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(57) ABSTRACT

An interferometric microphone calibrator for comparison
calibrating a microphone, the interferometric microphone
calibrator comprising: an interferometer in optical commu-
nication with a microphone and that produces an interfer-
ometer measurement light, communicates the interferometer
measurement light to the microphone, and receives an
interferometer backscattered light from the microphone,
such that a sensitivity of a test microphone is interferometri-
cally calibrated to a reference microphone from the inter-
ferometer backscattered light; a preamplifier-controller in
electrical communication with the microphone, and that
receives a driver signal from a microphone driver and drives
the microphone driver; the microphone driver in electrical
communication with the preamplifier-controller and that
receives a driver control signal from a calibration controller
and produces the driver signal based on the driver control
signal; and a calibration controller in electrical communi-
cation with the microphone driver and that produces the
driver control signal and communicates the driver control
signal to the microphone driver.
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INTERFEROMETRIC MICROPHONE
CALIBRATOR AND COMPARISON
CALIBRATING A MICROPHONE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 63/208,112 (filed Jun. 8,
2021), which is herein incorporated by reference in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with United States Gov-
ernment support from the National Institute of Standards and
Technology (NIST), an agency of the United States Depart-
ment of Commerce. The Government has certain rights in
this invention.

BRIEF DESCRIPTION

[0003] Disclosed is an interferometric microphone cali-
brator for comparison calibrating a microphone, the inter-
ferometric microphone calibrator comprising: an interfer-
ometer in optical communication with a microphone and
that produces an interferometer measurement light, commu-
nicates the interferometer measurement light to the micro-
phone, and receives an interferometer backscattered light
from the microphone, such that a sensitivity of a test
microphone is interferometrically calibrated to a reference
microphone from the interferometer backscattered light; a
preamplifier-controller in electrical communication with the
microphone, and that receives a driver signal from a micro-
phone driver and drives the microphone driver in a trans-
mission mode based on the driver signal; the microphone
driver in electrical communication with the preamplifier-
controller and that receives a driver control signal from a
calibration controller and produces the driver signal based
on the driver control signal; and a calibration controller in
electrical communication with the microphone driver and
that produces the driver control signal and communicates the
driver control signal to the microphone driver.

[0004] Disclosed is a process for comparison calibrating a
microphone, the process comprising: disposing a reference
microphone on a preamplifier-controller, the reference
microphone comprising a reference microphone diaphragm;
producing an interferometer measurement light by an inter-
ferometer; subjecting the reference microphone diaphragm
of the reference microphone to the interferometer measure-
ment light by aligning the interferometer measurement light
to a first sampling location on the reference microphone
diaphragm; subjecting the reference microphone to an elec-
trical waveform from the preamplifier-controller; moving
the reference microphone diaphragm according to the elec-
trical waveform; producing, by the reference microphone
diaphragm, an acoustic wave comprising an amplitude and
frequency from the electrical waveform; determining, by the
microphone driver, the drive current through the reference
microphone; producing, by the reference microphone dia-
phragm, interferometer backscattered light in response to the
subjecting the reference microphone diaphragm to the inter-
ferometer measurement light; receiving the interferometer
backscattered light by the interferometer from the reference
microphone diaphragm; determining, by the interferometer,
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the motion of the reference microphone diaphragm from the
interferometer backscattered light; repositioning the inter-
ferometer measurement light to a different sampling location
on the reference microphone diaphragm; determining, by the
interferometer, the motion of the reference microphone
diaphragm at the different sampling location on the refer-
ence microphone from the interferometer backscattered
light; terminating the electrical waveform subjected to the
reference microphone; determining the pressure sensitivity
of the reference microphone from the determinations of the
motion of the test microphone diaphragm; removing the
reference microphone from the preamplifier-controller and
disposing a test microphone on the preamplifier-controller,
the test microphone comprising a test microphone dia-
phragm; performing with the test microphone the following
steps: subjecting the test microphone diaphragm of the test
microphone to the interferometer measurement light by
aligning the interferometer measurement light to the first
sampling location on the test microphone diaphragm; sub-
jecting the test microphone to the electrical waveform from
the preamplifier-controller; moving the test microphone
diaphragm according to the electrical waveform; producing,
by the test microphone diaphragm, another acoustic wave
comprising the amplitude and frequency from the electrical
waveform; determining, by the microphone driver, the drive
current through the test microphone; producing, by the test
microphone diaphragm, interferometer backscattered light
in response to the subjecting the test microphone diaphragm
to the interferometer measurement light; receiving the inter-
ferometer backscattered light by the interferometer from the
test microphone diaphragm; determining, by the interferom-
eter, the motion of the test microphone diaphragm from the
interferometer backscattered light from the test microphone
diaphragm; repositioning the interferometer measurement
light to a different sampling location on the test microphone
diaphragm; and determining, by the interferometer, the
motion of the test microphone diaphragm at the different
sampling location on the test microphone from the interfer-
ometer backscattered light; and terminating the electrical
waveform subjected to the test microphone; and determining
the pressure sensitivity of the test microphone based on
determinations of the motion of the test microphone dia-
phragm, the drive current of the test microphone, and the
pressure sensitivity of the reference microphone.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The following description cannot be considered
limiting in any way. Various objectives, features, and advan-
tages of the disclosed subject matter can be more fully
appreciated with reference to the following detailed descrip-
tion of the disclosed subject matter when considered in
connection with the following drawings, in which like
reference numerals identify like elements.

[0006] FIG. 1 shows an interferometric microphone cali-
brator, according to some embodiments.

[0007] FIG. 2 shows: (a) an interferometric microphone
calibrator that in which a reference microphone is disposed
on a preamplifier-controller; and (b) the interferometric
microphone calibrator in which a test microphone is dis-
posed on the preamplifier-controller, according to some
embodiments.

[0008] FIG. 3 shows steps involved in comparison cali-
brating a microphone, according to some embodiments.
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[0009] FIG. 4 shows an interferometric microphone cali-
brator, according to some embodiments.

[0010] FIG. 5 shows a distribution of sampling locations
with respect to the center and a plurality of off-center
locations of a microphone diaphragm, according to some
embodiments.

[0011] FIG. 6 shows a photograph of a distribution of
sampling locations with respect to the center and a plurality
of off-center locations of a microphone diaphragm, accord-
ing to some embodiments.

[0012] FIG. 7 shows, according to some embodiments, a
diaphragm rms velocity (mm/s) profile as a function of the
radius (mm) from the diaphragm center for a type LSIP
microphone driven with a current of 0.676 A at a frequency
of 1000 Hz. The microphone diaphragm has a radius of 9.3
mm.

[0013] FIG. 8 shows, according to some embodiments,
relative pooled standard deviations of the sensitivities mea-
sured across all trials for 250 Hz (triangles, 4) and 1000 Hz
(squares, H) as a function of the radius of the scanned
circular center region (i.e., number of rings) of the micro-
phone diaphragms included in the calculations.

[0014] FIG. 9 shows, according to some embodiments,
differences between sensitivities of seven test microphones
as measured with the laser-based comparison calibration and
sensitivities as measured via a reciprocity method for each
microphone. (a) 250 Hz. (b) 1000 Hz. A positive value
indicates that the sensitivity measured with the comparison
method is greater than the sensitivity measured by reciproc-
ity. Uncertainties of reciprocity calibration indicated by
dashed lines (- - - -); uncertainties of laser-based comparison
calibration indicated by bars (I).

DETAILED DESCRIPTION

[0015] A detailed description of one or more embodiments
is presented herein by way of exemplification and not
limitation.

[0016] Conventionally, microphones are calibrated to
determine their sensitivities for sound pressure measure-
ments and to calibrate other microphones as well as sound
calibrators, which apply known sound pressures to calibrate
acoustical measurement equipment used in the lab or field.
Conventional equipment includes sound level meters, per-
sonal sound exposure meters (i.e., noise dosimeters), noise
monitoring stations, sound power measurement systems,
audiometric equipment, hearing aid test setups, and measur-
ing microphone systems. The sensitivity of a microphone is
expressed in SI units of V/Pa or as a sensitivity level in
decibels (dB) with respect to a reference of 1 V/Pa.

[0017] Conventional primary microphone calibrations,
which are carried out without reference to another standard
of sound pressure (e.g., a calibrated microphone), are per-
formed using the reciprocity method. For the calibration of
laboratory standard microphones, which are designated as
type LS1P (nominal 18.6 mm diameter, flat pressure
response) or type LS2P (nominal 9.3 mm diameter, flat
pressure response) microphones, this method is standard-
ized.

[0018] Conventional standardized methods for secondary
calibrations of microphones are implemented by simultane-
ously or sequentially exposing a calibrated reference micro-
phone and the test microphone to nominally identical acous-
tic fields. The ratio of the pressure sensitivities of the two
microphones is then assumed to be equal to the ratio of their
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output voltages. The two microphones must be exposed to
identical acoustic fields. The applicable standard describes
several mounting arrangements for both microphones to
achieve such fields.

[0019] At NIST, a reciprocity-based comparison method is
used where a calibrated reference microphone serves as a
transmitter, electrically driven to produce sound in an acous-
tic coupler cavity that is sensed by the receiver microphone,
which is an uncalibrated test microphone. The sensitivity of
the test microphone is determined from drive-to-receive
voltage ratio measurements, the reference microphone sen-
sitivity and driving point electrical impedance, and the
acoustic transfer impedance of the cavity.

[0020] One approach for microphone calibration as an
alternative to the reciprocity method involves laser doppler
vibrometer (LDV) measurements of the velocity at different
points on a microphone diaphragm to determine its volume
velocity when acting as a transmitter/source of sound driven
with a current through its electrical terminals. This approach
utilizes the fact that the magnitude of the pressure sensitivity
of a reciprocal transducer is the same regardless of whether
it is used as a receiver of sound or a source of sound. The
former is expressed in terms of open-circuit output voltage
for a given incident sound pressure uniformly distributed
across the diaphragm while the latter is expressed in terms
of output volume velocity for a given drive current. Both
expressions reduce to the same SI base units. These inves-
tigations clearly demonstrated the feasibility of implement-
ing primary microphone calibrations with laser-based veloc-
ity measurements of diaphragm vibration, but the results
obtained were not established to be as accurate as the results
typically obtained with the reciprocity method. Along simi-
lar lines, a technique that utilizes microscope-mounted laser
vibrometers to measure displacements across the dia-
phragms of piezoelectric MEMS microphones and dynamic
pressure sensors during electromechanical actuation has
been developed to replace shock-tube measurements as a
means for calibrating these piezoelectric devices.

[0021] Indeed, need still exist for calibrated microphones.
Conventional calibrations are primary or secondary (com-
parison). Primary calibrations are performed by the conven-
tional reciprocity technique, and secondary calibrations are
performed with conventional comparison techniques. These
calibration techniques are available in international stan-
dards IEC 61094-2 (primary calibrations) and IEC 61094-5
and IEC 61094-8 (both for secondary calibrations), the
disclosure of each which is incorporated herein by reference.
[0022] Although the conventional standard primary cali-
bration technique, reciprocity, is relatively complex and
time-consuming to perform, an alternative may involve
using laser-based interferometry. To date, laser-based inter-
ferometry has not replaced the standard way. While a
laser-based primary calibration method has not succeeded,
an interferometric microphone calibrator and process for
comparison calibrating a microphone disclosed herein can
be used as a secondary calibration that is significantly better
than the conventional methods. Further, the interferometric
microphone calibrator and process for comparison calibrat-
ing a microphone disclosed herein provide a significantly
reduced uncertainty over the conventional secondary cali-
bration techniques. In addition, the interferometric micro-
phone calibrator and process for comparison calibrating a
microphone disclosed herein are quicker and easier than
conventional technology.
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[0023] It has been discovered that a process for secondary
calibration of microphones determines the sensitivity of a
test microphone. It should be appreciated that a secondary
calibration compares the response of the test microphone
being calibrated with a reference microphone that has a
known sensitivity and has been calibrated via either a
primary or another secondary calibration.

[0024] Interferometric microphone calibrator 200 per-
forms comparison calibration of a test microphone to a
reference microphone. In an embodiment, with reference to
FIG. 1, FIG. 2, FIG. 3, FIG. 4, FIG. 5, and FIG. 6,
interferometric microphone calibrator 200 includes: an inter-
ferometer 201 in optical communication with a microphone
202 and that produces an interferometer measurement light
216, communicates the interferometer measurement light
216 to the microphone 202, and receives an interferometer
backscattered light 217 from the microphone 202, such that
a sensitivity of a test microphone 202.2 is interferometri-
cally calibrated to a reference microphone 202.1 from the
interferometer backscattered light 217; a preamplifier-con-
troller 204 in electrical communication with the microphone
202, and that receives a driver signal 215 from a microphone
driver 206 and drives the microphone driver 206 in a
transmission mode based on the driver signal 215; the
microphone driver 206 in electrical communication with the
preamplifier-controller 204 and that receives a driver control
signal 213 from a calibration controller 207 and produces
the driver signal 215 based on the driver control signal 213;
and a calibration controller 207 in electrical communication
with the microphone driver 206 and that produces the driver
control signal 213 and communicates the driver control
signal 213 to the microphone driver 206.

[0025] In an embodiment, interferometric microphone
calibrator 200 includes the microphone 202 in optical com-
munication with the interferometer 201 and in electrical
communication with the preamplifier-controller 204. It is
contemplated that the microphone 202 is either a reference
microphone 202.1 or a test microphone 202.2 that is being
calibrated based on a comparison against the reference
microphone 202.1. In an embodiment, microphone 202
includes a microphone body 203 disposed on the preampli-
fier-controller 204 and a microphone diaphragm 211. In an
embodiment, the sensitivity of the test microphone 202.2 is
determined from the sensitivity of the reference microphone
202.1 by the interferometric microphone calibrator 200.
Both sensitivities are determined from separate, respective
measurement of interferometer backscattered light 217 from
the microphone diaphragm 211.2 of the test microphone
202.2 and the interferometer backscattered light 217 from
the microphone diaphragm 211.1 of the reference micro-
phone 202.1, disposed as the microphone 202 on preampli-
fier-controller 204 during such separate, respective measure-
ment.

[0026] In an embodiment, preamplifier-controller 204
converts the driver signal 215 from the microphone driver
206 into an electrical waveform 220 that is communicated to
the microphone 202, and electronics in the microphone body
203 receive the electrical waveform 220 from the pream-
plifier-controller 204 and moves the microphone diaphragm
211 according to the electrical waveform 220.

[0027] In an embodiment, microphone diaphragm 211
moves according to the electrical waveform 220 to produce
an acoustic wave including an amplitude and frequency
from the electrical waveform 220, receives the interferom-
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eter measurement light 216 from the interferometer 201, and
produces the interferometer backscattered light 217 from the
interferometer measurement light 216.

[0028] In an embodiment, interferometric microphone
calibrator 200 includes a base 205 on which the preampli-
fier-controller 204 is disposed. The base 205 moves the
preamplifier-controller 204 and the microphone 202 relative
to the interferometer 201 so that the interferometer mea-
surement light 216 is received at different locations on the
microphone diaphragm 211 depending the on the position of
the microphone 202 relative to the interferometer 201, and
the interferometer backscattered light 217 is produced cor-
responding to a location of the interferometer measurement
light 216 on the microphone diaphragm 211. In some
embodiments, the base 205 is in electrical communication
with the calibration controller 207 and that receives a base
control signal 214 from the calibration controller 207 and
moves the preamplifier-controller 204 relative to the inter-
ferometer 201 based on the base control signal 214.
[0029] In an embodiment, calibration controller 207 pro-
duces interferometer control signal 218, the driver control
signal 213, and the base control signal 214; and communi-
cates the interferometer control signal 218 to the interfer-
ometer 201 under which the interferometer 201 is con-
trolled, the driver control signal 213 to the microphone
driver 206, and the base control signal 214 to the base 205,
such that the calibration controller 207 controls and syn-
chronizes the interferometer 201 and the microphone driver
206. The calibration controller 207 can receive interferom-
eter data 219 from the interferometer 201, and determine the
sensitivity of the microphone 202.

[0030] In an embodiment, interferometric microphone
calibrator 200 includes beam steerer 209 in optical commu-
nication with the interferometer 201 and the microphone
202, optically interposed between the interferometer 201
and the microphone 202, such that the interferometer 201
receives the interferometer measurement light 216 from the
interferometer 201 and selectively directs the interferometer
measurement light 216 to a specific location on the micro-
phone diaphragm 211.

[0031] In an embodiment, interferometric microphone
calibrator 200 includes interferometer mount 208 in
mechanical communication with the interferometer 201,
such that the interferometer mount 208 mechanically iso-
lates the interferometer 201 from motion of the preamplifier-
controller 204 and the microphone 202.

[0032] Interferometric microphone calibrator 200 can be
made of various elements and components that are micro-
fabricated, wherein interferometer 201 can be an optical
instrument for high accuracy measurement of displacement
of microphone diaphragm 211. Interferometer 201 can be a
vibrometer. It should be appreciated that a vibrometer mea-
sures velocity rather than displacement. As such, interfer-
ometer 201 measure vibrations of microphone diaphragm
211 via the Doppler effect that occurs when interferometer
backscattered light 217 scatters from microphone diaphragm
211. The frequency of interferometer backscattered light 217
is different than interferometer measurement light 216 when
microphone diaphragm 211 moves under electrical wave-
form 220 from preamplifier-controller 204. The interferom-
eter 201 detects the frequency shifts of interferometer back-
scattered light 217 relative to interferometer measurement
light 216. Accordingly, interferometer 201 can include vari-
ous optical and electronic components to splits interferom-
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eter measurement light 216 into an internal reference beam
directed onto a photodetector. While interferometer mea-
surement light 216 from interferometer 201 is incident on
microphone diaphragm 211, microphone diaphragm 211
produces interferometer backscattered light 217 as micro-
phone diaphragm 211 moves. Depending on the velocity and
displacement of microphone diaphragm 211, interferometer
backscattered light 217 is changed in frequency and phase
relative to interferometer measurement light 216. The char-
acteristics of the motion of microphone diaphragm 211 are
included in interferometer backscattered light 217. Super-
position of interferometer backscattered light 217 with the
reference beam from interferometer measurement light 216
produces a modulated signal that provides a Doppler shift in
frequency.

[0033] In an embodiment, interferometer 201 is an instru-
ment that uses the interference pattern created when a beam
of light has been split and sent along two different paths and
recombined. Here, the light source can be a laser, which
provides coherent light. According to an embodiment, inter-
ferometer 201 uses the Doppler shift to directly measure the
velocity of the moving microphone diaphragm 211.

[0034] The calibration controller 207 can be in commu-
nication with interferometer 201 to receive interferometer
data 219 from interferometer 201. The interferometer data
219 can include the modulated signal from which the
Doppler shift in frequency can be determined. The calibra-
tion controller 207 can include a processor for signal pro-
cessing and analysis of interferometer data 219 from inter-
ferometer 201. Accordingly, calibration controller 207 can
determine the vibrational velocity or displacement of micro-
phone diaphragm 211 from interferometer data 219. Control
computer 207 can control and synchronize the measure-
ments made by interferometer 201 and microphone driver
206.

[0035] In some embodiments, interferometer 201 can
include a scanning head to direct the laser to a series of
specific locations on microphone diaphragm 211, e.g., as
shown in FIG. 5 and FIG. 6. The number and position of
sampling locations 222 are arbitrary and can be selected
based on the radial dimension of the microphone diaphragm
211 or a frequency output by the microphone diaphragm
211. A first sampling location 222.1 can be center 221, and
a plurality of different sampling locations 222.2 can include
various off-center locations 223. The sequence of probing
the sampling locations subjected to interferometer measure-
ment light 216 from interferometer 201 can be arbitrary. In
some embodiments, center 221 is initially subjected to
interferometer measurement light 216, and subsequently
off-center locations 223 are subjected to interferometer
measurement light 216. This sequence of sampling can be
randomized or permuted.

[0036] The microphone 202 includes microphone body
203 that houses various electrical components as an electri-
cal interface between preamplifier-controller 204 and micro-
phone diaphragm 211. Motion of the microphone diaphragm
211 is measured by the interferometer 201. With reference to
FIG. 2, reference microphone 202.1 (FIG. 2A) of is sub-
jected to interferometer measurement light 216 and produces
for interferometer backscattered light 217 to produce a set of
calibration data that is used to calibrate test microphone
202.2 (FIG. 2B). Specifically, the motion of reference micro-
phone diaphragm 211.1 of reference microphone 202.1 is
measured by interferometer 201 as shown in FIG. 2A, and
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the motion of test microphone diaphragm 211.2 of test
microphone 202.2 is measured by interferometer 201 as
shown in FIG. 2. The number of test microphone 202.2 is
arbitrary and can be as few as one without an upper limit on
calibrations being performed.

[0037] Preamplifier 204 is an electrical interface to micro-
phone 202 disposed thereon. It is contemplated that pream-
plifier 204 can be mounted on base 205. Base 205 provides
mechanical (vibration) isolation from the environment and
from interferometer 201. Base 205 can include a one- or
two-axis translation stage to allow measurements of the
motion of multiple locations on the microphone diaphragm
211 of microphone 202 by positioning microphone dia-
phragm 211 at various locations with respect to interferom-
eter measurement light 216 from interferometer 201. Base
205 can be used to align interferometer measurement light
216 to a specific sampling location 222 on microphone
diaphragm 211.

[0038] The microphone driver 206 includes electronics for
driving microphone 202 and electronically interfaces with
preamplifier-controller 204. Driver signal 215 is produced
by microphone driver 206 and include data for electrical
waveform 220, including a frequency and amplitude infor-
mation for moving microphone diaphragm 211 of micro-
phone 202. The microphone driver 206 can measure the
current driving the microphone 202.

[0039] Mount 208 provides mechanical (vibration) isola-
tion of the laser head of interferometer 201 from the envi-
ronment and from mounting base 205 for the preamplifier
204. In this manner, interferometer measurement light 216
and interferometer backscattered light 217 are communi-
cated with high fidelity with respect to the sampling location
222 on microphone diaphragm 211.

[0040] Beam steering optic 209 directs interferometer
measurement light 216 from interferometer 201 to multiple
sampling locations 222 on the microphone diaphragm 211.
Beam steering optic 209 can be used alone or in combination
with base 205. Beam steering optic 209 can be a mirror or
collection of optical elements that steer interferometer mea-
surement light 216.

[0041] Elements of interferometric microphone calibrator
200 can be various sizes. A separation distance between
interferometer 201 and microphone diaphragm 211 can be
chosen to be suitable for the microphone 202 and measure-
ment conditions with respect to optimizing conditions for
transmission and collection of interferometer backscattered
light 217 and interferometer measurement light 216.
[0042] Elements of interferometric microphone calibrator
200 can be made of a material that is physically or chemi-
cally resilient in an environment in which interferometric
microphone calibrator 200 is disposed. Exemplary materials
include a metal, ceramic, thermoplastic, glass, semiconduc-
tor, and the like. The elements of interferometric micro-
phone calibrator 200 can be made of the same or different
material and can be monolithic in a single physical body or
can be separate members that are physically joined.

[0043] Mechanical mounts for interferometer 201, micro-
phone 202, preamplifier 204, and the like can be used. The
mechanical mounts can be sufficiently rigid that no vibra-
tions are transmitted between components of interferometric
microphone calibrator 200 as well as to isolate the compo-
nents from any environmental vibration.

[0044] Interferometric microphone calibrator 200 can be
made in various ways. It should be appreciated that inter-
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ferometric microphone calibrator 200 includes a number of
optical, electrical, or mechanical components, wherein such
components can be interconnected and placed in communi-
cation (e.g., optical communication, electrical communica-
tion, mechanical communication, and the like) by physical,
chemical, optical, or free-space interconnects. The compo-
nents can be disposed on mounts that can be disposed on a
bulkhead for alignment or physical compartmentalization.
As a result, interferometric microphone calibrator 200 can
be disposed in a terrestrial environment or space environ-
ment. Elements of interferometric microphone calibrator
200 can be formed from suitable materials.

[0045] In an embodiment, a process for making interfero-
metric microphone calibrator 200 includes: disposing pre-
amplifier 204 on base 205 (e.g., an X-y translation base);
disposing interferometer 204 (e.g., a displacement or veloc-
ity measuring interferometer, and which can scan) on base
205; aligning interferometer measurement light 216 so that
interferometer measurement light 216 impinges orthogo-
nally on microphone diaphragm 211 of microphone 202;
interfacing microphone driver 206 sufficient to drive the
interferometer 201 and measure the ac drive current,
wherein microphone driver 206 optionally can include a
microphone preamplifier, a function generator, a dc voltme-
ter, an ac voltmeter, a DC voltage source for providing a
polarization voltage to the microphone; disposing micro-
phone 202 (e.g., reference microphone 202.1 or test micro-
phone 202.1) on and in electrical communication with
preamplifier-controller 204.

[0046] In an embodiment, a process for making interfero-
metric microphone calibrator 200 includes: disposing pre-
amplifier 204 on base 205; disposing interferometer 201
(vibrometer) on base 205; aligning interferometer measure-
ment light 216 to sampling location 222 so that sampling
location 222 impinges on microphone diaphragm 211 of
microphone 202 orthogonally; and installing microphone
driver 206 and to measure and drive the microphone 202.

[0047] In an embodiment, a process for making interfero-
metric microphone calibrator 200 includes: disposing pre-
amplifier 204 on base 205; disposing scanning interferom-
eter 201 on base 205; aligning interferometer measurement
light 216 to orthogonally imping on microphone diaphragm
211 of microphone 202; and installing microphone driver
206 and to measure and drive the microphone 202.

[0048] In an embodiment, a process for making interfero-
metric microphone calibrator 200 includes disposing pre-
amplifier 204 on base 205; disposing scanning interferom-
eter 201 (vibrometer) on base 205; aligning interferometer
measurement light 216 to sampling location 222 so that
sampling location 222 impinges on microphone diaphragm
211 of microphone 202 orthogonally; and installing micro-
phone driver 206 and to measure and drive the microphone
202.

[0049] Interferometric microphone calibrator 200 has
numerous advantageous and unexpected benefits and uses.
Interferometric microphone calibrator 200 can be a calibra-
tion system or instrument that sequentially measures the
velocities of microphone diaphragms 211 of microphones
202 at several sampling location 222 near center 221 of the
microphones 202 while the respective microphone 202 is
driven as a transmitter (also referred to as a source) of sound
through production of an acoustic wave. The velocities of
microphone diaphragm 211 are individually measured by
interferometry. The interferometry is accomplished by inter-
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ferometer 201 as displacement or velocity, e.g., via laser-
Doppler vibrometry. For measurement at multiple sampling
locations 222 on microphone diaphragm 211, beam steering
optics 209 (e.g., a mirror) on interferometer 201 or a base
205 on which the microphone 202 and preamplifier-control-
ler 204 are disposed.

[0050] In an embodiment, with reference to FIG. 3, a
process for comparison calibrating a test microphone against
a reference microphone includes: disposing a reference
microphone 202.1 on a preamplifier-controller 204, the
reference microphone 202.1 comprising a reference micro-
phone diaphragm 211.1; producing an interferometer mea-
surement light 216 by an interferometer 201; subjecting the
reference microphone diaphragm 211.1 of the reference
microphone 202.1 to the interferometer measurement light
216 by aligning the interferometer measurement light 216 to
a first sampling location 222.1 on the reference microphone
diaphragm 211.1; subjecting the reference microphone
202.1 to an electrical waveform 220 from the preamplifier-
controller 204; moving the reference microphone diaphragm
211.1 according to the electrical waveform 220; producing,
by the reference microphone diaphragm 211.1, an acoustic
wave comprising an amplitude and frequency from the
electrical waveform 220; determining, by the microphone
driver 206, the drive current through the reference micro-
phone 202.1; producing, by the reference microphone dia-
phragm 211.1, interferometer backscattered light 217 in
response to the subjecting the reference microphone dia-
phragm 211.1 to the interferometer measurement light 216;
receiving the interferometer backscattered light 217 by the
interferometer 201 from the reference microphone dia-
phragm 211.1; determining, by the interferometer 201, the
motion of the reference microphone diaphragm 211.1 from
the interferometer backscattered light 217; repositioning the
interferometer measurement light 216 to a different sam-
pling location 222.2 on the reference microphone diaphragm
211.1; determining, by the interferometer 201, the motion of
the reference microphone diaphragm 211.1 at the different
sampling location 222.2 on the reference microphone 202.1
from the interferometer backscattered light 217; terminating
the electrical waveform 220 subjected to the reference
microphone 202.1; determining the pressure sensitivity of
the reference microphone 202.1 from the determinations of
the motion of the test microphone diaphragm 211.2; remov-
ing the reference microphone 202.1 from the preamplifier-
controller 204 and disposing a test microphone 202.2 on the
preamplifier-controller 204, the test microphone 202.2 com-
prising a test microphone diaphragm 211.2; performing with
the test microphone 202.2 the following steps: subjecting the
test microphone diaphragm 211.2 of the test microphone
202.2 to the interferometer measurement light 216 by align-
ing the interferometer measurement light 216 to the first
sampling location 222.1 on the test microphone diaphragm
211.2; subjecting the test microphone 202.2 to the electrical
waveform 220 from the preamplifier-controller 204; moving
the test microphone diaphragm 211.2 according to the elec-
trical waveform 220; producing, by the test microphone
diaphragm 211.2, another acoustic wave comprising the
amplitude and frequency from the electrical waveform 220;
determining, by the microphone driver 206, the drive current
through the test microphone 202.2; producing, by the test
microphone diaphragm 211.2, interferometer backscattered
light 217 in response to the subjecting the test microphone
diaphragm 211.2 to the interferometer measurement light
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216; receiving the interferometer backscattered light 217 by
the interferometer 201 from the test microphone diaphragm
211.2; determining, by the interferometer 201, the motion of
the test microphone diaphragm 211.2 from the interferom-
eter backscattered light 217 from the test microphone dia-
phragm 211.2; repositioning the interferometer measure-
ment light 216 to a different sampling location 222.2 on the
test microphone diaphragm 211.2; and determining, by the
interferometer 201, the motion of the test microphone dia-
phragm 211.2 at the different sampling location 222.2 on the
test microphone 202.2 from the interferometer backscattered
light 217; and terminating the electrical waveform 220
subjected to the test microphone 202.2; and determining the
pressure sensitivity of the test microphone 202.2 based on
determinations of the motion of the test microphone dia-
phragm 211.2, the drive current of the test microphone
202.2, and the pressure sensitivity of the reference micro-
phone 202.1.

[0051] In the process for comparison calibrating a micro-
phone, determining the pressure sensitivity of the test micro-
phone 202.2 is performed according to:

ir M(VO)T)|
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wherein My, is the (known) pressure sensitivity of reference
microphone 202.1; i and i, are the measured drive currents
of the reference microphone 202.1 and test microphone
202.2, respectively; and u(rg); and u(rg)g are the measured
diaphragm motions of the reference microphone 202.1 and
test microphone 202.2, respectively, and k is a scale constant
that depends on the ratio of the test frequency to the
resonance frequency of the microphones. For the test fre-
quency much less than the resonance frequency, k can be
taken as equal to one.

[0052] In an embodiment, the process for comparison
calibrating a microphone can include subjecting the refer-
ence microphone 202.1 to a polarization voltage.

[0053] In an embodiment, the process for comparison
calibrating a microphone can include terminating the polar-
ization voltage subjected to the reference microphone 202.1.
[0054] In an embodiment, the process for comparison
calibrating a microphone can include measuring an elec-
tronic noise of the preamplifier-controller 204 and the
microphone driver 206.

[0055] In the process for comparison calibrating a micro-
phone, repositioning the interferometer measurement light
216 to the different sampling location 222.2 on the reference
microphone diaphragm 211.1 can include moving base 205
on which the preamplifier-controller 204 is disposed or
directing the interferometer measurement light 216 to the
different sampling location 222.2.

[0056] It should be appreciated that various steps in the
process for comparison calibrating a microphone can be
repeated, e.g., or re-ordered, where appropriate and without
frustrating the process.

[0057] In an embodiment, a process for comparison cali-
brating a microphone includes: installing the reference
microphone on the preamplifier (step 1); aligning the laser
beam to the center of the diaphragm (step 2); applying the
desired polarization voltage to the microphone if needed
(step 3); measuring the electric noise of the electronic
measurement setup (step 4); applying the desired electrical

|Mr| =
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signal (frequency and amplitude) to the microphone (step 5);
measuring the drive current using the electronics (step 6);
measuring the diaphragm motion using the interferometer/
vibrometer (step 7); moving the stage or directing the beam
to a new location on the microphone diaphragm (step 8);
repeating steps 6 and 7 (step 9); repeating step 8, followed
by steps 6 and 7 for as many points as desired (step 10);
terminating the applied signal and polarization voltage from
the microphone (step 11); replacing the reference micro-
phone on the preamplifier with the microphone under test
(step 12); repeating steps 3-11 (step 13); and determining the
pressure sensitivity of the microphone under test according
to

|M7| =
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(step 14).

[0058] Mounting the reference microphone 202.1 and
connecting it to the preamplifier 204 and control electronics
206 can include mechanically isolating it from the environ-
ment as well as from the interferometer 201 head. To enable
measurement at multiple locations on the microphone dia-
phragm, the mount can include an x-y translation stage.

[0059] In using microphone driver 206 to measure the
drive current to the reference microphone 202.1, a calibrated
capacitor can be disposed in series with the microphone
while measuring the voltage across the capacitor and cal-
culating the current, which is given by the capacitance
multiplied by the ac voltage.

[0060] Repeated repositioning of interferometer measure-
ment light 216 can occur a sufficient number of times until
the desired number of measurements have been taken, e.g.,
in a symmetrical pattern around center 221 of the micro-
phone diaphragm 211.

[0061] Interferometric microphone calibrator 200 and pro-
cesses disclosed herein have numerous beneficial uses.
Interferometric microphone calibrator 200 is applicable to a
number of measurements, including low-level vibration
detection. Interferometric microphone calibrator 200 and
processes disclosed herein provide a significantly reduced
uncertainty over conventional secondary techniques. In
addition, calibrations would be quicker and easier than
following the current methods.

[0062] The articles and processes herein are illustrated
further by the following Example, which is non-limiting.

Example

[0063] A precision laser-based comparison calibration
method for laboratory standard microphones is described
that uses reference microphones calibrated by the pressure
reciprocity method. Electrical drive current and diaphragm
velocity are measured while the microphones are driven as
transmitters/sources of sound; the diaphragm velocity is
measured using scanning laser-doppler vibrometry. Sensi-
tivities determined using this method display very good
agreement with those determined directly by reciprocity for
seven such test microphones at 250 Hz and 1000 Hz. At
these frequencies, the expanded (coverage factor, k=2)
uncertainties of this comparison calibration method for these
microphones are £0.05 dB.
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[0064] In conventional scanning LDV velocity measure-
ments of type LS1P microphones, coarse scans were made
across the entire diaphragm of each microphone measured to
develop velocity profiles as a function of the radial distance
from the center. FIG. 7 shows such a velocity profile for one
of the microphones driven with a current of 0.676 pA at a
frequency of 1000 Hz. The data with best repeatability was
acquired in the central region of the diaphragm where the
motion is greatest, as well as being relatively uniform
spatially. Based on these observations, a model and equa-
tions originally developed for calibration utilizing a single-
point measurement at the diaphragm center, without a ref-
erence microphone, were applied to develop the precision
laser-based comparison calibration method discussed herein
that uses a reference LS1P microphone calibrated by reci-
procity.

[0065] Application of this model therefore led to the
acquisition of velocity data with a fine spatial resolution in
a relatively small scan area around the diaphragm center to
optimize the scanning procedure for the comparison cali-
bration method.

[0066] The magnitude of the frequency-dependent pres-
sure sensitivity IM| of a microphone in transmitter mode is
expressed as

4%+ 7 @®
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where q is the volume velocity, i is the drive current through
the terminals of the microphone, Z, is the acoustic imped-
ance of the microphone, and Z, is the radiation impedance of
the microphone. For microphones of the same type, the
model assumes that the distribution of vibration on the
surface of the diaphragm and the volume velocity normal-
ized to the velocity at the center of the diaphragm are
consistent from sample to sample in terms of the normalized
frequency, which is equal to the drive frequency divided by
the resonance frequency of the microphone sample. To apply
the model, Eq. 1 is re-written as

o) Zo + 7, @
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where q is replaced by the product of the normalized volume
velocity q,,, and the velocity at the diaphragm center u(ry).
Values of q,,, derived empirically from LDV velocity mea-
surements across the diaphragms of LS1P microphones
driven in transmitter mode, are available as a function of the
normalized frequency in the forms of graphical data and
tabular data.

[0067] For the comparison calibration work described
herein, a version of Eq. 2 is applied for a reference (cali-
brated) microphone with a known pressure sensitivity Mg,
and another version is applied for a test (uncalibrated)
microphone with an unknown pressure sensitivity M. After
dividing the equation for M. by the one for M, and solving
for IM/l, the equation

(o (27)727))
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is obtained, where the subscript T designates a parameter
associated with the test microphone and the subscript R
designates a parameter associated with the reference micro-
phone. For type LS1P test and reference microphones at
relatively low frequencies (1000 Hz and below), the last two
terms in the product of Eq. 3, which are the ratio of
impedance terms and the ratio of normalized volume veloci-
ties, can both be assumed to be equal to one; uncertainties
related to these assumptions are included as discussed in the
Uncertainty evaluation section. As the measurements dis-
cussed herein were conducted at frequencies of 250 Hz and
1000 Hz, the applicable equation reduces to

4
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[0068] These frequencies were chosen due to their wide-
spread use in specifications for acoustical instrumentation
and in sound calibrators, which usually limit their available
frequency options to one of or both of these two. Rather than
perform an absolute calibration at multiple frequencies, it is
often more practical for many acoustical measurement set-
ups to use an absolute calibration performed with a sound
calibrator at a single frequency in combination with a
microphone frequency response determined by an electro-
static actuator or manufacturer’s specifications for fre-
quency response/flatness.

[0069] FIG. 4 shows the configuration of a interferometric
microphone calibrator used here. The microphone drive
current is produced and determined in a manner similar to
that described for reciprocity calibrations done at the
National Institute of Standards and Technology (NIST). A
multifunction synthesizer supplies a sinusoidal 1.0 V test
signal to a Type 5998 reciprocity calibration apparatus
(RCA). The RCA amplifies the test signal by 6 dB and
directs it to the microphone through a transmitter unit, which
contains a calibrated capacitor in series with the micro-
phone. The RCA also provides the microphone with its 200
V polarization voltage. An multimeter configured as an AC
voltmeter measures the voltage across the capacitor through
an output of the RCA. A trigger circuit synchronized to the
test signal from the synthesizer is used to provide a trigger
to the voltmeter. After the voltage across the capacitor is
measured, the microphone drive current is calculated from
the known capacitance. The coherence measured between
the synthesizer output and the capacitor voltage at each
frequency was effectively unity (value consistently mea-
sured either 0.999999 or 1.000000), indicating low noise
and a linear relationship between the two voltages.

[0070] The microphone diaphragm velocity measure-
ments are made with a scanning vibrometer that includes a
vibrometer controller used with a velocity decoder, set to its
most sensitive range of 2 (mm/s)/V, a sensor head with a
close-up unit, and a junction box. By performing automated
measurements while scanning the laser beam over the
desired area of the diaphragm, this system acquires velocity
data at multiple scan point locations on the diaphragm. At
each scan point, the velocity is measured from the decoder
signal using Fast Fourier Transform (FFT) signal process-
ing. For a given scan, only the FFT data for the single
frequency bin containing the sinusoidal test frequency are
utilized, since the microphone is driven during the entire
scan at that single frequency.



US 2022/0394404 Al

[0071] The velocity was measured in a circular grid of 129
points in the central 7% of the total diaphragm area, e.g., as
shown in FIG. 6. The grid consisted of a single center point
and 16 rings with eight points each, with 0.15 mm spacing
between rings. In addition, there were four diaphragm edge
points used only as visual aids to set the alignment.
[0072] Nine type LS1P microphones were used to acquire
the data to develop the comparison calibration method. Each
of'these microphones was also calibrated at 250 Hz and 1000
Hz by the reciprocity method using the NIST plane-wave
coupler reciprocity calibration system. On a given day, the
current and velocity measurements were made at both test
frequencies on all microphones sequentially in order to
develop a single complete set of data for the microphone
group. Seven such data sets containing a trial for each
microphone were acquired for the group of nine micro-
phones.

[0073] Barometric pressure and temperature data were
also acquired during the measurements to ensure that these
parameters did not drift outside of allowed limits. For a
given day, the ambient barometric pressure is required to
stay within a range of 10 mbar. The temperature requirement
is 23° C.x2° C.

[0074] Two of the nine microphones, the two with the best
repeatability in velocity divided by current with all velocity
points included, over all trials at 250 Hz, were chosen as
reference microphones. At a given frequency, the sensitivity
of each test microphone was calculated as the average of the
two sensitivities determined using these two reference
microphones.

[0075] For each test microphone and frequency, the vari-
ance of the sensitivities measured from all seven comparison
calibration trials was calculated. For each frequency, the
relative pooled standard deviation was determined from the
relative pooled variance calculated by pooling the variances
for all seven test microphones. This standard deviation
characterizes the repeatability of the comparison calibration
method and is a component of the combined standard and
expanded uncertainties of the measured sensitivity discussed
in the Uncertainty evaluation section. The relative pooled
standard deviation of the sensitivities measured across all
trials is shown in FIG. 8 for both frequencies as a function
of the radius of the circular center region (i.e., number of
rings) included in the calculations. Due to the higher veloc-
ity signal at 1000 Hz, the repeatability is better at this
frequency as compared to 250 Hz for any given radius. For
both frequencies, as the radius of the scanned area increases,
the relative pooled standard deviation improves until it
reaches a minimum at a radius of 1.65 mm (11th ring) for
250 Hz, and a minimum at a radius of 1.50 mm (10th ring)
for 1000 Hz. Including the additional data points out to the
16th ring beyond these smaller areas slightly worsens the
repeatability. The following results were therefore deter-
mined only from data obtained from the points within these
smaller scanned areas (3% of the total diaphragm area).
[0076] Sensitivities of the seven test microphones as mea-
sured with the laser-based comparison calibration method
were compared with the sensitivities as measured via the
reciprocity method. The differences are shown in FIG. 9a for
250 Hz and in FIG. 95 for 1000 Hz, where positive values
indicate that the sensitivities measured by the comparison
method are greater than the sensitivities measured by reci-
procity. The expanded (coverage factor k=2) uncertainty U
is displayed separately for each method; as bars at each data
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point for the comparison method (U=x0.05 dB at both
frequencies), and as dashed lines symmetric about the zero-
difference line for the reciprocity method (U=+0.03 dB at
both frequencies). For 250 Hz, the average absolute differ-
ence is 0.027 dB and the largest difference is 0.042 dB; for
1000 Hz, these values are 0.026 dB and 0.050 dB, respec-
tively. For both frequencies, the differences indicate very
good agreement between the two methods. Two statistical
tests were performed to verify the observed agreement. At
each frequency, a paired t-test showed that the calculated
t-value is less than the critical t-value indicating that the
means are not significantly different (with a probability of
95%). In addition, results from the two methods were
compared with each other by calculating normalized devia-
tions, an approach utilized for comparing measurement
results obtained by laboratories participating in an interla-
boratory comparison with the comparison. A normalized
deviation is the difference between the values being com-
pared divided by the root-sum-square of their uncertainties.
If the absolute value of a normalized deviation is less than
unity, the measurement result is considered to be in agree-
ment with the reference value. If the absolute value of a
normalized deviation is greater than unity, the difference
between the measured result and the reference value is
considered to be greater than what would be expected based
on the uncertainties of both. At each frequency, all of the
normalized deviations were less than unity indicating agree-
ment between the two methods.

[0077] Published guidelines for evaluating uncertainties
were applied to determine the standard and expanded (k=2)
uncertainties for the laser-based comparison calibration
results. These uncertainties are reported and summarized in
Table 1 for both frequencies. For each frequency, a standard
uncertainty is shown for each individual contributing com-
ponent along with the expanded uncertainty calculated for
the measured sensitivities by combining the component
standard uncertainties according to these guidelines. In
addition, the type designations (A or B) of the component
uncertainties are listed.

TABLE 1

Standard and expanded (coverage factor, k = 2) uncertainties
of the laser-based comparison calibration sensitivity
measurements for 250 Hz and 1000 Hz.

Standard Uncertainties (%)

Symbol:
description Type 250 Hz 1000 Hz
Uy : repeatability/pooled variance A +0.091 +0.040
Uyo: long-term drift of references A +0.092 +0.092
up,: sensitivities of references B £0.173 £0.173
Ugy: velocity ratio B +0.136 +0.093
Ugs: current ratio B +0.046 +0.046
ug,: normalized volume velocities B £0.052 £0.073
ugs: polarization voltage B =0.001 =0.001
Uge: barometric pressure drift B +0.003 +0.003
ug7: temperature drift B +0.013 +0.013
Upg: ratio of impedance terms B £0.000 £0.001
Expanded (k = 2) Uncertainties (%)
U +0.53 +0.47
Expanded (k = 2) Uncertainties (dB)
U =0.05 =0.05
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[0078] A Type A standard uncertainty u,, was determined
by calculating the variance of the sensitivities measured for
each test microphone over all seven of the trials and pooling
the variances obtained for all seven microphones. This
standard uncertainty is equal to the standard deviation
derived from the pooled variance. It characterizes the repeat-
ability of the comparison calibration method.

[0079] An additional Type A standard uncertainty u,, was
determined based on the results of a previous statistical
analysis of the long-term stability of type LS1P microphones
calibrated at NIST. It is included to account for the drift that
can occur in the sensitivities of the reference microphones
between periodic reciprocity calibrations, which historically
have been done routinely at NIST every two years.

[0080] A Type B standard uncertainty ug, is included to
account for the uncertainty of the reference microphone
sensitivity at a given frequency as determined by reciprocity.
It is equal to one half of the expanded (k=2) uncertainty of
this sensitivity, which was derived in the same manner as
previously described for Type LS2aP microphone calibra-
tions done at NIST.

[0081] All of the additional standard uncertainties consid-
ered to arise from various other effects were determined
from Type B evaluations by establishing values for the upper
and lower bounds of symmetric rectangular probability
distributions based on estimated limits of the effects on the
measurement results due to each source of uncertainty. In the
absence of any information concerning the shape of the
probability distribution, a rectangular distribution is a rea-
sonable default model to assume. The standard deviation of
a rectangular probability distribution is equal to one half of
the width of the distribution divided by the square root of
three. To determine the standard uncertainties for these Type
B evaluations, the standard deviations were calculated for
each of the rectangular probability distributions developed.
[0082] To derive the standard uncertainty uy, of the veloc-
ity ratio measured between the test and reference micro-
phones, velocity measurements were performed on three
different microphones at four different drive voltages (0.60
V,0.84 V, 1.0V, and 1.1 V) measured at the output of the
synthesizer to investigate the linearity of the velocity mea-
surements. This range in drive voltages more than covers the
range (4 dB) of sensitivities specified for Type LS1P micro-
phones at the two frequencies used. For all three micro-
phones, the various velocity ratios calculated for a given
microphone from the velocities measured for the micro-
phone at the different drive voltages were calculated and
compared to the values expected based on the ratios of the
measured drive voltages. The largest discrepancy found was
used to establish bounds for a symmetric rectangular prob-
ability distribution. The same approach was used to develop
the standard uncertainty uz; for the current ratio measured
between the reference and test microphones by using the
voltage data measured across the reference capacitor instead
of the velocity data.

[0083] The standard uncertainty ug, of the ratio of nor-
malized volume velocities for the test and reference micro-
phones is included to account for potential deviations of this
ratio from one. Such deviations could potentially be caused
by differences in resonance frequencies from the nominal
value of 8200 Hz provided for the Type LS1P microphone
samples. Bounds were established for a symmetric rectan-
gular probability distribution based on deviations in values
of measured resonance frequencies reported for Type LS1P
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and Type LS2P microphones from nominal values in com-
bination with values of g, as a function of normalized
frequency available as graphical data and tabular data.

[0084] To determine the standard uncertainty ugs associ-
ated with the uncertainty of the polarization voltage, bounds
were established for a symmetric rectangular probability
distribution from the multimeter manufacturer’s accuracy
specifications for DC voltage measurements and the 1 mV
difference allowed in the setting of the voltage.

[0085] The standard uncertainties Uz and uy, are included
to account for effects due to drift in the ambient barometric
pressure and temperature, respectively, that could occur
during the course of the comparison calibration between
reference microphone and test microphone measurements.
Bounds were established for symmetric rectangular prob-
ability distributions based on published data regarding the
static pressure and temperature coefficients of laboratory
standard microphones and allowed drifts in the measured
pressure and temperature.

[0086] The standard uncertainty uzg of the ratio of imped-
ance terms for the test and reference microphones is
included to account for potential deviations in this ratio from
one. An analysis of these terms was applied in conjunction
with potential deviations in the acoustic impedances of the
nine microphones from a value determined using nominal
equivalent volume parameters of Type LS1P microphones.
These potential deviations were inferred from the results
obtained by applying an iterative fitting procedure that was
performed during the reduction of reciprocity calibration
data for these nine microphones.

[0087] A laser-based method for comparison calibrations
of microphones has been described in this Example that uses
scanning LDV velocity measurements at and near the center
(central 3% of the diaphragm area) of the Type LS1P test and
reference microphones when the microphones are driven as
transmitters with measured drive currents. The sensitivities
determined with this comparison method at 250 Hz and
1000 Hz for a group of seven test microphones using two
reference microphones calibrated by the reciprocity method
were found to be in very good agreement with the sensi-
tivities determined for those test microphones directly by the
reciprocity method. For 250 Hz, the largest difference in
sensitivities determined by the two methods for any of the
microphones is 0.042 dB and the average absolute differ-
ence, which was calculated using the difference for all test
microphones, is 0.027 dB. For 1000 Hz, the largest differ-
ence is 0.050 dB and the average absolute difference is 0.026
dB.

[0088] The expanded (k=2) uncertainties for the laser-
based comparison method are £0.05 dB at 250 Hz and 1000
Hz. These uncertainties compare favorably to those of the
reciprocity-based comparison calibration service conducted
at NIST with a large-volume acoustic coupler, which are
+0.08 dB at 250 Hz and 1000 Hz. In addition, the laser-based
method is simpler and faster to implement, especially at
1000 Hz where the coupler is hydrogen-filled for the reci-
procity-based comparison service. The expanded (k=2)
uncertainties for the laser-based comparison method also
compare favorably to those specified (+0.08 dB to £0.10 dB)
for a commercial system that implements the method of the
relevant international standard.

[0089] Measurements of the resonance frequencies for
each individual microphone used were not necessary at 250
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Hz and 1000 Hz to obtain the relatively low uncertainties for

the laser-based comparison method.

[0090] The following are incorporated by reference herein

in their entirety.

[0091] W.R. MacLean, “Absolute measurement of sound
without a primary standard,” J. Acoust. Soc. Am. 12 (1),
140-146 (1940).

[0092] R. K. Cook, “Absolute pressure calibration of
microphones,” J. Res. Natl. Bur. Stand. 25 (5), 489-505
(1940).

[0093] A. L. DiMattia and F. M Wiener, “On the absolute
pressure calibration of condenser microphones by the
reciprocity method,” J. Acoust. Soc. Am. 18 (2), 341-344
(1946).

[0094] L. L. Beranek, R. K. Cook, F. F. Romanow, F. M.
Wiener, and B. B. Bauer, “American standard method for
the pressure calibration of laboratory standard micro-
phones 724.4-1949 (abridged),” J. Acoust. Soc. Am. 22
(5), 611-613 (1950).

[0095] ANSI S1.15-1997/Part 1 (R2016), Measurement
Microphones—Part 1: Specifications for Laboratory Stan-
dard Microphones (Acoustical Society of America, Mel-
ville, N.Y., 1997).

[0096] IEC 61094-1-Ed. 2.0 2000, Measurement Micro-
phones—Part 1: Specifications for Laboratory Standard
Microphones (International Electrotechnical Commis-
sion, Geneva, Switzerland, 2000).

[0097] ANSI S1.15-2005/Part 2 (R2015), Measurement
Microphones—Part 2: Primary Method for Pressure Cali-
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[0113] While one or more embodiments have been shown
and described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it is to be understood that the present
invention has been described by way of illustrations and not
limitation. Embodiments herein can be used independently
or can be combined.
[0114] All ranges disclosed herein are inclusive of the
endpoints, and the endpoints are independently combinable
with each other. The ranges are continuous and thus contain
every value and subset thereof in the range. Unless other-
wise stated or contextually inapplicable, all percentages,
when expressing a quantity, are weight percentages. The
suffix (s) as used herein is intended to include both the
singular and the plural of the term that it modifies, thereby
including at least one of that term (e.g., the colorant(s)
includes at least one colorants). Option, optional, or option-
ally means that the subsequently described event or circum-
stance can or cannot occur, and that the description includes
instances where the event occurs and instances where it does
not. As used herein, combination is inclusive of blends,
mixtures, alloys, reaction products, collection of elements,
and the like.

[0115] As used herein, a combination thereof refers to a

combination comprising at least one of the named constitu-

ents, components, compounds, or elements, optionally
together with one or more of the same class of constituents,
components, compounds, or elements.

[0116] All references are incorporated herein by reference.

[0117] The use of the terms “a,” “an,” and “the” and

similar referents in the context of describing the invention
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(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. It can further be noted that the terms first, second,
primary, secondary, and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. It will also be understood
that, although the terms first, second, etc. are, in some
instances, used herein to describe various elements, these
elements should not be limited by these terms. For example,
a first current could be termed a second current, and,
similarly, a second current could be termed a first current,
without departing from the scope of the various described
embodiments. The first current and the second current are
both currents, but they are not the same condition unless
explicitly stated as such.
[0118] The modifier about used in connection with a
quantity is inclusive of the stated value and has the meaning
dictated by the context (e.g., it includes the degree of error
associated with measurement of the particular quantity). The
conjunction or is used to link objects of a list or alternatives
and is not disjunctive; rather the elements can be used
separately or can be combined together under appropriate
circumstances.
What is claimed is:
1. An interferometric microphone calibrator for compari-
son calibrating a microphone, the interferometric micro-
phone calibrator comprising:
an interferometer in optical communication with a micro-
phone and that produces an interferometer measure-
ment light, communicates the interferometer measure-
ment light to the microphone, and receives an
interferometer backscattered light from the micro-
phone, such that a sensitivity of a test microphone is
interferometrically calibrated to a reference micro-
phone from the interferometer backscattered light;

apreamplifier-controller in electrical communication with
the microphone, and that receives a driver signal from
a microphone driver and drives the microphone driver
in a transmission mode based on the driver signal;

the microphone driver in electrical communication with
the preamplifier-controller and that receives a driver
control signal from a calibration controller and pro-
duces the driver signal based on the driver control
signal; and

a calibration controller in electrical communication with

the microphone driver and that produces the driver
control signal and communicates the driver control
signal to the microphone driver.

2. The interferometric microphone calibrator of claim 1,
further comprising the microphone in optical communica-
tion with the interferometer and in electrical communication
with the preamplifier-controller.

3. The interferometric microphone calibrator of claim 2,
wherein the microphone comprises a microphone body
disposed on the preamplifier-controller and a microphone
diaphragm.

4. The interferometric microphone calibrator of claim 3,
wherein the preamplifier-controller converts the driver sig-
nal from the microphone driver into an electrical waveform
that is communicated to the microphone, and electronics in
the microphone body receive the electrical waveform from
the preamplifier-controller and moves the microphone dia-
phragm according to the electrical waveform.
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5. The interferometric microphone calibrator of claim 4,
wherein the microphone diaphragm moves according to the
electrical waveform to produce an acoustic wave comprising
an amplitude and frequency from the electrical waveform,
receives the interferometer measurement light from the
interferometer, and produces the interferometer backscat-
tered light from the interferometer measurement light.

6. The interferometric microphone calibrator of claim 1,
further comprising a base on which the preamplifier-con-
troller is disposed.

7. The interferometric microphone calibrator of claim 6,
wherein the base moves the preamplifier-controller and the
microphone relative to the interferometer so that the inter-
ferometer measurement light is received at different loca-
tions depending the on the position of the microphone
relative to the interferometer, and the interferometer back-
scattered light is produced corresponding to a location of the
interferometer measurement light on the microphone dia-
phragm.

8. The interferometric microphone calibrator of claim 7,
wherein the base is in electrical communication with the
calibration controller and that receives a base control signal
from the calibration controller and moves the preamplifier-
controller relative to the interferometer based on the base
control signal.

9. The interferometric microphone calibrator of claim 7,
wherein the calibration controller produces interferometer
control signal, the driver control signal, and the base control
signal; and

communicates the interferometer control signal to the

interferometer under which the interferometer is con-
trolled, the driver control signal to the microphone
driver, and the base control signal to the base,

such that the calibration controller controls and synchro-

nizes the interferometer and the microphone driver.

10. The interferometric microphone calibrator of claim 7,
wherein the calibration controller receives interferometer
data from the interferometer, and determines the sensitivity
of the microphone.

11. The interferometric microphone calibrator of claim 1,
further comprising a beam steerer in optical communication
with the interferometer and the microphone, optically inter-
posed between the interferometer and the microphone, such
that the interferometer receives the interferometer measure-
ment light from the interferometer and selectively directs the
interferometer measurement light to a specific location on
the microphone diaphragm.

12. The interferometric microphone calibrator of claim 1,
further comprising an interferometer mount in mechanical
communication with the interferometer, such that the inter-
ferometer mount mechanically isolates the interferometer
from motion of the preamplifier-controller and the micro-
phone.

13. The interferometric microphone calibrator of claim 1,
wherein the microphone comprises a reference microphone
or a test microphone.

14. The interferometric microphone calibrator of claim
13, wherein the sensitivity of the test microphone is deter-
mined from the sensitivity of the reference microphone by
the interferometric microphone calibrator, which are both
determined from separate, respective measurement of inter-
ferometer backscattered light from the microphone dia-
phragm of the test microphone and the interferometer back-
scattered light from the microphone diaphragm of the
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reference microphone, disposed as the microphone during
such separate, respective measurement.
15. A process for comparison calibrating a microphone,
the process comprising:
disposing a reference microphone on a preamplifier-
controller, the reference microphone comprising a ref-
erence microphone diaphragm;
producing an interferometer measurement light by an
interferometer;
subjecting the reference microphone diaphragm of the
reference microphone to the interferometer measure-
ment light by aligning the interferometer measurement
light to a first sampling location on the reference
microphone diaphragm;
subjecting the reference microphone to an electrical
waveform from the preamplifier-controller;
moving the reference microphone diaphragm according to
the electrical waveform;
producing, by the reference microphone diaphragm, an
acoustic wave comprising an amplitude and frequency
from the electrical waveform;
determining, by the microphone driver, the drive current
through the reference microphone;
producing, by the reference microphone diaphragm, inter-
ferometer backscattered light in response to the sub-
jecting the reference microphone diaphragm to the
interferometer measurement light;
receiving the interferometer backscattered light by the
interferometer from the reference microphone dia-
phragm;
determining, by the interferometer, the motion of the
reference microphone diaphragm from the interferom-
eter backscattered light;
repositioning the interferometer measurement light to a
different sampling location on the reference micro-
phone diaphragm;
determining, by the interferometer, the motion of the
reference microphone diaphragm at the different sam-
pling location on the reference microphone from the
interferometer backscattered light;
terminating the electrical waveform subjected to the ref-
erence microphone;
determining the pressure sensitivity of the reference
microphone from the determinations of the motion of
the test microphone diaphragm;
removing the reference microphone from the preampli-
fier-controller and disposing a test microphone on the
preamplifier-controller, the test microphone comprising
a test microphone diaphragm;
performing with the test microphone the following steps:
subjecting the test microphone diaphragm of the test
microphone to the interferometer measurement light
by aligning the interferometer measurement light to
the first sampling location on the test microphone
diaphragm;
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subjecting the test microphone to the electrical wave-
form from the preamplifier-controller;
moving the test microphone diaphragm according to
the electrical waveform;
producing, by the test microphone diaphragm, another
acoustic wave comprising the amplitude and fre-
quency from the electrical waveform;
determining, by the microphone driver, the drive cur-
rent through the test microphone;
producing, by the test microphone diaphragm, interfer-
ometer backscattered light in response to the sub-
jecting the test microphone diaphragm to the inter-
ferometer measurement light;
receiving the interferometer backscattered light by the
interferometer from the test microphone diaphragm;
determining, by the interferometer, the motion of the
test microphone diaphragm from the interferometer
backscattered light from the test microphone dia-
phragm;
repositioning the interferometer measurement light to a
different sampling location on the test microphone
diaphragm; and
determining, by the interferometer, the motion of the
test microphone diaphragm at the different sampling
location on the test microphone from the interfer-
ometer backscattered light; and
terminating the electrical waveform subjected to the
test microphone; and
determining the pressure sensitivity of the test micro-
phone based on determinations of the motion of the test
microphone diaphragm, the drive current of the test
microphone, and the pressure sensitivity of the refer-
ence microphone.
16. The process of claim 15, wherein determining the
pressure sensitivity of the test microphone is performed
according to:
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17. The process of claim 15, further comprising subject-
ing the reference microphone to a polarization voltage.

18. The process of claim 17, further comprising termi-
nating the polarization voltage subjected to the reference
microphone.

19. The process of claim 15, further comprising measur-
ing an electronic noise of the preamplifier-controller and the
microphone driver.

20. The process of claim 15, wherein repositioning the
interferometer measurement light to the different sampling
location on the reference microphone diaphragm comprises:

moving a base on which the preamplifier-controller is

disposed or directing the interferometer measurement
light to the different sampling location.
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