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1. INTRODUCTION

Condenser measurement microphones have very wide dynamic ranges, typically 140
dB. At low sound levels the range is limited by inherent noise of the microphone and/
or preamplifier. At high levels it is generally limited by a non-linear distortion which
is proportional to the sound pressure and is produced by the microphone itself. - This
distortion has been analysed in theory and in practice for some frequently used types
of microphone. The good agreement which was found between measured and calcu-
lated results verifies the derived distortion formulae and points clearly at the load ca-
pacitance and mode of diaphragm displacement as being the dominating reasons. The
formulae were used for calculation of the capacitive loading which would lead to the
lowest possible distortion. This appeared to be negative and to be a function of the
ratio between the backplate and diaphragm diameters. Tests made with an experimen-
tal preamplifier with negative input capacitance gave promising results.

2. THEORETICAL DISTORTION ANALYSIS OF TRANSDUCTION

General. The operation of most condenser measurement microphones is based on the
application of a constant electiical charge stored on the active microphone capacitan-
¢ and on its parallel (stray) capacitance. The constant charge may either be supplied
from an external voltage source via a resistor (typ. 10° Q).or by a build-in electret.
The formulae below describe the transduction of capacitance variation to voltage:

EAC,+C)=0,=E,-{(C,+C,) or E= ED-EE"L (1)

C,+C,

E : Voltage across capacitances with diaphragm displaced by sound pressure

Eo : Voltage across capacitances with diaphragm at rest position

C, : Active diaphragm-backplate capacitance (varies with sound pressure)

Co : Active diaphragm-backplate capacitance with diaphragm at rest position

C, : Parallel capacitance (passive) .

(), : Constant charge stored on the active and passive capacitances
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As the charge () is kept constant the voltage (E) will vary with the variation of the
active capacitance {C,) which is caused by the sound pressure. The voltage produ-
ced depends on the microphone configuration and on the diaphragm deflection mode.

Flat Diaphragm Displacement Mode. If the microphone diaphragm is considered
10 be parallel to a circular backplate and dispiaced like a flat piston, then the active
capacitance (C.) and its rest capacitance (Co) can be expressed by the equations:
£n-R -1
C,=R,- =C,-(1+
a RS D+ d Q ( y )

g-x- 2
Co=Rs-—D—R°

Ab _Ah

where R, = and y:%

¢ : Dielectric constant of air Fig. 1 Micraphone with
Ry : Radius of backplate flat diaphragm displace-
D : Rest disiance, backplate to diaphragm ment mode and parallel
d : Displacement of diaphragm capacitance.

R, : Ratio of effective and total backplate area

Ay . Total backplate area (includes area of holes)

Ay, Area of holes in backplate (a uniform hole distribution is considered)
¥ : Relative diaphragm displacement

Insertion of the above expressions into Equation (1) leads to Equation (2) which defi-
nes the output voliage of a microphone with a flat diaphragm displacement mode:
G+C, @)

=F — % "
moT {1+ +C,
Series expansion of equation (2) leads to:

1 2
C c c
E.=FE +E. . 0 |y L2 e Ll o 2
m =St e s, [y (c.,w,,) y*(qwj y J (22)

For a sinusoidally varying diaphragm displacement with time y, 3* and y* become;

3

y=y, -sinax; y2=%-y:,-(l—c052wa‘); y =%-yf,-(35inmt—sin3¢m‘)

where  yn | Maximum value of relative diaphragm displacement.
This leads to the following second (1;) and third {Dy) harmonic distortion
components of the output voltage (relative to the fundamental frequency
component):

1 2
1 C 1 C
D=~y -—F -100% and D =|—-p,—F 100 %
2 [z In c;,+c,,] ° g [2 Va c,+c,] ?
The dominating second harmonic component (D) is proportional to the diaphragm
displacement and thus to the sound pressure while the third harmonic (D) is propor-
tional to the square of the pressure. Notice, that the distortion decreases with the pa-
rallel capacitance and that it becomes zero if this capacitance becomes zero (C, = 0).
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Parabalic Diaphragm Displacement Mode. Generally condenser microphones use
foil diaphragms with a high internal mechanical tension which gives the diaphragm its
required stiffness and determines the displacement mode at lower frequencies. At
higher frequencies the air damping and the foil mass do also influence the mode. This
discussion covers only the low frequency mode which can be considered to occur up
10 a frequency which is 0.2 to 0.5 times the diaphragm resonance frequency. The dis-
placement mode of an ideal circular diaphragm, which is purely stiffness controlled, is
defined by the formula below and illustrated in Fig. 2:

_a [1-1
d(r)=d, [1 Rl]

d

where
dy : centre displacement

i Fig.2
r : distance to centre - .
R Radius of diaphragm |, Calculated foil diaphragm displacement mode

To verify this the displacement mode of a one inch microphone Type 4144 was mea-
sured. This was done by scanning its diaphragm along a diameter. The scanning was
made with a small microphone (Type 4138, 1.8 mm backplate diameter) with its own
diaphragm dismantled. This microphone was moved in a fixed distance in front of the
large diaphragm in such a way that it detected the local displacement of the larger
diaphragm while this was exposed to sound pressure. The measured and the calcula-
ted displacement magnitude were found to be in very good agreement; see Fig. 3.

g - T~ Fig. 3. Diaphragm displacement
¢ * ~ as a function of distance to cen-
» y a tre for a one inch microphene
° A \ with a diaphragm of 18 mun dia-
® 7’£ meter. The points are measured

]

. 3 s 4 2 o0 1 1 8 1 w at 40 Hz and at 130 dB and 150
Distance from Certre [ dB SPL. The curve is calculated.

Considering the above displacement mode the active capacitance (C,) and its rest ca-
pacitance (Cs) may be expressed by the equations below:

R R -
R —E2ET g =R ETE e =Bt
# D A,
0D+duj 1——.1
Rd
Simplification and integration of the first equation leads to:
- . 2 R° . - -
C =R-Z ’:)R'* -ml-j—z’—zducu-iz;’-?——ﬂ—zdr
°1+y0-[1—%) ey, (1—”1]
-1
- R - 1+ _ - 1+y,
C.,-co-[;d,— e = G- R gt

1+[1—%]-y0
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2
where k='1—,&; and . yuzgq
# D

Insertion of C, and Co in Equation (1) gives the equation valid for parabolic mode:

G+C,
By Ey- T )
C,-(1-% o 24
( ) n +k' 14
Series expansion of Equation (3) leads to:

k41

EPM=EO+EU'T'CQTC'()'O+F yn +F yn ) (3&) where
C, (k* -2 k+1}+4.C (k*+k+1

g G2k, (k)

6-(C, +C, )-(k +1)
(Crac, C )R -2-k+1)+6.C (8 +1)
1= 3
12 -(Co + CP)
The factors F; and F; are functions of the parameter & and thus of the ratio between
the backplate and diaphragm radii. The larger the backplate becomes, the higher be-
comes the distortion. Equation (2a) indicates that this effect was to be expected as

area added along the outer circumference represents a less active capacitance which
loads the more active capacitance located at the diaphragm and backplate centres.

Notice, that the smaller the backplate becomes in comparison with the diaphragm, the
more flat does the active part of the diaphragm become. Therefore, for & equal to '1°,
Equation (3a) becomes equal to Equation (2a) which is valid for flat diaphragm mo-
de. In practice , distortion should be defined as a function of Sound Pressure (p) ra-
ther than relative diaphragm displacement at the centre (y). The relation between dis-
placement and sound pressure can be obtained from the following equations:

C,+C, - C',T
G +C,
€ : Microphone ocutput voltage according to Equation (3a) (1st term with yo)

p : Sound pressure
S - Measured open circuit sensitivity

¢ =Lky—-—"—% ad p=e1'[so'

For a sinusoidal diaphragm displacement with time, the ratios (£ and Dy) between
the second and third harmonic compenents and the fundamental component become:

D, = [”"] F,-100% (4) and D, = (y,,] .F,-100%  (5)

3. COMPARISON OF CALCULATED AND MEASURED DISTORTION

Calculated and measured distortion data were evaluated by a comparison. See input
data and distortion results for some commonly used microphones in the tables below.
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B&K Type No. 4144 4133 4165 4135 4190 4192/93

Dimension 174 LI VA 1/2* 1/4% 1/2" /2"
So mV/Pa 50 12 50 4.0 50 12.5
Ey v 200 200 200 200 200 200
Ri mm 9.1 4.6 46 2.1 4.6 46
Ry mm 6.65 3.60 3.65 1.75 3.45 3.45
Dy pm 235 21.0 222 18.0 24.5 19.0
A, mm* 203 1.70 424 0 3.96 5.50
C. pF 21 0.5 0.9 0.2 0.8 0.8
Cy oF 2.1 11 1.8 1.6 1.6 1.5
'B&K Type No. 4144 4133 4165 4135 4190 4192 4193

Load Capacitance pF 02 02 0.2 0.2 02 02 100
Sound Pressure Level dB 140 150 140 160 140 150 150
2. harm. calculated % 051 049 057 1352 097 063 30
2. harm. measured * % 056 050 108 155 09 054 34
Ratio- Calc. re HB-data 0.91 097 098 098 108 117 0.88
3. harm. calculated % 001 001 002 004 002 001 009
*Scurces: B&K's blue Microphone Handbook and the Falcon Handbook . The data applied
for Types 4133/65 originates from measurements performed in January 1994

There is a very good agreement between the calculated and the measured distortion
data. The calculated ratio (see lower table) is very close to one. As the calculations
only account for the transduction itself this seems to be the only source of low fre-
quency distortion which is of importance for the analysed types of microphone.

4. DISTORTION REDUCTION BY NEGATIVE CAPACITANCE LOADING

Theory. Equation (4) shows that the 2. harmonic component is proportional to the
factor Fy. It is a function of the ratio between the active and the passive paralle] capa-
citances as well as of the ratio between the backplate and diaphragm radii. For a cer-
tain radii ratio (i.e. a certain value of 'k") F; and the second harmonic distortion beco-
me zero if the microphone is loaded with a proper negative capacitance. Calculated
distortion is shown for two extreme microphone configurations in Fig.4.

Typical microphone/preamplifier combinations have a C,/Cy-ratio of +0.1 to +0.4.
Fig. 4 shows that the optimum with respect to distortion is between '-0.25' and ‘0",
The ideal C,/Cy-ratio is defined by the following equation:
(&J 1 K -2k+]

G~ 4 K+k+l

ideal

Negative Capacitance. In principle, negative load capacitance may be created by a
circuit like that shown in Fig. 5. A capacitor (C) is connected between the input and
output of the microphone preamplifier whose gain (> +1) can be adjusted to give the
proper input capacitance (C)); see the formula:
C, = 6 -6
g

-C=(1-4)-C where e\: input voltage, e;: output voltage.
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Fig. 4 Harmonic distortion calculated as a function of the  Principle of negative in-
ratio between the passive and active capacitances. put capacitance circuit.

Experimental Results. An experimental preamplifier with adjustable negative input
capacitance was designed and tested with three different microphones at 100 Hz. For
each microphone the capacitance was adjusted to give the lowest possible 2. harmo-
nic distortion. The results are shown in the tabte below:

Initial Experimental Results obtained with Unit Type Type Type
Negative Input Capacitance 4165 4133 4135
Sound Pressure Level dB 134 146 156
Nominal 2. harmonic distortion % 06l 032 098
Minimised 2. harmonic distortion (negativecap) % 010 016 0.18
Reduction factor - 6.1 290 5.4
Measured increase of sensitivity (approximate) dd 20 1.5 43
Calculated increase of sensitivity d 20 1.4 36
Optimal input capacitance (calculated) pF  -37 -2.6 22

The idea (patented) of using negative input capacitance for distortion reduction
seems to work well in practice but further experiments have to be made to clarify all
aspects of its use. The B&K High Pressure Calibrator Type 4221 was used for the
distortion measurements.

5. CONCLUSION

Harmonic distortion of condenser microphones using constant electrical charge has
been analysed for the frequency range where the diaphragm displacement is stiffness
controlled. Distortion formulae have been derived for the transduction from dia-
phragm displacement to output voltage. The formulae were applied for calculating
distortion of some commonly applied types of measurement microphone. The results
were compared with data supplied by the manufacturer and a very good agreement
was found. This verified the formulae and pointed at parallel capacitance and displa-
cement mode as being the dominating reason for the distortion. The distortion analy-
sis indicated the possibility of reducing harmonic distortion by loading the micropho-
ne with negative capacitance. This was confirmed by experiments.

Further work has to be done to analyse the practical possibilities which in addition to
distortion reduction might be improvement of high level peak measurements and
extension of the applicable dynamic range of condenser microphones.
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