




NON-LINEARITY OF CONDENSER MICROPHONES 
by 

Willem Brand M. Sc. 

In the literature concerning this subject there is still a lot of confusion. 
Even the simplified conception of the condenser microphone, replacing the 
diaphragm by an equivalent rigid piston, gives rise to some faulty treatments. 

Experiments, carried out in our laboratory, and described in this article, 
show that a theory published by W. Ernsthausen in "Archiv fur Elektro-
technik" Vol. 31, 1937, p. 487 seems to be most correct. This theory is based 
on an approximate solution of the differential equation governing the 
operation of loaded condenser microphones, and relatively simple expres­
sions can be found for the second and third harmonic distortion. 

The usual, somewhat oversimplified treatment of the condenser micro­
phone, which only takes the distortion due to the mechanical movement of 
the diaphragm into account, indicates distortion values much higher than 
those observed during experiments. 

In "Modern Acoustics" A. H. Davis writes for the varying capacity C when 
a diaphragm of area A is moving on a distance x0 + x sincot from the back 
plate 

C — —A-r - . . -v = -^ (1 — — sincot) 0 ) 
4n (X0 + x sincot) 4JT X0

 V X 0
 J 

Y 

In this approximate expression for C an error of (—sincot)2 is introduced X° x 
(apart from the third, fourth etc. powers of the small quantity (— sincot)). 

In the footnote on p. 134, however, is stated: "Fur ther terms in sincot lead 
to the production of the octave of the fundamental in the e.m.f. at the 
terminals when large displacements of the microphone diaphragm are 
involved". 

This is not quite correct, as in the voltage function for the open circuited 
capacitor there are no terms of sfrrcot. Higher order terms in sincot are only 
present in the capacity-function itself, which can be seen from the calculation 
shown below. 

For an electrically charged and unloaded capacitor the following equation 
holds: 

E C — E0 C0 = q0 

where 
C = — — — — — - and C0 -----

An (x0 + x sincot) An x0 
Then 

E = E ^ ° ^ (XQ + x s i n G ) t ) — E 0 (1 + - sincot) (2) 
A x0 

x 
The varying part of the open circuit e.m.f., e, is thus exactly E0 — sincot. 
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However, taking the second order term into account the capacity function 
can be written: 

C = C0 [ 1 — X s i n c o t + ( - sincot)2] 
x0 x0 

or 
G = C0 ' [1+-J- (-)» — * sincot — I ( * ) 2 c o s 2cot] 

2 XQ X 0 / XQ 

According to this the distortion due to the second harmonic should be: 

d2 = *— X 100 % = 50 - % (3) 
^ x0 

or with peak open-circuit voltage e = E0 —: 
xo 

d2 = 50 A- % (4) 
EQ 

where E0 is the polarization voltage. This expression is sometimes found in 
the li terature treating condenser microphones. 

The error made in the calculations which lead to (4) is obvious: 
The voltage E is not proportional to the capacity function C, but is 

inversely proportional to this function. Formula (4) is consequently not 
correct. 

The 2nd harmonic distortion in the voltage applied to the cathode follower 
tube under actual working condition of the microphone, is first of all 
dependent on the load. However, as soon as a load R, which is not infinite, 
is introduced in the circuit, the assumption that E C = E o Co is not valid any 
more and consequently the concept of a distortionless generator can not be 
used as a basis for analysis of the problem. 

Fig. 1. Basic circuit diagram for a condenser microphone. 

Starting with the basic circuit diagram for a condenser microphone (fig. 1), 
and assuming the load to me a pure ohmic resistance the following equation 
is found: 

E o = R ^ + ^ (5) 
dt c 
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Introducing the capacity function equation (5) becomes: 
E0 C0 = RC0 5JS + (1 + /?shu»t) q 

at 
where /? — — 

A solution to this differential equation is given by W. Ernsthausen in 
"Archiv fur Elektrotechnik", and can be written in the form: 

q = qc + /?qi sin (cot + cp{) + fi2q2 sin (2cot + cp2) 
+ ^3q2 sin (3cot + <p3) (6) 

where 
qc = constant (average charge on the capacitor) 

E0 CO  
q i — iT+MR^o? 

£-0 ^ 0 _____ 
q2~ 2VCrT^RCrpTTT=+"(2 a>RC0)2I 

q 3 _ 4VC1 + (coRCo)2] [1 + (2coRC0)2] [1 + (3coRC0)2] 
The voltage applied to the grid of the cathode follower is: 

e = R i = R ^ (7) 
dt l 

Differentiation of equation (6) and calculation of the second harmonic 
distortion gives: 

_ 

d2 = 100 X /? X -; - - - - % (8) 
VI + (2ft>RC0)2  

Similarly for the third harmonic distortion: 

d3 = 100 X 3/4 X B2 =- (9) 
H V U + (2 o)RC0)2] [1 + (3 o>R0)2] 

An expression for /? can be found from the voltage amplitude function of 
the fundamental frequency: 

e i = R ^LL =coRBqi 
dt ' 

/? = - 6l V'r+l^RC^p = ^ V1 + (mRg__ 
toRE0C0 E0 CDRCO 

With increasing frequency /? —> — 
E0 

To check formulae (4) and (8) distortion measurements have been carried 
out on a Condenser Microphone Type 4111; the sound pressures necessary 
being estimated in the following way: 

According to (4) 1 % distortion should be obtained for an open circuit 
peak voltage: 

e = d 2 X E ° = l X 1*2 = 3 volts, 
50 50 

when a polarization voltage of 150 V is employed. 
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The attenuation of the cathode follower is approx. 2V2 db and the output 
voltage from the cathode follower should thus be: 

3 
^ o u t — — = = 1 . 6 volts (r.m.s.) 

V2 X 1.33 l ] 

To obtain a distortion of 4 % a voltage of 6.4 volts r.m.s. should be 
measured across the output terminals of the cathode follower. 

The sound pressures necessary to obtain these output voltages can then 
be calculated from the sensitivity of the microphone, which is approx. 
2 mV/^ubar. 

1.6 volts r.m.s. then corresponds to a sound pressure level of 0.8 millibar 
(or 132 db re 2 X 10"4 //bar r.m.s.), 6.4 volts to a sound pressure level of 
3.2 millibar (or 144 db re 2 X 10"4 //bar). 

The distortion of the Condenser Microphone Type 4111 was measured in 
two different set-ups. 

Fig. 2. Measuring arrangement for distortion measurements. Fundamental 
frequency 50 c/s (Big pistonphone). 

First the distortion at a fundamental frequency of 50 c/s was measured 
in an arrangement as shown in fig. 2. 

An a.c. motor is driving a piston of 42 mm diameter in a cylinder block 
placed in a tube of 102 mm inner diameter. Both cylinder block and tube 
can be moved in order to obtain different air volumes between the piston 
and the terminal plate at the left, where the microphone is mounted. 
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With two different strokes s of 1.5 and 5.0 mm, and the length 1 of the 
cavity adjustable between 2 and 20 cm, sound pressures can be obtained 
between 1 and 40 millibar r.m.s., i.e. between 134 and 166 db re 2 X 10~4 /^bar. 
These values are found by employing the normal pistonphone formula 

P = ^ X r X ^ x A P X ±-
V 1.4 

where y = Cp/Cv is the ratio of specific heats for air, po is the atmospheric 
pressure, AP the area and s/1.4 the r.m.s. value of the piston stroke. The 
factor 7} is dependent upon whether, at the frequency under consideration, 
the compression and rarefaction occur adiabatically (rj = 1) or isothermically 
(?7 = l/y = 0.71). With the volume big in comparison with the wall area, 
rj is assumed to be 1, as the constant wall temperature forces the process 
to occur adiabatically. 

The distortion of the piston movement itself, caused by the finite length 
(32 cm) of the piston arm, was graphically determined. With s = 1.5 mm the 
total distortion was less than 0 .5%, with s = 5.0 mm less than 1.7%. The 
larger of the two strokes was therefore only applied when the distortion 
was exceeding 3 %; the length 1 was first small to attain high pressure levels 
inside the tube. 

Fig. 3. Measuring arrangement for distortion measurements. Fundamental 
frequency higher than 50 els. (Small pistonphones). 

Another arrangement, used at frequencies above 50 c/s is shown in fig. 3. 
A piston of 15 mm in diameter is moving in a very smooth grinded, exactly 
fitting cylinder, which, in its turn fits the coupler of the Microphone Calibra­
tion Apparatus, Type 4119. 

With this set-up sound pressures between 0.01—10 millibar r.m.s. were 
obtained for frequencies below 200 c/s. For higher frequencies (up to 800 c/s) 
the highest obtainable sound pressure was only about 1 mbar, due to the 
smaller amplitude of the piston movement. 
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At sound pressures lower than 0.6 millibar the accuracy was reasonable. 
The cavity was then 26 mm in diameter and 5.2 mm high, and the length of 
the double stroke 20 /A, (f < 200 c/s). 

Higher sound pressures were obtained by decreasing the cavity volume 
(diameter 15 mm, height 1 mm for 10 millibar). 

Due to leakage, and to the inaccuracy of the factor r\ in the applied 
pistonphone formula at small volumes, the accuracy decreased with in­
creasing sound pressure. 

The distortion was measured by means of the Audio Frequency Spectro­
meter Type 2109. 

With the bigger of the two pistonphones, excited at the frequency 50 c/s, 
(which is the mid-frequency of the 2nd filter of 2109) the harmonics up to 
the 6th harmonic inclusive, can be determined. The small pistonphone 
can be driven from the B. F. O. Type 1012 (or 1014) at any of the mid fre­
quencies 50, 64, 80, 100 and 125 etc. of the Spectrometer filters thus allowing 
measurement of harmonics up to the 6th inclusive to be taken. For distortions 
smaller than 1 % at 50 c/s and smaller than 0.5 % at 100 c/s, the Frequency 
and Distortion Measuring Bridge Type 1602 was used as rejection filter for 
the fundamental frequency. 

By accurate tuning of the Bridge an attenuation of 120 db can be obtained. 
The input of the Distortion Bridge was connected to the jack marked 

"Filter Input" on 2109, thus employing only the first, low distortion amplifier 
(dtot < 0.1 % ) , of this instrument. The different components of the harmonic 
distortion were measured with the Frequency Analyzer, Type 2105, at t h e . 
output of 1602. 

With a cathode follower of conventional design, see fig. 4, the dependency 
of the distortion upon the parameters, R, C and co according to formula (8) 
was verified. 

Due to ihe practical construction of condenser microphone the value of 

Fig. A. Circuit diagram for cathode follower of conventional design. 
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Co is determined not only by the active part of the cartridge, (i.e. the 
capacitance between the diaphragm and the "back plate"), but depends also 
upon the stray capacitance of the cartridge, and on the circuit wiring. 

The value of R is given by the parallel combination of RP and the effective 
input impedance of the tube. 

According to fig. 4 the latter is: 

R i n ^ R g (1 + R k a S g ) 
l + R k l S g 

With a transconductance of 1.85 mA/V the input impedance should then 
amount to about 150 MQ. 

However, for the actual verification, only the product RC has to be known. 
This quantity was determined from an accurate measurement of the lower 
limiting frequency f0 (the frequency at which the response is 3 db down). 

Expressed in the quantity fo the formulae (8) and (9) become: 
1 

d2 = 100 X £ — - = % (10) 

3 1 
d3 = d 2 X / ? X - X c = % (11) 

H 4 J/l + (3f/f0)» l ' 

Fig. 5. Distortion curves obtained from measurements at sound pressures 
up to 10 mlbar. 
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Fig. 5 indicates the distortion for sound pressure levels up to about 10 mbar 
r.m.s., or 154 db, with an arbitrary cartridge mounted on the cathode 
follower of fig. 4. 

At 50 c/s the distortion was measured in both the big pistonphone, and 
the small pistonphone. In the latter set-up the distortion was also measured 
a 100 c/s. The values according to (4) are indicated with the thinner line. 

The value e of formula (4) is found as 1.4 X the B.F.O. voltage which, 
supplied as generator between ground and the cartridge, gives the same 
output as was obtained with the sound pressure applied during the experi­
ment. For this purpose the cartridge housing is insulated from ground by 
means of a bakelite ring. 

For instance, with a sound pressure of 6.9 mbar the microphone output 
voltage was 12 V, the second harmonic 0.74 V and the third harmonic 0.20 V. 
The equivalent BFO voltage to yield 12 V output via the shielded cartridge 
was 19 V, and the expression 100 C/EQ consequently 17.7 %. The measured 
lower limiting frequency was 38 c/s and with the aid of formulae (10) and 
(11) the 2nd harmonic distortion is found to be 6.3 % and the third harmonic 
distortion 2 %. The measured distortions were 6.2 and 1.7 % respectively. 
The calculated values are also shown in fig. 5. 

Fig. 6. Dependency of the distortion upon R, Sound pressure 6,9 m/bar. 
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It can be seen from the curves that to obtain a total distortion of 4 % at 
frequencies higher than 100 c/s the sound pressure level must exceed 154 db 
re 2 X 10~4 /ibar. According to the formula (4) a distortion of 4 % should 
already be present with a sound pressure level of 144 db. 

With a constant sound pressure of 6.9 mbar the dependency of the distor-
M 

tion upon the parameter R was verified by changing the resistance RP. The 
normal value of RP is 100 MQ. This was changed to 25, 50 and 150 M.Q 
respectively. For each value the corresponding lower limiting frequency was 
determined, and with the aid hereof the distortion calculated. The result 
is shown in fig. 6, where the line through the circles depicts the calculated 
distortion. 

Fig. 7. Distortion curves as measured on the small pistonphone. 

Fig. 7 indicates the distortion as measured on the small pistonphone. At 
frequencies up to 100 c/s the results are in good agreement with those given 
in fig. 5. However, for frequencies higher than 100 c/s the measurements 
show that other sources of distortion than the circuit distortion as treated 
at p. 5 start to play a role. The distortion measurements carried out at fre­
quencies up to 800 c/s for a sound pressure of 1 mbar, and up to 400 c/s 
for a sound pressure of 5.5 mbar, show a tendency to yield a constant dis­
tortion for frequencies higher than 100 c/s. These results indicate that the 
second distortion source is not frequency- but only pressure dependent. 
However, the total distortion due to both influences, still is much less than 
can be calculated from formula (4). 

The Condenser Microphone Type 4111 is equipped with a cathode follower 
of a slightly different design than the one shown in fig. 4. 

To extend the linear response of the microphone, an a.c. connection is 
made between the resistor RP and the cathode. The impedance, as seen from 
the microphone cartridge, is thereby increased, and a lower limiting frequency 
of 15 c/s is obtained instead of 38 c/s. 
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Fig. 8. Circuit diagram of the cathode follower employed in Condenser 
Microphone Type 4111. 

Furthermore the second harmonic distortion is reduced, as can be seen 
from the curves shown in fig. 9. The measurements were carried out with 
the big pistonphone measuring arrangement. 

Fig. 9. Distortion curves for a Condenser Microphone Type 4111. 
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The thin lines represent the cathode follower's own 2nd and 3rd harmonic 
distortion. The distortion of the cathode follower is here given as a function 
of the sound pressure, valid for the particular cartridge under consideration, 
but is of course only dependent upon the input voltage applied to the 
cathode follower. At about 20 volts the circuit is overloaded and the distortion 
rises quickly. 

The conversion of input voltage to sound pressure was made by taking 
the sensitivity of the cartridge at 50 c/s into account. This was, for the 
cartridge employed, rather high: 2.1 mV/^bar. 

The distortion due to the cathode follower itself will therefore be large 
for sound pressures higher than approx. 10 mbar, which consequently sets 
a limit to sound pressures at which the microphone should be used. 

As a last experiment the second harmonic distortion was measured with 
different cartridges on the microphone. The result is shown in fig. 10. 

It can be seen from the described theory and experiments that the 

Fig. 10. Measurement of second harmonic distortion employing different 
cartridges on the microphone. 
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harmonic distortion in condenser microphones actually is smaller than found 
from the formula 

d2 = 50 X ~ 

The dependency upon frequency and sound pressure shows that a large 
amount of harmonic distortion will only be present at very low frequencies 
and at high sound pressures, so that, at normal operating conditions, this 
type of distortion will be almost negligible. 
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