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(57) ABSTRACT

An in-ear noise dosimeter in the form of an earplug which
senses sound in the ear canal using an eartip which has a
sound delivery channel that couples sound at the end closest
to the eardrum to an earplug microphone. The earplug can
communicate wirelessly with a remote data collection and
processing system. A dock unit for storing the earplugs when
not worn can compensate for differences in unoccluded-ear
versus occluded-ear responses by an acoustic compensator.
An electronic compensation filter can be modified by a
proximity switch in the earplug which changes state when
the earplug is worn in the ear versus stored in a dock unit.
The dosimeter can also have a temperature sensor for
sensing human body temperature and remotely-located
wireless LEDs used to alert the user of high noise dosage.
Data can also be downloaded from the earplug using a reader
unit.
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IN-EAR NOISE DOSIMETRY SYSTEM

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims one or more inventions
which were disclosed in U.S. patent application Ser. No.
15/497,970, filed Apr. 26, 2017, U.S. Provisional Applica-
tion Number 62/328,065, filed Apr. 27, 2016, entitled “In-
Ear Noise Dosimetry System”, and Provisional Application
Number 62/409,930, filed Oct. 19, 2016, entitled “In-Ear
Noise Dosimetry System”. The benefit under 35 USC §119
(e) of these United States applications is hereby claimed, and
the aforementioned applications are hereby incorporated
herein by reference.

ACKNOWLEDGMENT OF GOVERNMENT
SUPPORT

[0002] This invention was made with government support
under SBIR grant 1R430H011145-01, awarded by the U.S.
Centers for Disease Control and Prevention. The govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

Field of the Invention

[0003] The invention pertains to the field of measurement
of sound levels. More particularly, the invention pertains to
an in-ear noise dosimeter.

Description of Related Art

[0004] Hearing loss accounted for at least 14% of occu-
pational illness in 2007, and approximately S242M is spent
annually on worker’s compensation for hearing loss disabil-
ity. According to the CDC, four million workers go to work
each day in damaging noise, while ten million in the U.S.
suffer noise-related hearing loss. Approximately 82% of the
occupational noise induced hearing loss (NIHL) was
reported in the manufacturing sector. Occupational NIHL is
an outsized problem considering our capability to virtually
eliminate it.

[0005] Sound Pressure Level is measured in decibels (dB),
and for the purposes of indicating the effect on human beings
of sound pressure level in air, can be frequency-weighted to
compensate for the sensitivity of the human ear. The most
commonly used of such scales is “A” frequency weighting,
so sound levels for occupational exposure are usually
expressed in dBA units, meaning sound pressure in air
measured in decibels and weighted by the “A” frequency
weighting system. The decibel is a base-10 logarithmic unit,
so that a difference of 6 dB indicates a doubling in sound
pressure level, 20 dB indicates a factor of ten times, 40 dB
an increase of 100 times, and so on. Thus, a sound level of
100 dBA is 10 times a sound level of 80 dBA, and what
might appear to be a numerically small difference in dBA is
actually a very large difference noise exposure. The standard
for sound level meters is set out in ANSI specification S1.4,
which is incorporated herein by reference.

[0006] The National Institute for Occupational Safety and
Health (NIOSH), a part of the Centers for Disease Control
(CDC), recommends that employees should not be exposed
to sound at a level of 85 dBA for eight hours or more.
[0007] The OSHA Occupational Noise Exposure standard
states that an employee must not receive sound at a time-
weighted average (TWA) level of over 90 dBA of over an
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eight-hour period, and if an employee is exposed to 85 dB
TWA, or above, over an eight-hour period, the employer
shall administer a continuing, effective hearing conservation
program. The standard also states that the employer shall
establish and maintain an audiometric testing program by
making audiometric testing available to all employees
whose exposures equal or exceed an eight-hour TWA of 85
dB. Audiometric tests shall be conducted by a trained
professional. If hearing thresholds shifts are measured in an
employee, over time, hearing protectors and training of their
use are required.

[0008] According to OSHA regulations, an employee may
be exposed to 85 dBA TWA over a 16 hour period, compared
to 90 dBA TWA for 8 hours. The change in decibels required
for doubling the allowed exposure time is called the
“exchange rate.” For the OSHA regulation, the exchange
rate is 5 dB.

[0009] Employees who are exposed to a TWA of 85 dB
over eight hours, and do not have an audiogram baseline
measurement, are required by the regulations to wear hear-
ing protecting devices (HPDs) at no cost to the employee.
Employers are required to provide training regarding use of
the HPD and to ensure proper initial use.

[0010] Although, legally, employees may be exposed to 90
dBA for eight hours, a review of research by NIOSH shows
that significant NTHL can occur at levels above 85 dBA for
eight hours. NIOSH recommends a more restrictive maxi-
mum of 85 dB TWA exposure with a 3 dB exchange rate.
Hence, even a 3 dB change in noise level is very significant.

[0011] Compliance with this standard is complicated and
expensive regarding record retention, equipment and the
involvement of professionals when a hearing conservation
program is required.

[0012] In-ear personal noise dosimeters (iPNDs), like the
one shown in prior art FIGS. 1 through 3, have been
developed to address noise exposure in the workplace. The
system in FIGS. 1 through 3 comprises in-ear dosimetry
earplugs 2 (herein referred to as “earplugs” for brevity) that
communicate with an electronics unit using electrical cables
4. As seen in FIG. 2, the earplugs 2 worn in an ear 11 have
a microphone 6 within an earplug shell 8, and the shell is
attached to an eartip 10. The earplug shell 8 is generally
cylindrically shaped, in this example. The eartip 10 is also
generally cylindrical in shape and has a sound delivery
channel (SDC) 12 that allows sound in an ear canal 14 to be
acoustically coupled from the ear canal 14 to the micro-
phone 6. In this way, the microphone 6 can monitor the
sound in the ear canal 14.

[0013] The eartip 10 and earplug shell 8 provide a barrier
to the acoustic noise from the user’s environment to reduce
the noise exposure of the user. Eartips 10 may be constructed
using foam, silicone, rubber or other materials that can form
an acoustic seal with the walls of an ear canal 14, and can
be custom fitting or universal fitting. Eartips 10 may be
removable, as in the case with foam eartips, or permanently
attached to the earplug shell 8, as is the case with custom-
molded silicone earplugs, as known in the art.

[0014] The noise that reaches the ear canal 14, due to
earplug 2 vibration and flanking acoustic transmission paths,
is sensed by the earplug microphone 6. The microphone
output is transmitted via electrical cables 4 to an electronics
unit (not shown) that determines noise exposure, continu-
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ously. In this way, the user is protected from ambient noise
in the environment, and the noise exposure of the user is
monitored.

[0015] If the user needs to remove the earplugs 2, the
electrical cables 4 may be draped behind the neck and over
the shoulders so that the earplugs 2 lay on the chest, as seen
in FIG. 3. The microphones 6 will then monitor the noise at
the chest location, as an alternative for monitoring the noise
at the center-head location, which is a preferred monitoring
location.

[0016] In this way, if the user removes the earplugs 2 to
talk to a co-worker during face-to-face communications, a
higher noise exposure is measured by the electronics unit
because the noise level at the unprotected chest location is
higher than the noise level in a protected ear canal 14. The
chest measurement is an alternative position compared to the
measurement at the center head; however, the shoulder is a
more common location to measure unprotected noise due to
sound reflection from the chest and closer location of the
shoulder to the head.

[0017] A problem with this technique of monitoring noise
exposure in the ear canal 14, when the user is wearing the
earplugs 2, as well as outside of the ear 11, when the user is
not, is that the microphones 6 in the earplugs 2 are not
measuring the correct acoustic transfer functions. The chest
location is not as desirable as the shoulder location. More-
over, when the earplugs 2 are worn in the ear 11, the
microphone 6 response should be compensated by the
diffuse field response of the human ear, at least to some
degree; otherwise, the in-ear measurements are too high and
overestimate the exposure.

[0018] The noise dose measured assumes an unoccluded
ear canal, which has a diffuse field response that signifi-
cantly amplifies sound in the region of 2,000 Hz to 5,000 Hz
due to acoustical resonances of the ear as seen in the [TU-T
P.58 specification (Head and Torso Simulator For Telepho-
nometry) table 3/P.58. A 14 dB boost can be seen at 2,500
Hz. When an iPND is used, the pressure measured in the ear
canal is the actual pressure in the ear canal, assuming
negligible occluded ear resonance.

[0019] This means that the iPND noise dose measure-
ments are significantly too high. They should be compen-
sated by the diffuse field response of the ear, by at least some
degree, but are not, at this time. However, if they were
compensated using an electrical filter, then when the ear-
plugs were draped over the shoulder, the earplug micro-
phone measurement would be incorrect because the micro-
phone signal would be compensated by the in-ear
compensation filter, but the earplugs would not be occluding
the ear canal, and the filter shouldn’t be used. That is, it
would be beneficial to have two frequency responses for the
system: one when the earplug is worn in the ear, and another
when the earplug is not. Currently, iPNDs do not have this
important feature.

[0020] Moreover, although wired iPNDs are effective, the
wires connecting the earplugs to the dosimeter are problem-
atic to many workers. The wires conduct vibration to the
earplug causing earplug vibration and substantial sound
generation. Moreover, when wired earplugs are used with
earmuffs for double hearing protection, the wires create gaps
that deteriorate attenuation provided by the earmuffs. Wires
also tend to get caught on machinery or other objects causing
a significant safety hazard. When moving the head, there is
tugging on the earplugs that may cause an annoyance, and

Jul. 4,2019

if wearing earmufTs over the earplugs, the wires put force on
the earplugs also causing discomfort. Wires also reduce
reliability, due to breakage, and the connectors needed are
costly and can also fail. If the user is wearing hazardous
materials headgear or other headgear that needs to create a
gas-tight seal around the head, wires are also a problem as
they break the gas-tight barrier.

SUMMARY OF THE INVENTION

[0021] The invention presents an in-ear noise dosimeter in
the form of an earplug comprising an earplug shell, or body,
that contains earplug components. An eartip, which has a
sound delivery channel that acoustically couples sound at
the proximal end of the eartip (closest to the eardrum when
worn in an ear) to an earplug microphone, is attached to the
earplug shell.

[0022] When the earplug is worn in a human ear, the
microphone senses sound in the ear canal. The microphone
communicates electrically with earplug electronics, located
within the earplug. A battery, preferably rechargeable, is
used in one embodiment to provide power for the earplug
electronics and microphone. An earplug transceiver is used
to communicate with a remote data collection and process-
ing system.

[0023] In one wire-free embodiment, the earplug in this
embodiment is free of external electrical cables and con-
nectors. The earplug, in one embodiment, incorporates a
switch that modifies the response of an audio signal derived
from the microphone output depending on whether the
earplug is in the ear or not in the ear. The invention also may
make use of a temperature sensor for sensing human body
temperature and remotely-located wireless light emitting
diodes (LEDs) used to alert the user of high noise dosage.
[0024] The invention also presents a dock unit for storing
the earplugs when not worn in the ear. In one embodiment
of the invention, the dock unit compensates for differences
in unoccluded-ear versus occluded-ear responses for mea-
suring the unprotected and protected noise dose by incor-
porating an acoustic compensator.

[0025] The invention also presents a reader unit for down-
loading data from the earplug, charging an earplug battery
and calibrating the earplug.

BRIEF DESCRIPTION OF THE DRAWING

[0026] FIGS. 1-3 show prior art in-ear dosimeters.
[0027] FIG. 4 shows an embodiment incorporating in-ear
dosimetry earplugs and a dock unit.

[0028] FIG. Sa shows a cross section of an embodiment of
an in-ear dosimetry earplug.

[0029] FIG. 55 shows a top view of the earplug from FIG.
5a.

[0030] FIG. 6 shows how the earplugs can be stored in or
on a dock unit.

[0031] FIG. 7 shows a block diagram of an embodiment of

the earplug electronics from FIGS. 4 through 6.

[0032] FIG. 8 shows a block diagram of a prior art RFID
chip.
[0033] FIG. 9 shows a cross section of the embodiment of

a dock unit from FIG. 4.

[0034] FIG. 10 shows a block diagram of the dock unit
electronics and other dock unit components.

[0035] FIG. 11 shows an in-ear dosimetry system employ-
ing a neckloop as a transceiver antenna.
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[0036] FIG. 12 shows a cross section of an earplug and
dock unit for this embodiment.

[0037] FIG. 13 shows a block diagram of the earplugs
from FIG. 11.
[0038] FIG. 14 shows a block diagram of the dock unit

electronics and other components from FIG. 12.

[0039] FIG. 15 shows another embodiment of a dock unit
with earplugs.
[0040] FIG. 16 shows another embodiment of the earplug

of the invention.

[0041] FIG. 17 shows a block diagram of a dosimeter
system using the earplug of FIG. 16.

[0042] FIG. 18 shows the earplugs from FIG. 16 along
with two dock units.

[0043] FIG. 19 shows a cross-sectional view of another
embodiment of an earplug and dock unit of the invention.
[0044] FIG. 20 shows a cross section of a passive dock
unit in that it incorporates no active electronics.

[0045] FIG. 21 shows a schematic of an A-weighted filter
with a compensation filter that is a bridged-T filter.

[0046] FIG. 22 shows an embodiment of an in-ear dosim-
eter earplug of the invention incorporating a proximity
switch.

[0047] FIG. 23 shows an embodiment of the current
invention with a separate dock unit for each earplug that can
be worn on the shoulders for storing earplugs.

[0048] FIG. 24 shows the earplug electronics and other
supporting components of the earplug embodiment from
FIG. 22.

[0049] FIG. 25 shows an embodiment of equalization
circuit from FIG. 24.

[0050] FIG. 26 shows the earplug embodiment from FIG.
22 in the dock unit from FIG. 23.

[0051] FIG. 27 shows the earplug incorporating an addi-
tional temperature sensor for sensing temperatures of the
external ambient environment.

[0052] FIG. 28 shows in-ear dosimetry earplugs incorpo-
rating wireless links to remotely-located LEDs.

[0053] FIG. 29 shows a noise dosimetry system incorpo-
rating a noise dosimetry earplug, an earplug reader unit, a
dock unit, remotely-located indicators and a computer.

DETAILED DESCRIPTION OF THE

INVENTION
[0054] The in-ear dosimetry system of the invention pro-
vides improved functionality and performance and

addresses the problems of wires, the difference in occluded
versus unoccluded ear responses, earplug storage and proper
location of noise dose monitoring when the earplugs are not
in the ears. The system also provides improved feedback to
the user concerning overexposure, and monitors the health
of the worker by monitoring body temperature, which is also
used to determine if the user is wearing the earplugs.
[0055] Wires are eliminated using novel wireless tech-
niques. Occluded ear responses are accounted for by using
a novel electronic filter, so that the difference between
occluded and unoccluded ear responses when the earplugs
are worn and not worn is also addressed using novel
electronic filters and acoustic compensation devices. Anovel
storage device for the earplugs creates a simple and sanitary
storage solution that also functions to locate the earplugs in
the correct location for noise monitoring when the earplugs
are not worn.

Jul. 4,2019

[0056] The user does not need to remember to switch in
electronic filtering using the current invention to account for
unoccluded and occluded ear responses. The transfer func-
tions are automatically modified to their correct responses
just by storing the earplugs in a dock unit or by monitoring
a temperature sensor that measures the temperature of the
external ambient environment.

[0057] The dock unit is worn on the shoulder, in a pre-
ferred embodiment, providing the correct location for the
noise dose measurement when the earplugs are not worn in
the ear and the correct response is achieved at both the
shoulder and in-ear locations using novel techniques.
[0058] A preferred embodiment of the system can be seen
in FIG. 4. This embodiment incorporates wireless in-ear
dosimetry earplugs 16 and a dock unit 18. The dock unit 18
comprises an ambient microphone 20, a vibration transducer
22 and associated dock unit electronics (not shown). These
earplugs 16 can be worn effectively and comfortably under
earmuffs, not shown, to achieve “double hearing protec-
tion.”

[0059] A cross section of an embodiment of the in-ear
dosimetry earplugs 16 of the current invention can be seen
in FIG. 5a. The earplugs comprise an earplug shell 8, or
body, that contains earplug components. An eartip 10 is
attached to the earplug shell 8 and has a sound delivery
channel 12 that acoustically couples sound at the proximal
end (closest to the eardrum when worn in an ear) of the
eartip 10 to an earplug microphone 6.

[0060] When the earplug 16 is worn in an ear 11, similar
to how the earplug in FIG. 2 is worn in an ear 11, the
microphone 6 senses sound in a human ear canal 14. The
microphone 6 communicates electrically with earplug elec-
tronics 23, located within the earplug shell 8. A battery 24,
preferably rechargeable, is used in this embodiment to
provide power for the earplug electronics 23 and micro-
phone 6.

[0061] An earplug antenna 26 is used to communicate
with a remote data collection and processing system (not
shown). This wire-free embodiment eliminates the problems
previously mentioned regarding wires. The earplug 16 in
this embodiment is free of external electrical cables and
connectors. A top view of the earplug 16 from FIG. 5a can
be seen in FIG. 5b.

[0062] In this embodiment, when the earplugs 16 are
removed from the ears, they can be stored in or on a dock
unit 18, as seen in FIG. 6. While the earplugs 16 are stored,
they can continue to collect ambient noise data. The dock
unit 18 has an ambient microphone 20 that can be used to
collect ambient noise data. When the earplugs 16 are worn
in the ear, time-stamped data collected by the earplugs 16
can be compared to time-stamped data collected by the dock
unit 18 to determine actual noise attenuation provided by the
earplugs 16. This information can be used to determine if a
user wears his/her earplugs 16 properly. If the data indicate
that a user is not wearing the earplugs 16 to achieve proper
attenuation, a supervisor may intervene and work with the
user to improve the earplug fit, preventing problems of
hearing damage in the future.

[0063] A vibration transducer 22 in the dock unit can be
used to provide tactile feedback to the user, such as when
maximum noise dosage has been reached or if the earplugs
16 are not providing adequate protection, for example. The
dock unit 18 of the current invention can be used with both
wired and wireless iPNDs.
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[0064] FIG. 7 shows a block diagram of an embodiment of
the earplug electronics 23 and other earplug components
from FIGS. 4 through 6. A battery 24 provides electrical
power for earplug 16 components in this embodiment.

[0065] The earplug microphone 6 is connected to a micro-
phone bias circuit 28 which provides power to the micro-
phone 6 and processes the microphone audio signal 30. The
microphone bias circuit 28 is connected to an equalization
circuit 32 which can provide filtering, such as A-weighted
filtering, known in the art and used in noise dosimeters. A
specification for an A-weighted filter can be found in ANSI
S1.42 Design Response of Weighting Networks for Acous-
tical Measurements, table 2.

[0066] The output of the equalization circuit 32 is pro-
cessed, at least by squaring and averaging, in a processing
function which provides data processing for calculation of
the noise dose. In FIG. 7, this is shown as a squaring circuit
34 and averaging circuit 36. However, the processing func-
tion could also be performed by a root-mean-square (RMS)
circuit as will be discussed below, which provides squaring
and averaging with the addition of taking the square root of
the result.

[0067] Inthis embodiment, the noise dose is not calculated
using earplug electronics. The actual noise dose, which is a
more complicated calculation, is calculated remotely in the
dock unit 18 or other remote device. The noise dose calcu-
lation requires more electrical power, which would require
a larger battery in an earplug.

[0068] The earplug processed signal 38, from the averag-
ing circuit 36, is input to a sensor port of an RFID chip 40.
In this way, the processed signal 38 from the microphone 6
can be sampled by the RFID chip 40.

[0069] A schematic of an RFID chip can be seen in FIG.
8 (prior art). This RFID chip schematic was derived from the
specification of a commercially available chip, the AMS
SL13A RFID sensor tag and data logger IC manufactured by
the Austrian company ams AG, but it will be understood that
this is for example only and other chips may be used within
the teaching of the invention. The chip 40 can be powered
using an external battery, but can also be powered using a
coil and an external magnetic field. The chip 40 has an
output voltage that can be used to power external electrical
components. The chip 40 may be controlled using external
digital logic through an SPI controller. The chip 40 also has
an external sensor input. Internally, the chip 40 has
EEPROM program memory, a data logging circuit for
storing data with a time stamp created by a time circuit, an
analog to digital converter (A/D) with sampling capability,
an internal processor and the ability to use a coil for wireless
communications, among other functions. A temperature sen-
sor is also built into this chip. The internal processor of the
RFID chip 40 can be used for calculating noise dosage.

[0070] The RFID chip 40 in the earplug 16 can commu-
nicate with an RFID transceiver remotely located using an
earplug antenna 42. The earplug antenna 42 from FIG. 7, in
this embodiment, is the coil from FIG. 8 (prior art).

[0071] While the term “RFID chip” and “RFID trans-
ceiver” is used herein, it will be understood that this term is
intended to mean a radio-frequency transmitter or trans-
ceiver circuit capable of transmitting the data from the
earplug to the remote circuit or dock described below. It is
not intended to limit the invention to specific chips intended
solely for RFID purposes.
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[0072] The noise dose can thus be determined remotely
using an integrator and calculations described in ANSI
S1.25 (Specification for Noise Dosimeters), for example.
This has significant benefits because the noise dose calcu-
lation requires additional electrical power. This novel pro-
cess of splitting the noise dose calculation into two separated
calculations in two separate physical systems, one done in
the earplug and one outside of the earplug, enables the use
of a smaller battery in the earplug, which means a smaller,
better-fitting and more comfortable earplug can be employed
in this embodiment. This is important because earplugs need
to be very small so they can fit comfortably in the ear.
[0073] In this embodiment, the filtered, squared and aver-
aged earplug microphone data are exported to another
device that calculates the noise dose using an integrator. The
earplug processing may also contain a square root circuit so
that filtered root mean squared data are exported. The
external device can be a smart phone or other handheld
device that can be used to spot check the user’s noise dose.
The device only needs to be held in the vicinity of the
earplug in question. The data are then downloaded and the
noise dose is calculated in the remote device. In other
embodiments of the invention, the RFID chip or a separate
chip within the earplug 16 calculates the noise dose.
[0074] There are some electronic chips, such as “all-in-
one” digital audio processing chips, that can provide the
microphone bias, equalization, squaring and averaging func-
tions in one single chip if programmed properly. An earplug
microphone may be connected directly to an “all-in-one”
audio chip and its output, in digital or analog form, may be
directly connected to an RFID chip. However, these “all-
in-one” chips typically require more electrical power com-
pared to analog solutions and typically require a larger
battery.

[0075] A cross section of the embodiment of a dock unit
18 from FIG. 4 of the current invention is shown in FIG. 9.
The dock unit has several novel features. The dock unit has
recesses 44 that the earplugs 16 can fit into for storage. To
secure the earplugs 16 in place in this embodiment, dock
magnets 46 are used to create a retention force due to
attraction to components in the earplugs 16, such as the
earplug battery 24. The dock unit 18 has switches 48 that are
activated when the earplugs 16 are stored in the dock unit 18.
[0076] The dock unit 18 in this embodiment includes a
spring 50 and clothes clip 52 that can be used to attach the
dock unit 18 to the user’s clothing, preferably at the shoulder
location. Another convenient location to clip the dock umit
18 would be to a shirt pocket. An ambient microphone 20
mounted to the dock unit 18 is used to monitor ambient
sound. A vibration transducer 22 in the dock unit 18 can be
used to alert the user of events such as reaching maximum
noise dose.

[0077] The switches 48, ambient microphone 20 and
vibration transducer 22 communicate with dock unit elec-
tronics 54. A battery 56 provides power for dock unit
electronics 54.

[0078] Dock unit transceiver antennas 58 are used to
communicate with the transceiver antennas 42 of each
earplug 16. Magnetic fields are used in this embodiment for
wireless communications.

[0079] Processed earplug microphone data may be com-
municated to dock unit electronics 54 for further processing.
For example, the earplug microphone signal 38 that has been
equalized, squared and averaged may be downloaded to the
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dock unit 18 where these data are used to calculate noise
dosage using an integrator and other processors. The wire-
less magnetic communication between the dock unit trans-
ceiver antennas 58 and earplugs 16 may also be used to
recharge the earplug batteries 24.

[0080] A dock unit 18 may be used for each earplug 16 and
worn on each shoulder. The dock unit 18 may also be
attached to items such as hard hats. LED lights may be used
on the dock unit 18 to indicate when the earplugs 16 are
docked and not docked. This would be useful for a super-
visor in quickly determining if the earplugs 16 are being
worn, as a red LED is easily seen at a distance.

[0081] FIG. 10 is a block diagram of the dock unit 18
electronics 54 and other dock unit 18 components. The
ambient microphone 20 constantly monitors the noise level
at the dock unit location, on the user’s shoulder in the
preferred embodiment. A microphone bias circuit 60 pro-
vides power and filtering to the ambient microphone output
signal, and the microphone bias signal is input to a digital
signal processor (DSP) 61, in this preferred embodiment.
The DSP 61 calculates the noise dose at the ambient
microphone 20 location. Data may be stored in a memory
chip 62. The DSP 61 can communicate to other devices,
including the earplugs 16, using an RFID chip 64 and dock
unit transceiver antenna 58.

[0082] At least one switch 48, in this embodiment, is used
to detect when an earplug 16 is stored in the dock unit 18.
This information is important because the dock unit 18 can
time stamp when the user’s ear is unprotected. A switch 48
for each earplug 16 is preferred. The dock unit electronics 54
can communicate with a vibration transducer 22 to alert the
user of various problems, such as high noise dose. The
filtered, squared and averaged data are downloaded from the
earplugs 16 using the dock unit transceiver antennas 58. An
integrator 66 is used to calculate the noise dose from each
earplug 16. The integrator 66 may be incorporated within the
DSP 61 or may be a separate circuit.

[0083] FIG. 11 shows an in-ear dosimetry system employ-
ing a neckloop 70 as a transceiver antenna. The neckloop 70
consists of at least one turn of electrical wire. A dock unit 72
in this embodiment communicates with the earplugs 16,
wirelessly, using the neckloop 70 by generating magnetic
fields. (The figure shows magnetic fields for only one of two
channels to improve clarity.) The dock unit 72 is clipped to
the clothing of the user, in this embodiment, so that the dock
unit 72 rests on the shoulder. The neckloop 70 may also be
worn like a necklace with the dock unit 72 hanging against
the chest or other locations in other embodiments.

[0084] The cross section of an earplug 16 and dock unit 18
for this embodiment can be seen in FIG. 12. Note that only
one earplug 16 is shown, for clarity, but a second earplug can
be stored in the dock unit 18 in a similar way. In this
embodiment, the earplug 16 is stored with the majority of
the eartip 10 housed within cavity 74 in the dock unit 18.
The cavity 74 is acoustically coupled to the acoustic noise
environment through an acoustic port 76 and an acoustic
network 78 that may consist of tubes, chambers, screens and
other acoustical elements.

[0085] In this embodiment, when the earplug 16 is stored
in the dock unit 18, the earplug microphone 6 is acoustically
coupled to the acoustic noise environment. The acoustical
network 78 can be used to tailor the response of the earplug
microphone 6 output when docked to compensate for a

Jul. 4,2019

change in acoustic response in the dock unit 18 compared to
the acoustic response in an ear canal 14.

[0086] The dock unit 18 of the preferred embodiment
provides a hygienic place to store the earplugs 16, instead of
a pants pocket, for example that could soil an eartip 10. The
eartip 10 remains clean when stored in the dock units 18, and
the earplugs 16 are easily accessible. Moreover, the eartips
10 are out of view, so that co-workers do not see the ear wax
deposits of another co-worker, and this creates an aestheti-
cally pleasing situation and prevents embarrassment.
[0087] In this embodiment, a proximity switch 79 is
incorporated into the earplug 16 and switches state when in
the presence of the magnetic field from dock magnet 46. The
dock magnet 46 holds the earplug 16 in the dock unit 18. In
this way, when the earplug 16 is stored in the dock unit 18
the earplug electronics 23 can be alerted by the proximity
switch 79. In this way, a time stamp may be used, within the
earplug electronics 23, to keep track of when the earplug 16
is stored in the dock unit 18. This indicates an unprotected
ear.

[0088] A neckloop connector 80 serves to connect the
neckloop 70 to the dock unit 18 electronics 54. If the
neckloop 70 were to catch on an object, the connector 80
would release as a safety precaution. If the dock unit 18
becomes unclipped from the user’s clothing, the neckloop
70 will prevent the dock unit 18 from falling to the floor. The
dock unit 18 may also incorporate a transceiver anterna 58
that can be used to communicate with the earplugs 16 for
battery charging purposes, for example, and may also
include an ambient microphone 20 as was explained in other
embodiments, above.

[0089] FIG. 13 shows a block diagram of the earplug 16
electronics 23 and other components from FIG. 11. This
block diagram includes the proximity switch 79 from FIG.
12. No battery is used in this embodiment because electrical
power is provided wirelessly using an earplug antenna 42. In
this embodiment, a square root circuit 82 is incorporated in
the signal path between averaging circuit 36 and the sensor
input of the RFID chip 40. The square root function 82 may
be incorporated in the earplug electronics 23 or the dock unit
electronics 54 and is used in calculating the noise dose. The
RFID chip 40 incorporates an analog to digital converter, but
a separate dedicated converter may be employed.

[0090] FIG. 14 shows a block diagram of the dock unit 18
electronics 54 and other components from FIG. 12. This
embodiment shows components shown in FIG. 10, as well
as new components. A neckloop 70 is now used as the dock
unit transceiver antenna. Magnetic fields produced by the
neckloop 70 provide communications with the earplug 16
transceiver antenna 42 and earplug RFID chip 40 and
provide wireless power for the earplug 16 electronics 23. In
this embodiment, the output from the square root circuit 82
is digitized by the RFID chip 40, and this data is sent to the
dock unit 18 using the earplug transceiver antenna 42 and
dock transceiver antenna 70. The RFID chip 64 in the dock
unit 18 receives the data and sends this to the dock unit DSP
61 where the noise exposure is calculated using equation 1
from ANSI S1.25-1991:

T
D(Q) = @f 10E~LoNg 4
0
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[0091] Where:

[0092] D(Q)=percentage criterion exposure for exchange
rate Q;

[0093] Tc=criterion sound duration=8 hours

[0094] T=measurement duration in hours;

[0095] t=time in hours;

[0096] L=SLOW (or FAST) A-weighted sound level, a

function of time, when the sound level is greater than or
equal to L, or equals -infinity when the A-weighted sound
level is less than Lt;

[0097] Lt=threshold sound level specified by the manu-
facturer;

[0098] Lc=criterion sound level specified by the manufac-
turer;

[0099] Q=exchange rate in decibels; and

[0100] g=10 for a 3 dB exchange rate.

[0101] The noise exposure may also be calculated within

the earplug 16, in another embodiment, using the capabili-
ties of the RFID chip 40 processor or other processor chip
located within the earplug 16.

[0102] FIG. 15 shows another embodiment of the inven-
tion depicting a dock unit 18 with earplugs 16. In this
embodiment, dock magnets 46 and earplug magnets 84 are
used that are of opposite polarity. The earplugs 16a and 165
use magnets 84a and 845 that are reversed polarity from
each other. In this way, if, for example, earplug 164 is placed
in the correct dock unit recess 44a, opposite polarities of the
earplug magnet 84a and dock unit magnet 464 will attract,
and the earplug 164 will remain secured. If an earplug 164
is placed in the incorrect recess 445, the earplug 16a will not
attach to the dock unit 18 because the magnets 84a in the
earplug 164 and magnet 464 in the dock unit 18 will provide
a repelling force.

[0103] Used in conjunction with dock unit switches 48,
the dock unit 18 will know which earplugs 16a and 164 have
been stored and which are not protecting the user’s ear. The
earplugs 16a and 165 are preferably color-coded or differ-
entiated from each other in another way, for instance red for
the right earplug 165 and blue for the left earplug 16a, so
that the user uses a specific earplug in a specific ear at all
times. In this way the dock unit 18 will know which ear is
unprotected, and this information can be stored using the
dock unit electronics 54.

[0104] FIG. 16 shows another embodiment of the earplug
16 of the invention. This embodiment is similar to the
embodiment shown in FIG. 54, but includes an earplug
ambient microphone 86. The earplug ambient microphone
86 is acoustically coupled to the acoustic noise environment
and electrically connected to the earplug electronics 23. This
microphone 86 senses the unprotected noise level of the
user.

[0105] An earplug canal microphone 6 is used to monitor
the acoustic noise levels in the ear canal 14 when the earplug
16 is inserted in the ear 11. Comparing the data for the two
microphones 6 and 86 can indicate the acoustic noise
attenuation provided by the earplug 16 when worn in the ear.
If the two microphones 6 and 86 indicate similar levels, this
indicates that the earplug is not being worn in the ear canal.
[0106] If an additional speaker 13 is used within the
earplug 16, a talk-through feature can be incorporated where
the ambient microphone 86 signal is coupled to the speaker
13 and the speaker 13 is coupled to the ear canal 14 through
a sound delivery channel 12. The ear canal microphone 6
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would still be used for measuring noise dose exposure which
would include sound levels generated by the speaker 13.
[0107] Inthisembodiment, as shown in FIG. 17, data from
both microphones 6 and 86 are processed independently in
a similar way to that shown in FIG. 7. Using two micro-
phones 6 and 86 in the earplug 16 in this embodiment allows
for useful information when noise dose levels are collected.
The microphone signals are each processed by a microphone
bias circuit 28, equalization circuit 32, squaring circuit 34
and averaging circuit 36, as discussed above with reference
to FIG. 7. The earplug processed signal from both of the
averaging circuits 36, is input to an RFID chip 40. An RMS
circuit may also be used. These data are exported wirelessly
for further processing using magnetic induction and an
earplug antenna 42.

[0108] The earplugs 16a and 165 from FIG. 16 are shown
in FIG. 18 along with two dock units 18a and 185, secured
to the user at the shoulder location using a clothes clip or
other retaining device. In this embodiment, the dock units
18a and 1854 are passive systems, to reduce cost. That is,
there are no electronics in the dock units 18a and 185 in this
embodiment. In the figure, the left earplug 16a is worn in the
user’s ear while the right earplug 165 is being stored in a
dock unit 18b. Such a scenario might exist if the worker is
having face-to-face communications with a co-worker and
the worker uses one ear to hear communications while the
other ear remains protected. However, both earplugs 164 and
165 may be worn in the ear, and both 164 and 165 may be
stored in their respective dock units 18a and 185, as desired.
[0109] The dock units 18¢ and 185 have an internal
acoustic network similar to the one shown in FIG. 12 with
an acoustic port 76, in this embodiment. In this way, the
earplug microphones 6 monitor the noise levels at the left
and right shoulder locations. Because the earplug micro-
phones 6 monitor the unprotected noise levels at each
shoulder location, compared to a single location, this con-
figuration is more accurate compared to a single dock at a
single shoulder location because each dock is closer to its
respective ear, and the acoustic head shadowing problem,
known in the art, is mitigated.

[0110] In another embodiment of the invention, one dock
unit 18 is shown in FIG. 19 in a cross-sectional view. The
dock unit 18 has at least one dock unit transceiver antenna
58 in the form of coils that can communicate with each
earplug 16. In FIG. 19, the dock unit transceiver antenna 58
in this embodiment has three turns and is shown in cross
section. However, coils of more or less turns may also be
incorporated.

[0111] Each dock unit 18 is relatively close, within ten
inches, to its respective earplug when the earplugs 16 are
worn in the ear and the dock units 18 are preferably worn on
the shoulder. Thus, a low power electromagnetic signal can
be used for communications between the dock unit 18 and
earplugs 16, and this will require less power compared to
clipping the dock unit 18 to a pants pocket, for example. The
earplugs 16 can incorporate batteries, or as shown in FIG.
19, they can be battery-free and harvest power generated by
dock unit transceiver antennas 58 in the dock units 18.
[0112] The dock unit 18 in this embodiment would have
an overall shape like a hockey puck, but smaller in size,
where the dock unit transceiver antenna coil 58 is located at
the outer perimeter of the dock unit 18 for maximum
transceiver antenna loop radius. Other dock unit geometries
would also work, such as rectangular. A magnet 46 holds the
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earplug to the dock unit 18. The earplug microphone 6 is
acoustically coupled to the ambient noise environment
through an acoustic port 76.

[0113] Another embodiment of the invention is shown in
FIG. 20. The figure depicts a cross section of a passive dock
unit 18 which incorporates no active electronics. Details,
such as a clothes clip for attaching the dock unit to clothes,
are not included in the drawing for clarity. When the eartip
10 of the earplug 16 is inserted into the dock unit 18, the
eartip 10 creates a least a partial acoustical seal with the
dock unit 18 and an acoustic path is created from an acoustic
port 76 on the dock unit 18 to the earplug microphone 6.
[0114] The dock unit 18 incorporates an acoustic compen-
sator 93 that includes an acoustic port 76, a dock unit
channel 94 and an acoustic damper 92 in this embodiment.
The acoustic compensator 93 is acoustically coupled to the
ambient acoustic noise environment through the acoustic
port 76, and acoustically coupled to the earplug microphone
6 through the earplug sound delivery channel 12 and dock
unit channel 94. Therefore, an acoustic path is created from
the acoustic noise environment, through the dock unit 18, to
the earplug microphone 6. The acoustic compensator 93
modifies the acoustic transfer function from the acoustic
noise environment to the earplug microphone 6 by incorpo-
rating at least one acoustical element, such as a port, tube,
damper, Helmholtz resonator, volume chamber, vent or
other acoustical element.

[0115] The additional length of the acoustic path due to the
dock unit channel 94 combined with the sound delivery
channel 12 of the earplug to the microphone 6 creates a
boosting of the frequency response at the microphone 6
between 2,000 Hz and 5,000 Hz to simulate the resonance
and boosting of sound in an average unoccluded human ear.
In a preferred embodiment, the acoustic compensator 93
amplifies the pressure at the earplug microphone 6 by at least
3 dB in the 2,000 Hz to 5,000 Hz region, compared to
pressure sensed by the earplug microphone 6 when the
earplug 16 is not in the dock unit 18. This amplification is
considered to be significant.

[0116] An acoustic damper 90 in the dock unit 18 dampens
this acoustic resonance, in this embodiment. The acoustic
damper 90 is chosen so that the boost in earplug microphone
response is at least 9 dB SPL but not greater than 18 dB
compared to if the earplug microphone 6 were outside of the
earplug and suspended with a string. A boost of between 11
dB and 16 dB at 2,500 Hz is desirable in this embodiment
and mimics the response of a head-and-torso simulator
(HATS) when subjected to a diffuse field.

[0117] An example of an HATS can be found in ITU-T
P.58 specification: Head and Torso Simulator For Telepho-
nometry. Another specification for an HATS is the ANSI
S3.36 Specification for a Manikin for Simulated in-situ
Airborne Acoustic Measurements, where Table III is rel-
evant. The response of an HATS when subjected to a diffuse
field, from the free field to the HATS eardrum microphone
is the desired response from the acoustic noise environment
to the earplug microphone in this embodiment. A suitable
free-field response can be found in ITU-T P.58, table 3/P.58
Sound Pick-up Diffuse Field Frequency Response of HATS.
[0118] That is, it is desirable for the docked earplug
acoustic response to mimic the free field response of an
HATS. A 2,000 Hz to 5,000 Hz range for the boosting
corresponds to boosting seen in table 3/P.58 of ITU-TP.58,
while a boost level of between 9 dB and 18 dB falls within
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the boosting levels seen in table 3/P.58 of ITU-TP.58 for this
frequency range. The free field response of a HATS speci-
fication may also be used instead of the diffuse field response
in designing the dock unit acoustics.

[0119] When the earplug is placed in the dock unit, the
combination of acoustic response of the earplug sound
delivery channel 12 with the acoustic response of the dock
unit 18 creates an acoustic response at the earplug micro-
phone 6 that is similar to the response of a human eardrum
to diffuse sounds outside of the ear. Helmholtz resonators,
acoustic dampers and other acoustic elements and acoustical
branches in the dock unit can also be used to shape the
acoustic response, similar to an IEC711 canal simulator or
Zwislocki coupler, so that when the earplug is docked the
response from the acoustic noise environment to the earplug
microphone simulate that of a human’s ear.

[0120] One possible location in this embodiment for a side
branch 95 is indicated in FIG. 20. This branch 95 could be
a damped Helmhotz resonator, for example. This embodi-
ment assumes that when the earplug is in a human ear, the
earplug microphone pressure is a reasonably accurate rep-
resentation of the eardrum pressure. An earplug acoustic
damper 90 placed within the earplug 16 helps to achieve this
by damping resonances of the earplug-canal acoustics.
[0121] In this embodiment, the earplug electronics 23
shown in FIG. 7 are incorporated in the earplug 16, where
the equalization circuit 32 in this embodiment is shaped such
that when the earplug 16 is stored in the dock unit 18 in FIG.
20, the combined response of the docked earplug acoustic
response cascaded with the response of the equalization
circuit 32 creates an A-weighted filter shape.

[0122] That is, when the earplug 16 is placed in the dock
unit 18 and subjected to a diffuse white noise acoustic field,
the power spectrum measured at the output of the equaliza-
tion filter 32 will have the A-weighted response shape. In
this way, when the earplug 16 is stored in the dock unit 18,
and the dock unit 18 is hung by a string and placed in a
diffuse acoustic field, the output from the equalization circuit
32 of the current invention will produce a similar or same
output compared to the output of the A-weighted filter of a
typical noise dosimeter with overall gain selected to be
suitable for the specific circuits used.

[0123] When the earplug 16 is removed from the dock unit
18 and placed in a human ear 11, the acoustic response to the
earplug microphone 6 will change due to the acoustics of the
earplug sound channel 12 being coupled to an ear canal 14
instead of the dock unit acoustical circuit 93, but the
equalization circuit 32 response will remain the same. In this
embodiment of the invention seen in FIG. 20, an earplug
acoustic damper 90 is used to dampen the resonance of the
earplug sound delivery channel 12. This damper 90 controls
unwanted sound amplification due to resonance.

[0124] When the earplug 16 is worn in an ear 11, the sound
pressure at the earplug microphone 6 is similar to the sound
pressure at the eardrum 15, except for the acoustic response
due to the occluded ear canal and sound delivery channel 12.
In this way, when the earplug 16 is stored in the dock unit
18 on the shoulder of a user, the response is very similar to
the response of a typical noise dosimeter worn on the
shoulder and will give accurate noise dose measurements.
[0125] When the earplug 16 is worn in the ear 11, the
response will change and the measurement will de-empha-
size the response in the 2,000 Hz to 5,000 Hz by at least 3
dB. This is desirable because noise dose measurements
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taken in the occluded ear canal should compensate for the
change in acoustics in this way for more accurate noise dose
measurements. This results in a more accurate noise dose
measurement for in-ear noise dosimeters that are used to
determine both the noise dose in the ear as well as outside
the ear.

[0126] One way to create a simple version of this novel
equalization circuit 32, as shown in the embodiment of FIG.
21, is to cascade an A-weighted filter 96 with a compensa-
tion filter 97 that is a bridged-T filter. This will approximate
the desired response. An electronic signal flows from the
input to the A-weighted filter 96 and then to a bridged-T
compensation filter 97. The bridged-T filter 97 comprises
four elements in this embodiment: resistors R1 and R2 and
capacitors C1 and C2.

[0127] The bridged-T filter 97 may also be implemented
by including inductors and other components in the circuit.
The values of R1, R2, C1 and C2 are chosen to create a notch
in the 2,000 Hz to 5,000 Hz range with a dip of between 9
dB and 18 dB in this embodiment, dependent on the acoustic
response achieved with the earplug 16 in the dock unit 18.
More complicated versions of the bridged-T circuit 97
incorporating additional components and active amplifiers
can be used for higher accuracy.

[0128] Additionally, the bridged-T filter can be integrated
within the A-weighted filter 96 to create a single filter with
fewer components. Values of R1=9,000 Ohm, R2=2,000
Ohm, C1=6 nF and C2=30 nF provide a dip in response of
14 dB at approximately 2,500 kHz, which is within the range
of 11 dB to 16 dB at 2,500 Hz.

[0129] To the extent that when the earplug 16 is in the ear
canal 14 and damped resonances affect the frequency
response from the eardrum 15 to the earplug microphone 6,
these effects can be compensated for with the acoustical
design of the dock unit 18 and earplug equalization circuit
32.

[0130] In a preferred embodiment, the earplug equaliza-
tion circuit 32 modifies the microphone 6 signal such that
when the earplug 16 is in the dock unit 18 and the dock unit
18 is suspended by a string in a diffuse sound field, the
power spectrum output of the equalization circuit 32 com-
pared to the power spectrum of the diffuse sound field
pressure exhibits an A-weighted curve shape. In the presence
of ambient acoustic noise and the earplug 16 is in an ear 11,
the output of the power spectrum of the equalization circuit
32 compared to the power spectrum of the pressure at the
eardrum 15 exhibits a response curve that equals the inverse
of the diffuse field response of an un-occluded ear compen-
sated by the acoustic response of the occluded ear canal with
earplug.

[0131] For example, the diffuse field response of the
human ear adds 14 dB boosting to the acoustic spectrum at
2,500 Hz. If the pressure at the human ear canal is 3 dB
higher when wearing the earplug compared to the pressure
at the earplug microphone, 3 dB is subtracted from 14 dB to
vield an earplug filter circuit response of -11 dB, instead of
-14 dB for the proper design in this embodiment. This
compensation technique is used at all frequencies in the
preferred embodiment.

[0132] Whatever the compensation needs to be, the ear-
plug equalization circuit 32 modifies the microphone signal
6 such that when the earplug 16 is in the dock unit 18 and
the dock unit 18 is suspended by a string in a diffuse sound
field, the power spectrum output of the equalization circuit
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32 compared to the power spectrum of the diffuse sound
field pressure exhibits an A-weighted curve shape. If a dock
unit 18 is not used, the earplug equalization circuit 32
modifies the microphone 6 signal such that when the earplug
16 is suspended by a string in a diffuse sound field, the
power spectrum output of the equalization circuit 32 com-
pared to the power spectrum of the diffuse sound field
pressure exhibits an A-weighted curve shape. The dock
acoustics must also be modified, compared to a dock 18 unit
that mimics the human ear diffuse field response, to account
for occluded ear damped resonances to maintain an
A-weighted response.

[0133] If the occluded ear response from eardrum 15 to
earplug microphone 6 is not appreciably flat, due to a given
earplug acoustic design, the designer can begin the design
process by determining the proper earplug equalization
circuit 32 response first. In this embodiment, the proper
equalization filter 32 characteristics would be equivalent to
the diffuse field unoccluded ear response compensated by
the occluded ear response. This is equal to H,,=-(P,,,./Pa-
P,./P.), where P, _ equals the unoccluded spectrum, P, is
the diffuse ambient field spectrum, P,,. is the occluded
spectrum at the ear canal, P, is the occluded spectrum at the
earplug microphone and H,, is the frequency response of the
compensation filter 97, when a diffuse ambient sound field
is used as a source. The transfer functions are in units of dB.
[0134] Once the H,, transfer function has been deter-
mined, it is combined with an A-weighted filter 96 to form
the earplug equalization circuit 32 filter.

[0135] Then, the dock acoustical design must be deter-
mined. Acoustical elements, such as tubes, cavities and
dampers are used to couple to the earplug sound delivery
channel so that the output spectrum of the earplug equal-
ization filter has the shape of an A-weighted filter when the
earplug is in the dock unit, and the dock unit suspended by
a string and placed in a diffuse sound field. Mathematically,
this means that H,=P_./P,, where H, is the frequency
response of an A-weighted filter and P, is the spectrum at
the output of the earplug equalization circuit due to a diffuse
ambient pressure field of spectrum Pa.

[0136] Also, H,=P,/P,+H,+H,,,, where H,,, is the
response of a microphone electronic filter that compensates
for a microphone with non-flat inherent response to achieve
a flat microphone response when the microphone is outside
the earplug and suspended in free space.

[0137] In another embodiment of the invention, one can
take acoustic measurements of the earplug microphone 6 in
the dock unit 18, when worn on the shoulder of a HATS, to
a diffuse field, and compare this result with the HATS ear
canal microphone. The designer modifies the length of the
dock unit channel 94 and tunes any side branches 95 in the
dock unit 18 to achieve the HATS response.

[0138] Once this acoustic design has been determined, the
dock unit 18 with earplug 16 is suspended by a string and
subjected to a diffuse acoustic field. The response of the
earplug equalization circuit 32 is then designed and modified
to produce an A-weighted response when comparing the
diffuse field pressure, measured with a microphone with flat
diffuse field response, to the equalization circuit 32 output.
This technique works well when the microphone to eardrum
transfer function is relatively flat when the earplug 16 is
worn in the ear 11.

[0139] In another embodiment of the invention, an acous-
tic response from the ambient environment to the earplug
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microphone 6 location when in the dock unit 18 and sus-
pended by a string in the field is given by H,, .. The acoustic
response from the ambient environment to an unoccluded
human eardrum 15 (ratio of eardrum pressure over ambient
pressure) is given by H, .. The average acoustic response of
the earplug microphone 6 to a human eardrum 15 (ratio of
pressure at the eardrum 15 over pressure at the earplug
microphone 6) when the earplug 16 is worn in the ear
(occluded ear) and subjected to ambient noise is given by
H,,.-

[0140] The relationship between these transfer functions
in the preferred embodiment is H,,=H,_-H,_,,, where the
transfer functions are magnitudes and expressed in decibels.
H,,., 1s the target acoustic response of the earplug 16 in the
dock unit 18. The designer uses acoustic elements, such as
tubing, volumes, Helmhotz resonators, dampers and other
acoustic elements to achieve this transfer function.

[0141] The magnitude response of H,,,, is determined by
using the magnitude of the acoustic response of the human
ear or suitable HATS, taken at the eardrum or simulated
eardrum, subject to ambient noise. This is provided in
specifications such as ITU-T P.58 or ANSI S3.36. The
transfer function from input to output of an earplug com-
pensation filter 97 is given by H_4 H_,is the transfer function
of an equalization circuit 32; and H,is the transfer function
of an A-Weighted filter 96. Then H ~H +H_, where H =
Hdua'

[0142] In this way, when the earplug 16 is suspended on
a string and subject to ambient acoustic noise, the transfer
function from the ambient noise to the output of the earplug
equalization circuit 32 will look like an A-weighted filter,
with appropriate scaling gain for processing the electrical
signal to determine the noise dose. When the earplug 16 is
worn by a user, the earplug equalization circuit 97 compen-
sates for the unoccluded and occluded ear responses. When
the earplug is placed in the dock unit 18, the dock unit
acoustical elements serve to alter the acoustic response from
the ambient acoustic environment to the earplug microphone
6 to compensate for the change in acoustical response of an
earplug 16 in free space compared to in a human ear. The
earplug compensation filter 97 has the same shape, but
inverted and with appropriate overall gain, as the acoustic
response of the earplug 16 in the dock unit 18.

[0143] The sum of the transfer functions H,, +H,,, should
preferably have a gain of between 9 dB and 18 dB, and at
least 3 dB, at at least one frequency between 2,000 Hz and
5,000 Hz, when suspended from a string in a diffuse acoustic
field in a preferred embodiment, based on ITU-T P.58, table
3/P.58 Sound Pick-up Diffuse Field Frequency Response of
HATS. The sum of the transfer functions H,,+H_,, should
have a gain of between 11 dB and 16 dB, and at least 3 dB,
at the third octave frequency of 2,500 Hz when the dock unit
18 is suspended from a string in a diffuse field, in another
embodiment, based on ITU-T P58, table 3/P.58 Sound
Pick-up Diffuse Field Frequency Response of HATS. A gain
of at least 3 dB is considered a significant change in noise
dosimetry as described earlier.

[0144] FIG. 22 shows an embodiment of an earplug 16 of
the invention incorporating a switch 98. In the preferred
embodiment, the switch 98 is a proximity switch and is
sensitive to magnetic fields and is activated in the presence
of a magnet in the dock unit 18. However, mechanical
proximity switches could also be used that are activated
when the earplug is placed in a dock unit 18. The earplug
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electronics 23 are powered using an electrical power source.
In this embodiment, the electrical power source is a battery
24. However, other electrical power sources could be used,
such as a charged capacitor or other device known in the art
of electronics design. An earplug antenna 42 is used to
communicate data collected in the earplug to a data proces-
sor remotely located (not shown). The earplug shell 8 of the
earplug, in this embodiment, incorporates a microphore 6 as
a sensor for measuring sound acoustically coupled from the
ambient noise environment through a sound delivery chan-
nel 12. This embodiment also incorporates and eartip 10 for
acoustically sealing the ear canal 14 to provide hearing
protection from ambient noise.

[0145] In apreferred embodiment of the invention, shown
in FIG. 23, each left and right earplug 16a and 165 can be
stored in its own dock unit 18a and 18. In this preferred
embodiment, the dock units 184 and 185 are small and can
be clipped to the user’s clothing at the preferred location on
the shoulder. This can be achieved by using a clothes clip
attached to each dock 18a and 185 which clips to the collar
of a shirt, as shown in FIG. 23. The shoulder location is
preferred because that location is close to the ear of the user.
With two dock units 184 and 185, each earplug 164 and 165
can be located close to its corresponding ear. In FIG. 23,
only one of the earplugs, the left earplug 164, is docked in
dock 18a. The user may want to dock only one earplug 16a
when engaged in face-to-face communications with a co-
worker. When docked on the left shoulder, the left earplug
16a microphone 6 measures the noise levels close to the left
ear. In typical noise dosimeters, one microphone is used at
the shoulder location. However, this is less accurate for
measuring the unprotected exposure of both ears compared
to using locations on each shoulder near each ear which can
be achieved with the invention.

[0146] FIG. 24 shows the preferred embodiment of the
earplug electronics 23 and other supporting components of
the earplug 16. The earplug electronics 23 are similar to
those shown in FIG. 13, except that a battery 24 is used as
a power source instead of harvesting a magnetic field using
the earplug antenna 42. Moreover, a different equalization
circuit 32 is used and the proximity switch 98 communicates
with the RFID chip 40. Similar to the embodiment shown in
FIG. 13, the proximity switch 98 also communicates with
the equalization circuit 32.

[0147] A description of squaring and averaging, in par-
ticular, exponential averaging, a signal for noise dosimetry
can be found in ANSI S1.25 (Specification for Noise Dosim-
eters), FIG. 1 and supporting text throughout the document.
The squaring, averaging and square root circuits can be
incorporated into a single chip, called an RMS detector 31,
shown in FIG. 24. An example of this would be using the
Linear Technology LTC1967 chip, with supporting capaci-
tors and resistors necessary for proper operation, as seen in
the LTC1967 specification. In particular, an averaging
capacitor is required at the chip output. This example of an
RMS circuit uses a sigma-delta converter, but other types of
RMS converters are available and known in the art. Digital
signal processors (DSPs) can also be used to create squar-
ing-averaging circuits and RMS circuits.

[0148] Some squaring-averaging circuits do not directly
calculate the square of a signal and then average the signal,
but effectively provide the squaring and averaging function.
One example would be a circuit that measures the tempera-
ture of a resistor due to a signal applied across its terminals.
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A positive heat measurement is recorded even if the signal
across the resistor is alternating between positive and nega-
tive potential because power is dissipated in the resistor
regardless of signal polarity. Averaging is achieved because
of the thermal mass of the resistor. The measured tempera-
ture of the resistor can be used to determine the average
squared input signal to the resistor but this technique does
not require a circuit that specifically calculates the square of
a signal, but effectively it can provide the squared signal
average value if proper scaling of the result is used.

[0149] Exponential averaging the squared signal in noise
dosimeters can yield a slowly varying electronic signal,
below the audio spectrum that can be sampled at much
slower sampling rates compared to sampling the squared
signal, itself, or other signals in the audio spectrum. The
audio spectrum is considered to be between 20 Hz and
20,000 Hz,

[0150] To properly sample a time-varying signal, the sam-
pling rate must be greater than double the highest frequency
of the signal. For an audio signal, this would be sampling at
least 40,000 times per second. Signals having a spectrum
below the audio spectrum can be sampled at frequencies of
less than 40 (2x20) times per second.

[0151] The exponentially averaged squared signal, or
RMS signal, used for a noise dose calculation can be
sampled at rates of less than 40 times per second, and even
once per second in some applications. Sampling the squared
and exponentially averaged, or RMS, audio signal can result
in 39,960 fewer samples per second in the invention due to
the novel technique of sampling the averaged squared sig-
nal, or RMS signal, within the earplug instead of the audio
spectrum signal derived from the microphone, which results
in significant power savings.

[0152] This is critical because minimizing the battery size
results in a more comfortable earplug. Moreover, in another
embodiment of the invention, this reduction of power of the
invention enables the operation of the earplug using wireless
power transfer because of the limited capacity of wireless
power systems using small earplug antennas.

[0153] FIG. 25 shows details of the equalization circuit 32
shown in the embodiment of FIG. 24. This equalization
circuit 32 is similar to the circuit shown in FIG. 21, except
that the location of a proximity switch 98 is shown for this
embodiment. The proximity switch 98 is activated when the
earplug is placed in a magnetic field, for example, near a
magnet in a dock unit 18. In this way, two equalization
circuit responses are achieved depending on the state of the
switch, and the state of the switch depends on whether the
earplug 16 is in the dock 18 or not in the dock 18. The
equalization circuits 32 can be analog, as shown in FIG. 25,
or can be digital. In a preferred embodiment, there is at least
a 3 dB difference in the response of the two filters at at least
one frequency between 2 kHz and 5 kHz.

[0154] A single dock unit 18 from FIG. 23 is shown in
FIG. 26. In this embodiment of the invention, the dock unit
18 is passive, in that it does not require electrical power to
function and can therefore be made very inexpensively,
small in size and doesn’t require a battery. The interior of the
earplug 16 is not shown in FIG. 26 for simplicity and clarity.
This dock unit 18 incorporates a magnet 46 to hold the
earplug 16 in place, due to magnetic attraction to a battery
in the earplug (not shown), and to activate the proximity
switch 98 within the earplug 16.
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[0155] 1In the preferred embodiment, the proximity 98
switch modifies the compensation filter 97 frequency
response. The proximity switch 98 is in the open circuit state
when activated in this embodiment. This occurs when the
earplug is in the dock unit, and the compensation filter 97
functions to filter the output of the A-weight filter 96. When
the earplug 16 is removed from the dock 18, the proximity
switch 98 is no longer in a magnetic field and the switch 98
is deactivated and in the short circuit state, and the com-
pensation filter 97 is bypassed in the equalization circuit 32.
In this way, the earplug 16 can have two equalization
settings: one when the earplug 16 is in a dock 18 and another
when it isn’t, such as when it is in the ear.

[0156] In this embodiment, the proximity switch 98 also
communicates with the RFID chip 40 to communicate to the
RFID chip 40 that the earplug 16 is in the presence of a
magnetic field, such as when it is docked. The RFID chip 40
can time stamp this data to indicate when the earplug 16 is
in the dock 18 and when it isn’t. The RFID chip 40 also time
stamps the digitized output of the square root circuit 82.
[0157] In this preferred embodiment, when the earplug is
suspended from a string, with no rigid structures in close
proximity that would significantly influence the acoustic
response, and subject to ambient acoustic noise and a
magnetic field, the transfer function from the ambient noise
to the output of the earplug equalization circuit 32 will have
the relative response of an A-weighting filter 96, with
appropriate gain for processing the electrical signal.
[0158] When the earplug is in the ear 11, the compensation
filter 98 is bypassed and a second response chosen by the
designer can be achieved. The response of the microphone
6 when the earplug 16 is in the ear 11 can compensate for
changes in the ear canal 14 acoustics due to a blocked canal,
when the earplug 16 is worn in the ear 11, compared to an
unblocked canal, when the earplug 16 is not worn, for
example.

[0159] There may be additional filtering between the
A-weighted filter 96 and the compensation filter 97 or prior
to the A-weighted filter 96 or in other locations as deter-
mined by the designer for such purposes, for example, of
equalizing the microphone 6 response. The microphone 6
output may be coupled directly through the microphone bias
circuit 28 to the equalization circuit 32, or the microphone
6 output may be coupled through additional circuits to the
equalization circuit 32, through for example, additional
filters. In this embodiment of the invention, when the
earplug 16 is subject to diffuse ambient acoustic noise and
a magnetic field of sufficient strength to activate the prox-
imity switch 98, the transfer function from the ambient noise
to the input of the squaring circuit 34 will have the relative
response of an A-weighting filter.

[0160] A transfer function that has the relative response, or
shape, of an A-weighting filter has a sensitivity at each
frequency, relative to the sensitivity of the transfer function
at 1,000 Hz, such as the one shown in ANSI S1.42 (Design
Response of Weighting Networks for Acoustical Measure-
ments, Tables 1 and 2) within acceptable tolerances. The
appropriate A-weighting filter depends on the standards used
by a particular country or jurisdiction and may be referred to
as a “target response” or other name. Another example of a
target response, depending on the intended application of the
invention, could be the relative response of a C-weighting
filter, where the C-weighting filter characteristics can be
found in ANSI 1.42.
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[0161] An example of an acceptable tolerance of the target
response would be the tolerance specified by a standards
committee concerning noise dosimeters, such as ANSI S1.25
(Specification for Noise Dosimeters, Table 1), or other
reputable standard concerning noise dosimetry relevant to
the country or jurisdiction the invention is to be used. Other
target responses, other than the A-weighted relative
response, may be specified in different countries. Moreover,
the specified A-weighting response in ANSI S1.42 and
tolerances in ANSI S1.25 may be modified in the future or
new standards may be issued that supersede these standards.

[0162] The target response, in the preferred embodiment
of the invention, is the target transfer function, or frequency
characteristics, measured from the acoustic noise environ-
ment to the input of the squaring or other non-linear pro-
cessing circuitry specified for a noise dosimeter in a repu-
table standard that governs noise dosimetry for a given
country or jurisdiction. For the United States, at this time, a
target response of the preferred embodiment is the
A-weighting response and tolerances specified in section 4.2
and Table 1 of ANSI S1.25. Another target response of
another preferred embodiment would be the C-weighting
response and tolerances specified in section 4.2 and Table 1
of ANST S1.25.

[0163] ANSI Specifications S1.25 and S1.42 are incorpo-
rated herein by reference.

[0164] FIG. 27 shows another embodiment of the inven-
tion where the earplug 16 houses a temperature sensor 100
in addition to the earplug microphone 6. In this embodiment,
the temperature sensor 100 is coupled to an external ambient
environment via an air path, provided by a channel 102
through an eartip 10. The external environment is a human
ear canal when the earplug 16 is worn in the ear, and is the
room environment when the earplug 16 is outside of the ear.

[0165] A temperature sensor 100 output can be input to a
logging circuit and other electrical circuits. When worn in
the ear, the temperature sensor 100 measures the tempera-
ture of the ear canal 14, which is an indication of the human
core temperature and can be used to determine if the user has
a fever. The temperature sensor 100 can also be used to
determine if the earplug 16 is placed in the ear canal 14 or
not, when using logging, because the temperature sensor 100
will be reading two different temperatures if the room
temperature is not 98.6 degrees. Typically, the temperature
of the room of a work environment is below 98.6 degrees.

[0166] In this preferred environment, when the tempera-
ture sensor 100 output indicates a temperature consistent
with the earplug 16 being worn in the ear, an appropriate
filter is coupled to the earplug microphone 6. When the
temperature sensor 100 output indicates a temperature con-
sistent with the earplug 16 being worn outside of the ear, a
second appropriate filter is coupled to the earplug micro-
phone 6. That is, the temperature sensor 100 output is used
to select one of two filter settings that are coupled to the
microphone 6, similar to the way that the proximity switch
98 was used to modify the equalization circuit 32 response
shown in FIG. 24 and FIG. 25. In this way, two equalization
circuit responses are achieved depending on the output of
the temperature sensor 100, which correspond to whether
the earplug is in the ear or not in the ear.

[0167] In a preferred embodiment, there is at least a 3 dB
difference in the response of the two filters at at least one
frequency between 2 kHz and 5 kHz. This corresponds to a
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significant change in the noise exposure calculation because
a3 dB shift can enable a worker to work twice as long when
using NIOSH guidelines.
[0168] Indicators are useful in dosimetry systems to alert
the user when he/she is approaching overexposure limits.
LEDs located on the earplugs 16 would be difficult to see,
and wired indicators would be impractical.
[0169] FIG. 28 shows another embodiment in which in-ear
dosimetry earplugs 16 have wireless links 104 to remotely-
located indicators 106, which could be LEDs or other light
emitting devices, which can be used to alert the user when
they are approaching and/or have received maximum noise
dose, or other information. The indicators 106, in this
embodiment, are powered using batteries and have a
receiver to receive signals from the earplugs. The indicators
106 can be attached to convenient places within the line of
sight of the user, such as on the brim of a hat 108 or attached
to a piece of equipment that the user operates.
[0170] FIG. 29 shows an embodiment of the noise dosim-
etry system incorporating a noise dosimetry earplug 16, a
dock unit 18, remotely-located indicators 16 attached to a
hat 108, an earplug reader unit 110 and a computer 120. In
this embodiment, an earplug is placed in the reader unit 110
for the purposes of storing the earplug, calibrating the
microphone 6 and earplug electronics 23, recharging the
earplug battery 24 and downloading data from the earplug
16. A reader transceiver antenna 116 communicates with the
earplug transceiver antenna 42 for charging the battery 24
and downloading data. An acoustic transducer, such as a
speaker 112 in this embodiment, is used to generate signals
for calibrating the earplug 16. The acoustic signal generated
by the speaker 112 is acoustically coupled to the microphone
6 of the earplug 16 through a reader sound duct 122. Reader
electronics 114 are connected to the speaker 112 and reader
transceiver antenna 116. The reader electronics 114 com-
municate with a computer 120 via a connector 118 on the
reader 110. The computer 120, in this embodiment, is used
to control the functions of the reader 110 and to store
downloaded data from the earplug 16.
[0171] In another embodiment of the invention, the dock
18 can hold two earplugs 16 and can be clipped to a shirt
pocket or other location on a user’s clothing. The dock 18
may also be attached to a hat or suspended from a necklace.
[0172] Accordingly, it is to be understood that the embodi-
ments of the invention herein described are merely illustra-
tive of the application of the principles of the invention.
Reference herein to details of the illustrated embodiments is
not intended to limit the scope of the claims, which them-
selves recite those features regarded as essential to the
invention.

What is claimed is:

1. An in-ear noise dosimetry system, comprising:

an earplug comprising:

an eartip for insertion into an ear canal of a human
body, having a proximal end closest to an eardrum
when the eartip is inserted in the ear canal, a distal
end, and a sound delivery channel extending from
the proximal end to the distal end;

a microphone acoustically coupled to the sound deliv-
ery channel at the distal end of the eartip, the
microphone having a microphone electrical output;

a first wireless transmitter configured to send a wireless
signal corresponding to the microphone electrical
output; and
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an earplug dock unit worn on the human body compris-
ing:
a second wireless receiver configured to receive wire-
less signals from the first wireless transmitter; and
a processor configured to calculate noise exposure,
wherein the noise exposure calculation is based on
the microphone electrical output.

2. The in-ear noise dosimetry system of claim 1, in which
the microphone is coupled to an equalization circuit exhib-
iting one response when the earplug is in the ear canal and
another response when the earplug is not.

3. The in-ear noise dosimetry system of claim 1, in which
the earplug dock unit provides a means for securing the
earplug when the earplug is not worn in the ear.

4. The in-ear noise dosimetry system of claim 3, in which
the dock unit provides an acoustic path from the earplug
sound delivery channel to the ambient environment.

5. The in-ear noise dosimetry system of claim 1, in which
the processor provides a processing function comprising at
least averaging, having an input coupled to the microphone
electrical output and an output.

6. The in-ear noise dosimetry system of claim 1, in which
the processor provides a processing function comprising at
least squaring, having an input coupled to the microphone
electrical output and an output.

7. The in-ear noise dosimetry system of claim 1, in which
the microphone electrical output is coupled to an averaging
function through an equalization circuit and a signal squar-
ing function.

8. The in-earnoise dosimetry system of claim 1, in which
the microphone electrical output is coupled to an averaging
function through an equalization circuit and a signal root
mean square function.

9. The in-ear noise dosimetry system of claim 1, wherein
the dock unit comprises an acoustic compensator acousti-
cally coupled to the microphone of the earplug when the
earplug is stored in the dock unit.

10. The in-ear noise dosimetry system of claim 1, wherein
the dock unit comprises a neckloop attached to the dock unit.

11. An in-ear noise dosimetry system, comprising:

an earplug comprising;

an eartip for insertion into a human ear canal, having a
proximal end closest to an eardrum when the eartip
is inserted in the ear canal, a distal end, and a sound
delivery channel leading from the proximal end to
the distal end;

a microphone, acoustically coupled to the sound deliv-
ery channel at the distal end of the eartip, having a
microphone electrical output;

a processing function, having an input and an output;

at least one equalization circuit having an input coupled
to the microphone electrical output and an output
coupled to the processing function input; and

a switch coupled to the at least one equalization circuit,
the switch configured to change a state of activation
as a result of the eartip being inserted into or
removed from the ear canal,

the switch causing the at least one equalization circuit
to exhibit a first response when the switch is acti-
vated and exhibit a second response when the switch
1s not activated.

12. The in-ear noise dosimetry system of claim 11,
wherein the first response differs from the second response
by more than 3 dB at a frequency between 2 kHz and 5 kHz.
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13. The in-ear noise dosimetry system of claim 11, in
which the earplug further comprises a temperature sensor
coupled to the switch, such that the switch is activated based
on temperature sensed by the temperature sensor.

14. An in-ear noise dosimetry system, comprising:

an earplug; and

a dock unit configured to store the earplug, the earplug

comprising:

an eartip for insertion into a human ear canal, having a
proximal end closest to an eardrum when the eartip
is inserted in the ear canal, a distal end, and a sound
delivery channel leading from the proximal end to
the distal end;

a microphone, acoustically coupled to the sound deliv-
ery channel at the distal end of the eartip, having a
microphone electrical output;

a processor having an input and an output;

at least one equalization circuit having an input coupled
to the microphone electrical output and an output
coupled to the processor; and

a switch coupled to the at least one equalization circuit,
the switch configured to change a state of activation
as a result of the earplug being stored in the dock unit
or removed from the dock unit, the switch causing
the at least one equalization circuit to exhibit a first
response when the switch is activated and to exhibit
a second response when the switch is not activated.

15. The in-ear noise dosimetry system of claim 14,
wherein the first response differs from the second response
by more than 3 dB at a frequency between 2 kHz and 5 kHz.

16. The in-ear noise dosimetry system of claim 14,
wherein the switch is a magnetic field sensitive switch.

17. The in-ear noise dosimetry system of claim 14
wherein the dock unit provides an acoustic path from the
earplug sound delivery channel to the ambient environment.

18. An in-ear noise dosimetry system, comprising:

an earplug comprising:

an eartip for insertion into an ear canal of a human
body, the eartip having a proximal end closest to an
eardrum when the eartip is inserted in the ear canal,
a distal end, and a sound delivery channel extending
from the proximal end to the distal end; and

a microphone, acoustically coupled to the sound deliv-
ery channel at the distal end of the eartip, the
microphone having a microphone electrical output;

an earplug dock unit configured to be worn on the human
body, the earplug dock unit comprising:

an earplug fastening element to fasten the earplug to the
earplug dock unit;

an acoustic compensator configured to modify an
acoustic transfer function from an acoustic noise
environment to the earplug microphone by incorpo-
rating at least one acoustical element; and

a processor configured to calculate noise exposure
based on the microphone electrical output.

19. The noise dosimetry system of claim 18, in which the
acoustic compensator modifies the acoustical response at the
microphone by more than 3 dB at a frequency between 2
kHz and 5 kHz.

20. The noise dosimetry system of claim 18, in which the
earplug is stored with the majority of the eartip housed
within a cavity in the dock unit.
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