correction impedance 

Z_a 1/(i*2*pi*freq*C_0)  adiabatic impedance 

Z_tot 1/(1/Z_a+1/Z_t)  total impedance 

Table 3.2 Variables for the spherical enclosure  

The boundary conditions on the outer curved surfaces are Ὕ π, which means the 

walls of the sphere are isothermal. It should be noted that the walls of this enclosure are 

simply modeled as this boundary condition, not as a solid material. As such, they are 

perfectly rigid. The flat cut surface has a symmetry boundary condition, which is specified 

as 

 ▪Ͻ ‖ɳὝ π, (63) 

where ▪ is the unit normal vector. Note that the inclusion of this boundary condition means 

that odd symmetry modes of the temperature distribution are not included. The initial 

condition is Ὕ π everywhere. The heat source in (62) is included, expressed in COMSOL as 
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 -i*2*pi*freq*mod1.mat1.def.rho(p_0,T_0)*mod1.mat1.def.Cp(T_0)*(T-1), (64) 

where ÔÈÅ Ô×Ï ÔÅÒÍÓ ÂÅÇÉÎÎÉÎÇ ×ÉÔÈ ȰÍÏÄρȱ ÁÒÅ ÒÅÆÅÒÅÎÃÅÓ ÔÏ ÔÈÅ ÍÁÔÅÒÉÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ 

density and specific heat at constant pressure, evaluated at atmospheric conditions.  

The mesh must be fine enough that the temperature oscillations in the solution can 

be resolved to an accuracy sufficient for use in the impedance formulae. When applying the 

finite element method to a wave problem, it is useful to consider the element size relative to 

a wavelength. In the present case this is not the acoustic wavelength but rather the thermal 

wavelength, corresponding to the thermal wavenumber in (32). For a chosen minimum 

number of elements per wavelength, ὔ , the  maximum element size is  

 ‚
Ѝ

 , (65) 

where ‚ is the element size, and ‗ ς“ȾὯ is the thermal wavelength. In the sphere mesh 

tetrahedral elements are used, so ‚ corresponds to the maximum length of a side of a 

tetrahedron. A general rule of thumb is to use at least five quadratic elements per 

wavelength in order to fully resolve a wave solution [52] . However, it is the averaged 

temperature amplitude that contributes to the thermal correction impedance, so it is not 

necessary for the thermal waves to be perfectly resolved; numerical inaccuracies will cancel 

out to some degree. It is supposed that two quadratic elements per thermal wavelength may 

be sufficient in this case. Setting ‚ ψπ µm generates a mesh in the hemisphere of 

564,810 elements, which is shown in Figure 3.6.   

The upper frequency limit for the validity of solutions using this mesh can be found 

by rearranging (65) to solve for frequency: 

 Ὢ  . (66) 
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Using ὔ ς, the mesh should yield valid impedance results below 5.2 kHz. Using the rule 

of thumb ὔ υ, the temperature solution is only expected to be accurate to 834 Hz. 

 

Figure 3.6 Mesh of the spherical enclosure model.  

The frequency is varied as a parametric sweep with a logarithmically spaced range 

of 1 Hz ɀ 10 kHz with 10 frequencies per decade. A stationary solver then evaluates the 

temperature distribution at each frequency, and this distribution can be displayed with a 

color map on the cut plane of the sphere. Selected frequencies are shown in Figure 3.7, with 

the same color scale used for each. At low frequency the air in the sphere is essentially 

isothermal; there is still some small temperature change, but it is all below the visible 

threshold with this color scale. At high frequency Ὕ ρ everywhere except for a small 

boundary layer. This means Ὕ Ὕ, so the air behaves adiabatically. In between is a 

transition region visible in the 10 Hz and 100 Hz plots, where a significant portion of the 

volume has a temperature gradient.  

The temperature can also be plotted as a one-dimensional function of the radial 

coordinate of the sphere. This can be directly compared to the analytical solution provided 

by Thompson [47]  as  

 ρ  , (67) 
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where ὥ is the radius of the sphere, and ὶ is the radial coordinate. The magnitude and phase 

of this distribution is shown in Figure 3.8, along with the COMSOL simulation results.  The 

agreement is excellent except very close to the wall at high frequencies, where the mesh is 

unable to properly resolve the temperature oscillation. An expression for the thermal 

correction impedance in the sphere is [47]  

 ὤ  , (68) 

and ὤ and ὤ can be calculated from (54) and (56). These can be compared to the COMSOL 

output for the variables Zt, Za, and Ztot, respectively. The real and imaginary parts of these 

give the acoustical resistance and reactance of the enclosure and are displayed in Figure 3.9. 

There is no adiabatic curve in the resistance plot because the adiabatic impedance is purely 

reactive. The agreement is excellent at all frequencies.  

The total resistance has flat frequency dependence in the low-frequency limit but 

transitions to a slope of Ὢ Ⱦ at higher frequencies, corresponding to the changes from 

isothermal to adiabatic behavior seen in Figure 3.7. )Ô ÉÓ ÃÏÎÖÅÎÉÅÎÔ ÔÏ ÄÅÆÉÎÅ Á ȰÔÒÁÎÓÉÔÉÏÎ 

ÆÒÅÑÕÅÎÃÙȱ ÔÈÁÔ ÉÓ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÏÆ this change. The selection is somewhat arbitrary because 

the transition is a gradual process, but a good definition is when the total resistance has 

decreased from its low-frequency limit by half. For the 2 mm spherical enclosure, this 

transition frequency is approximately 11.5 Hz, well below the limit of human hearing.  
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Figure 3.7 Temperature distribution in the spherical enclosure model at select 

frequencies.  

1 Hz 10 Hz 100 Hz 

1 kHz 10 kHz 
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Figure 3.8 Analytical solution (lines) and COMSOL simulation results (points) of a) 

magnitude and b) phase of temperature distribution in a spherical enclosure at select 

frequencies.  
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