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MEASUREMENT MICROPHONES –

Part 6: Electrostatic actuators for determination  
of frequency response 

1 Scope 

This part of IEC 61094

– gives guidelines for the design of actuators for microphones equipped with electrically
conductive diaphragms;

– gives methods for the validation of electrostatic actuators;
– gives a method for determining the electrostatic actuator response of a microphone.

The applications of electrostatic actuators are not fully described within this standard but may
include 

– a technique for detecting changes in the frequency response of a microphone, 
– a technique for determining the environmental influence on the response of a microphone,
– a technique for determining the free-field or pressure response of a microphone without 

specific acoustical test facilities, by the application of predetermined correction values
specific to the microphone model and actuator used,

– a technique applicable at high frequencies not typically covered by calibration methods 
using sound excitation.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 61094-1, Measurement microphones – Part 1: Specifications for laboratory standard
microphones

IEC 61094-2, Measurement microphones – Part 2: Primary method for pressure calibration of
laboratory standard microphones by the reciprocity technique

IEC 61094-3, Measurement microphones – Part 3: Primary method for free-field calibration of
laboratory standard microphones by the reciprocity technique 

IEC 61094-5, Measurement microphones – Part 5: Methods for pressure calibration of working
standard microphones by comparison

ISO/IEC GUIDE EXPRESS: 1995, Guide to the expression of uncertainty in measurement
(GUM)
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 61094-1 as well as
the following apply.

3.1 
electrostatic actuator
device for determination of microphone frequency response comprising an electrically
conductive stiff plate placed near the microphone diaphragm such that a time-varying voltage,
applied between the plate and the diaphragm, produces an electrostatic force that simulates a
sound pressure uniformly distributed over the surface of the diaphragm

3.2 
electrostatic actuator response of a microphone
microphone output as a function of frequency measured using a specified design of electro-
static actuator driven by a voltage that is of uniform amplitude with frequency, relative to the 
output at a specified frequency

NOTE Electrostatic actuator response is expressed in decibels (dB).

3.3 
acoustic radiation impedance 
acoustic impedance loading the microphone diaphragm on its outer surface 

NOTE 1 Acoustic radiation impedance is expressed in pascal-second per cubic meter (Pa⋅s⋅ m–3).

NOTE 2 The radiation impedance depends on the presence and design of the actuator.

4 Reference environmental conditions 

The reference environmental conditions are: 

temperature  23,0 °C 
static pressure 101,325 kPa
relative humidity 50 %

5 Principle of electrostatic actuator operation

5.1 General 

In practice, measurements of sound are made in many different environments where different
types of sound fields exist. The sensitivity and frequency response of measurement
microphones depend on the type of sound field, so ideally the microphone should be
calibrated using a similar type of field to that which exists on the measurement site. The
various types of sound fields are generally approximated by three idealized fields: free field, 
diffuse-field and pressure-field.

However, the establishment of such idealized sound fields, which are suitable for calibration
of measurement microphones over the frequency ranges of interest is technically difficult and
requires costly acoustical laboratory facilities. Therefore, the electrostatic actuator method is
used for determining a relative frequency response of measurement microphones. This
method, which accounts for the type of sound field by using specific predetermined
corrections, requires no such facilities. 
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At higher frequencies, the free-field sensitivity of a microphone is determined by the
behaviour of its diaphragm and the sound diffraction and reflection caused by the microphone.

The effect of the diaphragm behaviour, which may cause significant differences in the relative
frequency responses between individual microphones of the same model, requires specific
determination. This frequency response determination is performed using the electrostatic
actuator method. 

The effect of the diffraction and reflection depends on the type of sound field and on the 
shape and dimensions of the microphone. As these parameters are essentially the same for
all microphones of the same model, the influence of diffraction and reflection does not differ
significantly between individual microphones of the same model.

Therefore, corrections for specific types of sound field may be determined once for a model of
microphone and subsequently applied to the electrostatic actuator response of any 
microphones of that model.

Free-field and pressure-field corrections are calculated by determining the respective
frequency responses of one or more microphones of the same model by using acoustical
calibration methods, for example, those in IEC 61094-2 and IEC 61094-3, and by subtracting
the respective electrostatic actuator responses. 

In principle, the electrostatic actuator calibration method may be used from very low to very
high frequencies. However, the actuator excites the microphone diaphragm only and not the
static pressure equalisation vent, which is generally exposed to sound when measurements
are made in a free-field. The actuator excitation corresponds to that of a pressure-field and
thus cannot be used for determination of the lower limiting frequency under free-field 
conditions. Free-field response determinations by electrostatic actuator should only be made 
at frequencies which are at least 10 times greater than the lower limiting frequency derived 
from the time constant of the venting system of the microphone. At low frequencies, a small 
perforation in the microphone diaphragm will exhibit different effects in the actuator response 
and in the acoustic responses in a pressure field or a free field. At high frequencies, the
degree to which the actuator excitation approximates that of a pressure field depends on the
relation between the acoustic impedance of the microphone diaphragm and the acoustic
radiation impedance of the microphone diaphragm with the actuator in place. This relation is
described in 5.3, while 9.3 describes some practical consequences for the determination of
the environmental characteristics of a microphone. 

5.2 Electrostatic pressure

The rigid and electrically conductive plate of the actuator is placed close to and parallel to the 
microphone diaphragm, see Figure 1. It forms an electrical capacitor together with the 
microphone diaphragm, which shall also be electrically conductive. When a voltage is applied
between the capacitor plates, the actuator produces a force F distributed over the diaphragm
surface; see Equation (1) below. 

The corresponding electrostatically produced pressure pact is defined by Equation (2). Edge
effects are neglected. The ratio between the effective actuator area and the active diaphragm
area gives a constant, which is generally less than unity because the actuator is perforated
for acoustic reasons. 
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Figure 1 – Principle of microphone and electrostatic actuator
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where 
F is the electrostatic force produced on diaphragm (a pushing or pulling force is

considered to be positive or negative respectively), in newtons (N);
pact is the electrostatically produced pressure on the diaphragm, in pascals (Pa); 

εgas is the dielectric constant of gas in space between actuator and diaphragm, in
farads per meter (F/m) (in air: εgas = 8,85 × 10–12 F/m); 

d is the effective distance between actuator and diaphragm, in meters (m);

Sdia is the active diaphragm area, in square meters (m2); 

Sact is the effective surface area of actuator above the active diaphragm area, in 
square meters (m2); 

dia

act
S
S

a = is the ratio between effective actuator area and active diaphragm area;

U is the voltage applied between actuator and microphone diaphragm, in volts (V).

Actuators are generally operated with a d.c voltage and a superimposed sinusoidal a.c
voltage. Equation (3) describes the instantaneous electrostatic pressure on the diaphragm for
this mode of operation. 
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The Equations (4), (5) and (6) describe the resulting electrostatic pressure components, which
include the desired equivalent sound pressure p at the fundamental frequency and two non-
desired components, a 2nd harmonic pressure pd and a static pressure pstat.  
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where 
p(t) is the equivalent instantaneous sound pressure, in pascals (Pa); 
p is the r.m.s. value of the sound pressure at the fundamental frequency, in pascals (Pa);

pd is the r.m.s. value of the sound pressure at the 2nd harmonic frequency, in pascals (Pa); 

pstat is the static pressure, in pascals (Pa); 

t is the time, in seconds (s);
U0 is the d.c. voltage applied between actuator and microphone diaphragm, in volts (V);

u is the r.m.s. value of the a.c. voltage applied between actuator and microphone 
diaphragm, in volts (V);

ω is the angular frequency, in radians per second (rad/s).

The equation below defines the fraction of distortion, i.e. the ratio between the magnitudes of 
the second harmonic and the fundamental frequency components:

%100
22 0U

uD =  (7) 

Examples of the design of electrostatic actuators are given in Annex A and an example of a
measurement set-up in Annex B.

NOTE 1 Although Equation (4) describes the absolute value of the equivalent sound pressure produced on the 
microphone diaphragm, the actuator method is usually only used for measurement of relative frequency response.
The method might be used for determination of absolute microphone sensitivity but the resulting uncertainty would
generally be too large for most applications. Relatively large uncertainty is associated with the determination of the
distance d and with the ratio of areas a. 

NOTE 2 Actuators may also be operated with a.c. voltage only. Equations (3), (4), (5) and (6) are also valid for
this mode of operation (U0 = 0). It should be noticed that the frequency of the electrostatically produced equivalent
pressure becomes twice the frequency of the supplied electrical signal, and that any variation of voltage input level
causes a change in this equivalent sound pressure level that is twice as large.

NOTE 3 The influence of the distortion of the excitation signal, see equation (7), on the  microphone output signal
depends on the frequency response of the microphone. This influence can be eliminated by using a selective
measurement technique to measure the fundamental frequency component only.
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5.3 Electrostatic actuator response 

The electrostatic actuator method uses an electrostatically produced pressure to excite the 
microphone diaphragm. A constant electrostatic pressure may in practice be produced on a
microphone diaphragm over a wide frequency range by keeping the driving a.c. voltage
constant while its frequency is varied.

The movement of the microphone diaphragm caused by the electrostatic excitation produces
a sound pressure on the diaphragm in addition to the electrostatic pressure. This pressure is
a function of frequency as it depends on both the diaphragm impedance and on the radiation
impedance. 

The difference between the pressure response and the electrostatic actuator response can be
described by the equivalent circuit model in Figure 2. 

pact

+

-

Za,r

Za,d pa,d

IEC   1508/04 

Components  
Za,d acoustic impedance of the microphone diaphragm for unloaded electrical terminals, in pascal-seconds per

cubic meter (Pa⋅s⋅ m-3);

Za,r acoustic radiation impedance of the diaphragm with the actuator in place, in pascal-second per cubic meter 

(Pa⋅s⋅ m-3);

pa,d Resulting equivalent sound pressure acting on the diaphragm, in pascals (Pa).

Figure 2 – Lumped parameter model of a measurement microphone
excited by an electrostatic actuator

The resulting influence on the pressure acting on the diaphragm is then given by the ratio 

p Z
p Z Z

=
+

a,d a,d

act a,d a,r
 (8) 

For microphones having high diaphragm impedance, the additional sound pressure becomes
relatively low and the measured response becomes essentially equal to the pressure
response of the microphone.

The radiation impedance and the measured response are influenced by the mechanical
configuration of the electrostatic actuator itself. To keep the influence of the electrostatic
actuator as low as possible, actuators are generally perforated by either holes or slots. A high
percentage of perforation will reduce the influence of the actuator on the radiation impedance
but could also result in a lower pressure and less uniform distribution across the diaphragm.
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To determine the frequency responses valid for free-field and pressure-field conditions,
microphone and actuator model-specific corrections shall be added to the measured actuator
response.

6 Actuator design

6.1 General 

The actuator shall be designed such that the microphone is not damaged and the sensitivity is
not unduly affected when the actuator is applied.

6.2 Design

The difference between the actuator response of a microphone and its free-field, pressure
and diffuse-field responses respectively are essentially the same for all microphones of the 
same model. Therefore, once these differences have been determined and made available,
either one of the three responses can be calculated after measurement of the actuator
response.

An electrostatic actuator shall be designed to measure a response, which for all microphones
of the same model forms essentially fixed differences to the free-field and pressure responses 
respectively.

The above design criteria lead to the following requirements:

a) measurements made with a given actuator shall be reproducible; 
b) measurements made with actuators of a given design shall be reproducible with the same

microphone; 
c) the acoustic influence of the actuator itself on the measured response shall be essentially

the same for all microphones of the same model.

To obtain reproducible results with the actuator, no significant change should occur in the 
measured response by rotating the actuator relative to the microphone. This means that
the actuator should produce an essentially uniform and rotationally symmetric distribution of
the electrostatic pressure over the diaphragm. This may be obtained by making the
dimensions of pattern details (hole diameters or slot widths) small compared to typical details
of microphone backplate designs. It is, therefore, recommended to keep the dimensions of
any such details less than 15 % of the microphone diaphragm diameter and the percentage of
perforation of 40 % or more. Typical degrees of perforation are between 40 % and 50 %.

To obtain the same results with different actuators of the same model, the actuators should be
produced with narrow tolerances. The variations for a given model of actuator on the distance
between actuator and diaphragm, the percentage of perforation and the thickness of the
actuator should be within ± 5 % of the nominal value.

The presence of the electrostatic actuator changes the radiation impedance of the micro-
phone, and thus also affects the resulting pressure acting on the diaphragm; see Figure 2 and 
Equation (8). The resulting radiation impedance, which is in series with the microphone
impedance, should be low to ensure that the influence of the actuator becomes essentially the 
same for all microphones of the same model, even if their diaphragm impedance varies within
the limits associated with the model of microphone. This means that actuators generally need
to be designed with a high degree of perforation as mentioned above.
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NOTE Designers and users of actuators should be aware that actuators and their possible fixtures may resonate 
at certain frequencies and disturb frequency response measurements in narrow frequency ranges around the
resonances.

7 Validation 

7.1 General 

Validation of a model of electrostatic actuator is made by performing tests, which prove that
the actuator conforms to the requirements given in 6.2.

The performance of an actuator depends on the properties of the microphone to be measured.
Therefore, the actuator should be tested with all models of microphones for which it is to be
used.

Testing of a model of actuator with a model of microphone requires a minimum of 3 actuators
and 3 microphones of the selected models.

7.2 Repeatability of measurements

One of the actuators shall be tested with one of the microphones. Measurements of
electrostatic actuator response shall be replicated ten times. The actuator shall be fully
removed from and replaced on the microphone between the measurements. The specified
frequency of the electrostatic actuator responses (see 3.2) shall be the same for all 
replications (250 Hz is recommended). The experimental standard deviation of the results
shall be calculated and not exceed 0,04 dB at any frequency.

NOTE The angle of rotation between the actuator and the microphone should be different for the 10 reproductions 
of the measurements except for actuators which are an integral part of a microphone diaphragm protecting grid.

7.3 Uniformity of actuators of a given model

All the actuators shall be tested with a microphone that has been randomly selected. Five
repetitions of electrostatic actuator response measurement shall be performed with each
actuator. The recommended specified frequency for these measurements is 250 Hz, and the
average of the five repetitions shall be calculated for each actuator. None of these average
responses shall at any frequency deviate more than 0,06 dB from the average of all
measurements.

NOTE This test does not apply to actuators which are integral parts of microphone diaphragm protection grids.

7.4 Uniformity of the difference between actuator and pressure response levels

One of the actuators is randomly selected and used to measure the electrostatic actuator
response of each microphone. The recommended specified frequency for these measure-
ments is 250 Hz, and the average of five repetitions shall be calculated for each microphone.

The pressure response shall be measured for each microphone using the methods specified 
in IEC 61094-2 or IEC 61094-5. 

The difference between the average actuator response and the pressure response level shall
be calculated for each microphone. None of these differences shall deviate from their mean
value by more than 0,1 dB.
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8 Measurement of electrostatic actuator response 

8.1 System for measurement of electrostatic actuator response

Systems for measurement of electrostatic actuator response of a microphone consist of two
parts: a system for electrostatic excitation of the microphone diaphragm and a system for
determination of the microphone output voltage. Elements of a typical measurement system
are shown in Annex B, Figure B.1.

The system may either measure the response of a microphone with its associated preamplifier
or the open circuit response of the microphone itself. In the latter case the insert voltage
technique shall be used to correct for the influence of loading of the microphone.

The applied model of actuator shall fulfil the requirements given in Clause 7. The actuator
shall be operated such that the microphone is not damaged and such that its sensitivity is not
unduly affected when the actuator is positioned on the microphone.

The electrostatic actuator response of a microphone is influenced by environmental 
conditions. Ambient pressure, temperature and relative humidity shall thus be measured and 
stated together with the measured microphone response.  

When setting up a measurement system it shall be ensured that cross-talk, which may occur
between the excitation part and the measuring part of the measurement system, does not
significantly influence the measurement result. It shall also be ensured that the static pressure
component of the actuator-generated pressure is so small that it does not significantly modify
the frequency response of the microphone by displacing its diaphragm.

8.1.1 Cross-talk

Typically the a.c. voltage that is applied to an electrostatic actuator is 30 V. This voltage leads 
to an electrostatically produced pressure of about 1 Pa and to output voltages of 0,3 mV to
100 mV, depending on the frequency and on the model of measurement microphone. This
results in a level difference of 50 dB to 100 dB between the excitation voltage on the actuator
and the output voltage of the microphone. For example, to ensure that a cross-talk signal 
arising from the excitation voltage does not influence the measured output voltage from the
microphone by more than 0,03 dB, the cross-talk signal needs to be 50 dB below the
microphone output signal. Thus, differences in level as high as 100 dB to 150 dB between
actuator signal and microphone cross-talk signal may be necessary, depending on the
required uncertainty and model of microphone. Further information is given in Annex B.

8.1.2 Static attraction force

The presence of a d.c. voltage between actuator and microphone diaphragm results in a static
attraction force which can be derived from Equation (6). This force results in a change of the 
diaphragm to backplate distance in the microphone and consequently a small change in the
sensitivity of the microphone, in particular around the resonance frequency. The estimated
influence of this effect is less than 0,05 dB if the following criterion is fulfilled:

p stat 3

pol
2 10

M p
U

−⋅
< ⋅  (9) 
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where 

Mp is the pressure sensitivity of the microphone, in volts per pascal (V/Pa); 

pstat is the static attraction force per unit area given by Equation (6), in pascals (Pa); 

Upol is the external or equivalent internal polarization voltage of the microphone, in
volts (V).

For a nominal distance of 0,5 mm between actuator and diaphragm the d.c. voltage applied to
the actuator is typically about 800 V.

The a.c. and d.c. voltage applied to the actuator shall be chosen such that the distortion as
given by Equation (7) does not influence the measured response significantly. Particular care
should be taken if the microphone itself or the surrounding environment introduces high peaks
in the resulting response. 

NOTE 1 It should be ascertained that the electrical field strength between the actuator and the microphone 
diaphragm created by the applied d.c. and a.c. voltage is well below the breakdown voltage for the gas in use in
order to avoid ionic discharges. For many gases, it should be noted that the breakdown voltage is lower than for
air. An excessive amount of dust or other deposits on the diaphragm may increase the risk of ionic discharges.

NOTE 2 Actuators are generally not fully insulated which represents a risk to the operator when a high d.c. and
a.c. voltage is applied to the actuator. This means that the electrical safety requirements, which are valid for the
laboratory or other site of use, must be followed. Such requirements generally set upper limits for the current,
which might inadvertently be drawn from the voltage supply for the actuator.

8.2 Uncertainty components

8.2.1 General 

In addition to the factors that influence the response of the microphone, further uncertainty
components are introduced by the measurement method, the equipment and the degree of 
care under which the measurement is carried out. Factors, which affect the measurement in a 
known way, shall be measured or calculated with as high an accuracy as practicable in order
to minimise their influence on the resulting uncertainty.

8.2.2 Electrical frequency response of measurement equipment

The frequency response of the entire measurement system that generates the electrical
excitation signal for the actuator and measures the microphone output signal, should either be
essentially constant or accounted for by correcting the measurement result. The overall
frequency response may be measured by applying a fraction of the a.c. excitation signal to 
the input of the system that measures the microphone output signal. Where the open-circuit
response is to be determined, the signal shall be applied as an insert voltage signal in series
with the microphone itself. During the test the system settings shall be the same as those 
applied for the actuator response measurement and the order of magnitude of the test signal
shall be equal to that of the microphone output signal.

8.2.3 Cross-talk of measurement system

Signals due to cross-talk are correlated with the true measurement signal and adds linearly to 
the microphone output signal. For example, to ensure an influence of less than 0,03 dB, the 
magnitude of the cross-talk signal needs to be at least 50 dB below the microphone output 
signal.

Page 14
EN 61094−6:2005



8.2.4 Inherent electrical and environmental acoustic noise

Noise that is non-correlated with the true measurement signal adds to the output signal on 
r.m.s. basis. For example, to ensure an influence of less than 0,03 dB the magnitude of the
noise needs to be at least 25 dB below the signal.

8.2.5 Distortion

The electrostatic pressure produced by an electrostatic actuator is distorted; see 5.2,
Equation (3). The influence of the distortion on the measured response depends on the
applied measurement principle. In case of frequency-selective measurements the influence
may be eliminated. In case of non-selective measurements some influence on the measured
frequency response may occur if a significant difference is present between the microphone
sensitivity at the measurement frequency and at its harmonic components.

Therefore, with non-selective measurements there can be some influence within the
frequency range, where the actuator response changes with frequency. For example, to keep
this influence below 0,05 dB, when measuring the frequency response of working standard
microphones, the distortion shall not exceed 5 %.

8.2.6 Radiation impedance

The motion of the microphone diaphragm, caused by the electrostatic pressure, creates a
sound pressure on the outer surface of the diaphragm that adds to the electrostatic pressure
and influences the measured response. The influence of this sound pressure depends on the 
radiation impedance that loads the surface. So it is necessary for the microphone response to
be measured under fully open conditions. 

Therefore, it shall be ensured that reflecting surfaces or the use of any enclosure (for the
reduction of ambient noise for example) do not significantly influence the radiation impedance 
and the measured response of the microphone. It shall be experimentally verified that
measurement results obtained at the measurement site are essentially equal to results 
obtained in an open space.

This uncertainty component shall be taken as the difference between the responses and in
general should not exceed 0,05 dB. 

NOTE   Usually the influence of the measurement site is most critical for microphones of high sensitivity.

8.2.7 Reproducibility of measurement

The reproducibility is determined by the stability of the microphone, the environmental 
conditions, the measurement instruments and the electrostatic actuator. The uncertainty
related to the actuator is partly due to its positioning on the microphone and partly due to the 
tolerance of dimensions for the model of actuator. Limits of these uncertainty components are 
given in Clause 7.

8.2.8 Uncertainty on electrostatic actuator response 

It is estimated that a determination of an electrostatic actuator response according to this
standard can achieve an expanded uncertainty with coverage factor 2 (see ISO/IEC GUIDE
EXPRESS (GUM)) of 0,1 to 0,2 dB up to 10 kHz for types of WS1 and WS2 working standard
microphones. Annex C contains an example of an uncertainty analysis for a WS2 microphone
having a nominal sensitivity of 50 mV/Pa.

NOTE This uncertainty estimate is for the actuator response only. If other factors are used to determine an
acoustic response, for example the microphone sensitivity at the reference frequency or actuator to free-field or
pressure response corrections, then the uncertainty in these factors also needs to be included.
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9 Applications of an electrostatic actuator 

9.1 General 

Full descriptions of the applications of electrostatic actuators, including detailed uncertainty 
analyses, are beyond the scope of this standard. However, the information given in this
clause provides some guidance on what is possible using these devices.

9.2 Verification of the frequency response of a measurement system

The overall frequency response of a measurement system can be monitored over time by
using an electrostatic actuator to simulate a sound pressure on the microphone diaphragm. 
The system under test can be a single instrument like a handheld sound level meter or a 
complex system like an outdoor sound monitoring system (see for example IEC 61672-11),
where the microphone(s) and the associated preamplifier(s) are separated from the indicating 
part of the system. In both cases, the electrostatic actuator may form an integral part of the
microphone diaphragm protection grid.

Verification of frequency response stability of a microphone or a system can be performed by
making an initial actuator frequency response measurement followed by corresponding 
periodic measurements, if all measurements are performed with the same model of actuator.
The time between verifications depends on the requirements and performance of the system.

The reproducibility of the frequency response measurement is highly dependent on the actual
measurement system and the prevailing environmental conditions.

9.3 Determination of the environmental characteristics of microphone measurement
systems 

Determination of the frequency response of a microphone under varying environmental
conditions is difficult using acoustical excitation of the microphone. In practice, the influence
of the environmental conditions on the sound source and on sound propagation makes it
necessary to excite the microphone under test by other means. The electrostatic actuator
method is suited for the purposes as the electrostatic pressure is essentially independent of
the environmental conditions, see Equation (4). However, the radiation impedance is
influenced by static pressure, temperature and humidity. This variation in environmental
conditions will influence the measured response of the microphone at frequencies in the
upper part of its operation range, see Equation (8). The influence is generally small but
should be analysed and evaluated.

NOTE 1 The frequency response determined with an electrostatic actuator does not include the effect of
diffraction around the microphone. See IEC 61094-3. For the free-field environmental characteristics of
microphones the influence of temperature variations on the diffraction term may be larger at high frequencies than
the influence on the radiation impedance.

NOTE 2 If an electrostatic actuator is used for testing the influence of temperature on the response of a micro-
phone, the equivalent sound pressure produced by an electrostatic actuator should be independent of temperature.
Therefore, the distance between the actuator and the diaphragm must be kept essentially constant; see 
Equation (4). Design of actuators should thus be made with specific attention to the minimization of the effect of
temperature on the actuator to diaphragm distance.

___________ 
1 IEC 61672-1, Electroacoustics – Sound level meters – Part 1: Specifications
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9.4 Determination of free-field and pressure frequency responses 

The electrostatic actuator frequency response of a microphone can be used for determination 
of relative free-field and pressure sensitivities by applying pre-determined corrections. For
each model and configuration of microphones there are essentially fixed ratios (differences in
decibel) between the responses applicable to the various types of sound field and the 
response measured by a specific design of electrostatic actuator. 

For the free-field sensitivities the magnitude and the phase of these ratios are predominantly
determined by the shape and size of the microphone and its diaphragm protection grid while
the acoustic impedance of the diaphragm has a smaller influence. For the pressure sensitivity,
the magnitude and phase of the ratio is only influenced by the relation between the acoustic
impedance of the diaphragm and the radiation impedance, see Equation (8).

In cases where these field-type dependent ratios have been determined by the microphone 
manufacturer or an acoustical calibration laboratory, the free-field and pressure responses for
a type of microphone may be determined by applying the relevant corresponding corrections 
to the measured electrostatic actuator response. 

Examples of the various corrections are shown in Annex D. 

NOTE 1 The specification or type of actuator should be reported with the measurement result as the actuator
configuration may significantly influence the measured frequency response.

NOTE 2 When pre-determined corrections are used for determination of the relative free-field response, the low 
frequency limitations of 5.1 should be observed.

NOTE 3 When additional factors are used to determine an acoustic response, for example the microphone 
sensitivity at the reference frequency or actuator to free-field or pressure response corrections, then the
uncertainty in these additional factors needs to be combined with the uncertainty in the actuator response to obtain
the overall uncertainty in the frequency response.

9.5 Measurement of actuator response at very high frequencies

Acoustical calibration methods for measurement microphones are limited in the maximum
frequency at which they remain valid or practical.

Measurement of the electrostatic actuator frequency response is not limited in the same way.
Provided the same precautions outlined in Clause 8 are taken regarding noise, cross talk etc.
the method can be implemented beyond the range of the microphone under test.

There are however no data available to correct the actuator response to obtain a pressure or
free-field response of a microphone. However, in this frequency range the electrostatic
actuator may be the only option available for determining a response of the microphone. 
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Annex A
(informative)

Examples of electrostatic actuator designs 

A.1 Actuator for type WS1 microphones 

A commonly used design of an electrostatic actuator for type WS1 microphones is shown in 
Figure A.1. 

Dimensions in millimetres

A 

A

48°

1

0,6

16 

0,6 

IEC   1509/04

Key
1 One of three equally spaced positioning guides

Figure A.1a – Actuator surface pattern 
Dimensions in millimetres

14

22

8°

1 

41,7

2 3 

1

15
,5

 

1,
8 

0,
8 

0,
5 

6 

12
 

45°

IEC   1510/04 

Key

1 Insulating positioning guide 

2 Insulating supports adjusted to an actuator to diaphragm distance of 0,5 mm

3 Position of diaphragm

Figure A.1b – Sectional view A – A

Figure A.1 – Example of electrostatic actuator for type WS1 microphones

The actuator may be used for microphones of smaller dimensions by using mechanical
adaptors mounted on the microphones to simulate a WS1 microphone.

Page 18
EN 61094−6:2005



A.2 Actuator for type WS2 microphones 

A commonly used design of an electrostatic actuator for type WS2 microphones is shown in 
Figure A.2. 

Dimensions in millimetres

A 

A

36°

1

1,
73

30°

30°

1,
73

 
1,

3

3,0 

IEC   1511/04 

key

1 One of three equally spaced positioning guide

Figure A.2a – Actuator surface pattern centrally positioned on the actuator
Dimensions in millimetres

20

3 

9

1 2 

20°

6 

9 

0,
4 

1,
5 

IEC   1512/04 

Key

1 Insulating positioning guide 

2 Insulating supports adjusted to an actuator to diaphragm distance of 0,4 mm

3 Position of diaphragm

Figure A.2b – Sectional view A – A

Figure A.2 – Example of an electrostatic actuator for type WS2 microphones

The actuator may be used for microphones of smaller dimensions by using mechanical
adaptors mounted on the microphones to simulate a WS2 microphone.
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A.3 Actuators forming integral parts of protection grids 

Examples of actuators forming integral parts of microphone diaphragm protection grids are
shown below in Figures A.3 and A.4.

Insulator Insulator

Insulator

IEC   1513/04 

Figure A.3 – Examples of electrostatic actuators forming integral
parts of the microphone protection grids

Actuator 
supply 

IEC   1514/04 

Figure A.4 – Example of an electrostatic actuator combined with
 weather-resistant protection
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Annex B 
(informative)

Set-up for measuring electrostatic actuator response 

Figure B.1 shows a typical set-up for measurement of frequency response using an
electrostatic actuator. The electrostatic actuator is driven via a capacitor and a resistor from
an a.c. and a d.c. voltage source respectively. The impedance of the electrical components
should be selected so that the a.c. voltage is not attenuated significantly at the lowest
frequency of interest. The harmonic distortion of the equivalent sound pressure is determined
by the ratio of the a.c. to d.c. voltages, see Equation (7). If the total r.m.s. value of the
microphone output is measured, the applied d.c. voltage should be at least 10 times larger
than the a.c. voltage. Attention should also be paid to the safety of the operator by selecting
proper voltages and components impedances. 

The combination of the relatively high a.c. actuator supply voltage and the relatively low
microphone output voltage implies a risk of significant measurement errors due to electrical
cross-talk. This is particularly important for microphones having a low sensitivity and for
measurements made at high frequencies. 

For externally polarized microphones cross-talk may be checked by setting the microphone
polarizing voltage supply to ‘0 V’. For pre-polarized microphones the actuator d.c. voltage
supply should be set to ‘0 V’. The microphone output voltage at the a.c.-signal frequency
should then fall by 50 dB or more over the entire frequency range. If the voltage falls by
50 dB, the measurement error may be up to 0,03 dB, but the error will be highly dependent on 
the phase angle between the desired and the undesired signals.

Cross-talk may be reduced by proper selection of ground connection points and wiring
between the instruments. 

6 1

2

3

45 

8 

7 9 

IEC   1515/04 

Key

1 Actuator 

2 Microphone 

3 Preamplifier 

4 Measurement amplifier 

5 Recording instrument

6 Resistor (typically 10 MΩ) 

7 Capacitor (typically 5 nF) 

8 d.c.-voltage supply

9 a.c.-voltage supply

Figure B.1 – Typical set-up for measuring the electrostatic actuator response
of a microphone

The measurements should be performed in a suitable acoustic environment. The ambient
noise should be kept well below the applied electrostatic pressure (see Equation (4)) in order
to minimize its influence on the measurements. Close-by surfaces resulting in strong
acoustical reflections at the position of the microphone should also be avoided.
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Annex C 
(informative)

Typical uncertainty analysis 

C.1 Introduction

The following is an example of how the uncertainties would be calculated for a hypothetical
measurement protocol. It should not be taken to be an exhaustive list of possible
uncertainties, or a guide to typical values, but just a guide to calculation method required by
the ISO/IEC GUIDE EXPRESS (GUM).

C.2 Analysis

The uncertainties given in Table C.1 are derived for a single frequency at 10 kHz for a type
WS2F microphone with a nominal sensitivity of 50 mV/Pa at the reference frequency, 250 Hz. 

The ratio between the microphone output voltage at the measurement and reference 
frequencies is expressed by Equation (C.1)

( ) ( ) ( )u f p f M f
u p M

= ⋅out a

out,ref ref a,ref
(C.1) 

where 

out

out,ref

( )u f
u

is the ratio of the microphone output voltage at the measurement, and the
reference frequency;

ref

( )p f
p

is the ratio of the electrostatic pressure at the measurement, and the 
reference frequency;

( )a

a,ref

M f
M

is the electrostatic actuator response (linear unit). 

Replacement of the above sound pressure parameters with the expression given in Equation
(4) and insertion of factors that account for deviations of the individual actuator dimensions
and for the individual microphone impedance from their nominal values lead to Equation (C.2) 
that expresses the measured actuator response (in linear units) and is used for estimation of
the uncertainty of the measured actuator response: 

( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )2
gas,ref 0,refa out act micref ref

2
a,ref gas 0 out,ref act,ref mic,refref

UM f d f u f D f D fa u
M f a f U f u f u D Dd

ε

ε
= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  (C.2) 
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where 

( )f
ε

ε
gas,ref

gas

is the ratio between dielectric constant of ambient gas at the reference, and
the measurement frequency; 

( )
a
a f

ref is the ratio between actuator-diaphragm area ratio at the reference, and the 
measurement frequency;

( )
U
U f

0,ref

0

is the ratio between d.c. voltage applied between actuator and microphone
diaphragm at the reference, and the measurement frequency;

( )
u
u f

ref is the ratio between r.m.s. value of a.c. voltage applied between actuator and 
microphone diaphragm at the reference, and the measurement frequency;

( )d f
d

ref

is the ratio between actuator-diaphragm distance at the measurement, and 
the reference frequency; 

( )D f
D

act

act,ref

is the deviation from the nominal behaviour of an individual actuator in respect 
of the ratio between the actuator pressure at the measurement, and the 
reference frequency;

( )D f
D

mic

mic,ref

is the deviation from the nominal response caused by the influence of the 
diaphragm impedance of an individual microphone, in the actuator response 
at the measurement, and the reference frequency.

For this example the figures are just given for a single frequency. In practice the calculation is
to be repeated for each frequency used, or at selected representative frequencies where a 
continuous frequency response is determined. The uncertainty reported should be based on 
the standard uncertainty multiplied with coverage factor of 2, thus providing a level of
confidence of approximate 95 %.

C.3 Combined and expanded uncertainties

The combined standard uncertainty is found as the square root of the sum of squares of each
standard uncertainty, which results in 0,068 dB for the example in Table C.1 (a strict
calculation requires each component to be converted from logarithmic to linear form before
doing the calculation, but as the values are quite small, the results would be essentially the
same). The expanded uncertainty with a coverage factor of 2 is then 0,14 dB.
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Table C.1 – Uncertainties 

No. Uncertainty
component

Subclause 
of standard Comments

Standard 
Uncertainty

dB

1 ( )f
ε

ε
gas,ref

gas
5.2 The dielectric constant is assumed to be like that of air 

and constant during the measurement 0,00 

2 ( )
a
a f

ref 5.2 The ratio between actuator and diaphragm areas is
constant during the measurement 0,00 

3 ( )
U
U f

0,ref

0

5.2 

8.1.2 

The actuator d.c. voltage is assumed to be constant
during the measurement and to differ by less than 10 %
from the specified value 

   0,01 a

4 ( )
u
u f

ref 5.2 
The actuator a.c. voltage variation with frequency is
accounted for as part of the frequency response of the 
measurement system; see point 8 below.

0,00 

5 
( )d f
dref

5.2 
The actuator to diaphragm distance might change due to
rattling during the measurement. This is accounted for 
under measurement reproducibility; see point 8 below.

0,00 

6 
( )D f

D
act

act,ref

7.2 

7.3 

Uncertainty related to repeatability of measurements with
an individual actuator is accounted for under point 8 
below. The stated value accounts for lack of uniformity 
between actuators.

0,03 

7 
( )D f

D
mic

mic,ref
7.4 

Spread of diaphragm impedance within a model of
microphone results in a lack of uniformity of the 
difference between actuator and pressure responses.

The stated value is corrected for random errors of both
pressure and actuator response measurements

   0,04 b

8 
( )u f

u
out

out,ref

8.2.2 

8.2.3 

8.2.4 

8.2.5 

8.2.6 

8.2.7 

Deviation from constant frequency response of
measurement system

Cross-talk within measurement system

Inherent electrical and ambient acoustic noise

Distortion of equivalent sound pressure produced by the 
actuator

Deviation from radiation impedance in an ideal
environment having no reflections

Statistically determined measurement reproducibility

0,02 

  0,01 c

  0,01 c

0,01 

0,02 

0,03 

a In general the influence of this parameter decreases with microphone sensitivity

b In general the influence of this parameter decreases with microphone sensitivity. Due to dominance of
this parameter in the measurement uncertainty, it is recommended the influence be estimated from
diaphragm and radiation impedance considerations, especially for low-sensitivity microphones.

c In general the influence of this parameter increases with decreasing microphone sensitivity. Large
influence may occur due to cross-talk in case of low microphone sensitivity and high frequency.
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Annex D 
(informative)

Difference between free-field-, pressure- and actuator responses 
 for typical models of measurement microphones 

The graphs of Figures D.1 to D.4 give examples of the differences between the measured
actuator response and the various field-specific frequency responses for typical measurement
microphones. The graphs are given to demonstrate the order of magnitudes to be expected.
Readings taken from the graphs should not be applied to any measurements.

a

b

c

d

2

1

0

−1

2

1

0

−1

2

1

0

−1

2

1

0

−1

1 2 5 10 20

1 2 5 10 20

1 2 5 10 20

1 2 5 10 20

kHz

kHz

kHz

kHz

dB
dB

dB
dB

IEC   1516/04 

NOTE The graphs illustrate the order of magnitude only and should not be applied as corrections.

Figure D.1 – Examples of differences between relative pressure and actuator
frequency responses for four different type of measurement microphone: 

WS1P (a), WS1F (b) of nominal sensitivities –26 dB re 1V/Pa, WS2P (c) and WS2F (d) of
nominal sensitivities –38 dB re 1V/Pa

5 

10 

0,1 1
0 

10 100kHz

dB

WS2 WS3
WS1

IEC   1517/04 

NOTE The graphs illustrate the order of magnitude only and should not be applied as corrections.

Figure D.2 – Examples of differences between relative free-field and actuator
frequency responses for type WS1, WS2 and WS3 microphones

when used without protection grids
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NOTE The graph illustrates the order of magnitude only and should not be applied as corrections.

Figure D.3 – Example of model dependent difference between relative free field
and actuator frequency responses for a type WS2 microphone

when used with its protection grid

0,1 1
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15 

100kHz

dB

a

−15 
10

b

IEC   1519/04 

NOTE The graphs illustrate the order of magnitude only and should not be considered the free-field response of
any given microphone model.

Figure D.4 – Example on the determination of a relative free-field frequency response b)
by adding the model dependent free-field to actuator difference as shown in Figure D.3

to the electrostatic actuator response of a microphone a)

___________ 
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- - 3 EN 69014-:60025

Annex ZA
(normative)

Normative references to international publications  
with their corresponding European publications 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

NOTE Where an international publication has been modified by common modifications, indicated by (mod), the relevant
EN/HD applies.

Publication Year Title EN/HD Year

IEC 61094-1 - 1) Measurement microphones
Part 1: Specifications for laboratory
standard microphones

EN 61094-1 2000 2)

IEC 61094-2 - 1) Part 2: Primary method for pressure
calibration of laboratory standard 
microphones by the reciprocity technique

EN 61094-2 1993 2)

IEC 61094-3 - 1) Part 3: Primary method for free-field 
calibration of laboratory standard 
microphones by the reciprocity technique

EN 61094-3 1995 2)

IEC 61094-5 - 1) Part 5: Methods for pressure calibration 
of working standard microphones by
comparison 

EN 61094-5 2001 2)

ISO/IEC Guide 
Express 

1995 Guide to the expression of uncertainty in 
measurement (GUM)

- - 

1) Undated reference.
2) Valid edition at date of issue.
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