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(57) ABSTRACT

Method and System for characterizing an incident pressure
wave in a hearing test. The method includes introducing a
sound signal of a predetermined frequency and amplitude
into an ear canal, measuring at least a sound pressure level
(P,,,) in the ear canal, processing information associated with
the sound pressure level, obtaining at least an acoustic reflec-
tance (R) based on information associated with the sound
pressure level, and determining an incident wave pressure
parameter (P,) in the ear canal according to the following
formula:
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SYSTEM AND METHOD FOR CALIBRATING
AND DETERMINING HEARING STATUS

1. CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
No. 60/894,432, filed Mar. 12, 2007, incorporated by refer-
ence herein for all purposes.

2. BACKGROUND

[0002] The present invention relates generally to hearing
screening and diagnostic techniques. More specifically, the
invention provides a method and system for calibrating hear-
ing equipments and determining hearing status. Merely by
way of example, the invention has been applied to audiom-
eter, but it would be recognized that the invention has a much
broader range of applicability.

[0003] Hearing loss can be categorized by where or what
part of the auditory system is damaged. There are three basic
types of hearing loss: conductive hearing loss, sensorineural
hearing loss and mixed hearing loss.

[0004] Conductive hearing loss occurs when sound is not
conducted efficiently through the outer ear canal to the ear-
drum and the tiny bones, or ossicles, of the middle ear.
Examples of conditions that may cause a conductive hearing
loss include: conditions associated with middle ear patholo-
gies such as fluid in the middle ear from colds, allergies, poor
eustachian tube function, perforated eardrum, benign tumors
disarticulated ossicles, ossification of ligament, impacted ear-
wax, and infection in the ear canal.

[0005] Sensorineural hearing loss occurs when there is
damage to the inner ear (cochlea) or to the nerve pathways
from the inner ear (retrocochlear) to the brain. Sensorineural
hearing loss can be caused by diseases, birth injury, drugs that
are toxic to the auditory system, and genetic syndromes.
Sensorineural hearing loss may also occur as a result of noise
exposure, viruses, head trauma, aging, and tumors.

[0006] Mixed hearing loss results when a conductive hear-
ing loss occurs in combination with a sensorineural hearing
loss. In other words, there may be damage in the outer or
middle ear and in the inner ear (cochlea) or auditory nerve.
[0007] Various techniques have been developed for screen-
ing hearing problem. For instance, an analysis of the acoustic
power reflectance in the ear canal has been shown to be
effective in diagnosing conductive hearing loss problems
while an otoacoustic emission test (OAE) has been shown to
be effective for diagnosing sensorineural hearing loss issues.
[0008] Acoustic power reflectance is the measurement of
the amount of power being reflected from the ear drum,
middle ear structure, and/or cochlea. More specifically, it is
defined as the ratio of the forward-moving (incident) pressure
wave to the reflected (retrograde) pressure wave. Consider an
acoustic pressure wave that travels along an ear canal, as long
as no discontinuities exist in the ear canal, the acoustic power
that is conveyed by the pressure wave propagates unimpeded
to the eardrum. The eardrum then conducts the acoustic
power into the middle ear. However, due to mismatch in ear
canal impedance, while some of the incident power that
reaches the eardrum will enter the middle ear, the remainder
is reflected back into the ear canal. The reflected power takes
the form of a retrograde pressure wave in the ear canal.
[0009] The magnitude and latency of the reflected waves as
a function of frequency, is a useful indicator of the status of
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the middle ear. Reflected acoustic power that is significantly
different in magnitude or latency from that of a normal ear
will likely reveal the precise nature of a disorder.

[0010] The otoacoustic emission test (OAE), on the other
hand, measures the sounds that the ear produces in response
to stimulation. There are two common types of otoacoustic
emissions in clinical use: Transient otoacoustic emissions
(TOAEs) or transient evoked otoacoustic emissions
(TEOAES) are sounds emitted in response to a train of acous-
tic stimuli of very short duration. These stimuli are usually
clicks but can be tone-bursts. Distortion product otoacoustic
emissions (DPOAFEs) are sounds emitted by the cochlear hair
cells in response to two simultaneous tones of different fre-
quencies.

[0011] While the above mentioned hearing testing tech-
niques are extensively used in the detection of hearing loss,
the presence of standing wave can adversely affect calibration
of audiometers and also the accuracy of these hearing tests.
Therefore, it would be desirable to have hearing test methods
and systems that produce result that are affected by reduced
distortions from standing waves or even free from any distor-
tion by standing waves.

3. SUMMARY OF THE INVENTION

[0012] The present invention relates generally to hearing
screening and diagnostic techniques. More specifically, the
invention provides a method and system for calibrating hear-
ing equipments and determining hearing status. Merely by
way of example, the invention has been applied to audiom-
eter, but it would be recognized that the invention has a much
broader range of applicability.

[0013] Anembodiment of the present invention provides a
method for characterizing an incident pressure wave in a
hearing test. The method includes introducing a sound of a
predetermined frequency and amplitude into an ear canal,
measuring at leasta sound pressure level (P,,) in the ear canal,
processing information associated with the sound pressure
level, obtaining at least an acoustic reflectance (R) based on
information associated with the sound pressure level, and
determining an incident wave pressure parameter (P, ) in the
ear canal according to the following formula:

[0014] Another embodiment of the present invention pro-
vides a method for determining a hearing threshold by deter-
mining an incident wave pressure parameter and turning it
into a power intensity parameter for use in conducting equip-
ment calibrations and hearing loss measurements.

[0015] Another embodiment of the present invention pro-
vides a method for determining a hearing threshold. The
method includes providing a probe suitable for placement in
an ear canal, the probe being configured to deliver a tone
associated with one or more frequencies and one or more
volume levels and further configured to measure one or more
sound signals, determining a threshold volume level for the
tone, measuring at least a sound pressure level of the ear canal
at the threshold volume using the probe; processing informa-
tion associated with the measured sound pressure level,
obtaining an acoustic reflectance based on at least informa-
tion associated with the measured sound pressure level, deter-



US 2008/0228101 Al

mining a threshold value for an incident wave pressure
parameter in the ear canal based on at least information asso-
ciated with the measured sound pressure level and the deter-
mined acoustic reflectance, wherein the threshold value for
the incident wave pressure parameter representing the hear-
ing threshold.

[0016] Another embodiment of the present invention pro-
vides a system for determining an incident wave pressure in a
hearing test. The system includes a probe adapted to be placed
in a ear canal, the probe includes a source transducer for
delivering a sound and a receiving transducer for detecting a
sound, a signal generator connected to the source transducer,
the signal generator being configured to send one or more first
electronic signals to the source transducer for delivering the
sound, a signal processor connected to the receiving trans-
ducer, the signal processor being configured to receive one or
more second electronic signals from the receiving transducer
and to determine at least a sound pressure level (P,,) based on
at least information associated with the one or more second
electronic signals, a data processor connected to the signal
processor, the data processor being configured to receive and
process at least information associated with the determined
sound pressure level (P, ) and to determine an acoustic reflec-
tance (R), and wherein the data processor is further config-
ured to determine an incident wave pressure parameter (P, ) in
the ear canal according to the following formula:

[0017] Another embodiment of the present invention pro-
vides a method for characterizing an incident pressure wave
in a hearing test. The method includes introducing a sound of
a predetermined frequency and amplitude into an ear canal,
measuring at least a sound pressure level (P,,) in the ear canal,
processing information associated with the sound pressure
level, obtaining at least an acoustic reflectance (R) based on
information associated with the sound pressure level, termi-
nating the ear canal with its own characteristic impedance,
and determining an incident wave pressure parameter (P, ) in
the ear canal according to the following formula:

[0018] The present invention has various advantages over
conventional techniques. Certain embodiments can provide
hearing testing systems and methods that produces results
that are affected by reduced influence of standing waves or
even free from any influence by standing waves. Some
embodiments can provide hearing testing systems and meth-
ods that could better distinguish inner ear hearing problems
from middle ear hearing problems.

[0019] Some embodiments of the present invention can
significantly lower the cost of ear screening. For instance,
some embodiments of the present invention reduce the num-
ber of false-positives in a hearing testing programs by distin-
guishing middle ear problems from inner ear problems.
[0020] Someembodiments ofthe present invention provide
more accurate determination of hearing status by isolating the
incident wave pressure measurement from that of measured
pressure, thereby eliminating the effects of standing waves.
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As a result, the power measurement is a better representation
of'the actual sound power that is being transmitted to the inner
ear.

[0021] Someembodiments ofthe present invention provide
significant improvement over conventional ear screening
methods by taking into account of the retrograde waves. For
example, some embodiments of the present invention derive a
power measurement that reduces the effect of the retrograde
waves on the power measurement, thereby making the mea-
surement more accurate.

[0022] In some embodiments of the present invention, the
incident wave pressure can be used for better hearing aid
fitting.

[0023] With a more accurate measurement of the incident

power to the ear drum, some embodiments of the present
invention allow for a more reliable calibration of the audiom-
eter.

[0024] With a more accurate measurement of the sound
level delivered to the inner ear, some embodiments of the
present invention allow for a more accurate result from the
pure tone audiometry, distortion product otoacoustic emis-
sion measurements, transient otoacoustic emission measure-
ments, and stimulus frequency otoacoustic emission mea-
surements.

[0025] Depending upon embodiment, one or more of these
benefits may be achieved. These benefits and various addi-
tional objects, features and advantages of the present inven-
tion can be fully appreciated with reference to the detailed
description and accompanying drawings that follow.

4. BRIEF DESCRIPTION OF THE FIGURES

[0026] FIG.1is a simplified block diagram of a method for
determining an incident wave pressure according to an
embodiment of the present invention.

[0027] FIG. 2 shows two conventional sections of the basic
transmission line model according to an embodiment of the
present invention.

[0028] FIG. 3 is a simplified block diagram of a method for
determining a hearing threshold according to an embodiment
of the present invention.

[0029] FIG. 4 is a simplified diagram illustrating a system
for determining an incident wave pressure according to an
embodiment of the present invention.

5. DETAILED DESCRIPTION OF THE
INVENTION

[0030] The present invention relates generally to hearing
screening and diagnostic techniques. More specifically, the
invention provides methods and systems for calibrating hear-
ing equipments and determining hearing status. Merely by
way of example, the invention has been applied to audiom-
eter, but it would be recognized that the invention has a much
broader range of applicability.

[0031] As described above, in conventional techniques, the
presence of standing waves can adversely affect the results of
these hearing tests. Specifically, standing waves are nulls (or
nodes) formed from the destructive interaction between the
incident and the reflected waves. These pressure nulls are
developed at positions where the two waves are out of phase.
If the stimulus frequency is such that one of these pressure
nulls is near the entrance to the emission probe, then the
measured pressure would be substantially attenuated. As a
result, there can be a discrepancy as large as 15-20 dB
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between the sound pressure level measured by the emission
probe and the sound pressure level at the eardrum. In other
words, because of the pressure cancellation effect of the
standing wave, the sound pressure level recorded at the probe
may not accurately reflect the actual sound pressure at the
eardrum.

[0032] The problem is further exacerbated if the patient
suffers from mixed hearing loss. In such cases, the conductive
hearing loss caused by pathologies in the middle ear will
tends to further distort the actual incident power that is deliv-
ered to the inner ear. As a result, test result may indicate that
a patient suffers inner ear problem even when none exists.

[0033] Inother words, conventional techniques for calibra-
tion and hearing loss detection are often inadequate due to the
distortion of the measuring parameters by standing waves and
middle ear pathologies. More specifically, conventional cali-
bration techniques, such as Reference Equivalent Sound
Pressure Level (RETSPL) defined in the ANSI S3.6 1996
standard or ear canal pressure measurement, fail to compen-
sate for standing wave effect caused by the reflected wave.
Recently, there has been some discussion of a real-ear inten-
sity calibration based on a paper entitled “Comparison
between intensity and pressure as measures of sound level in
the ear canal” published in J. Acoust. Soc. Am. 104 in 1998 by
Neely S. T. and Gorga, M. P. However, the proposed intensity
measurement is solely derived from the overall pressure mea-
surement, which includes power contribution from both the
forward and backward wave components. While the use of
this total power intensity for calibration and measurement has
mitigated some of the distortion problem caused by standing
waves, the measurements are still susceptible to a fair amount
of standing wave distortion. Therefore, one of the intents of
this invention is to propose a new method for calibration and
measurement that uses an intensity value derived from the
forward component of the measured wave pressure only,
thereby avoiding the problems associated with standing wave
interference entirely.

[0034] FIG.1is a simplified block diagram of a method for
determining an incident wave pressure according to an
embodiment of the present invention. The diagram and the
associated description are provided only as an example,
which should not unduly limit the scope of the claims herein.
One of ordinary skill in the art would recognize many varia-
tions, alternatives, and modifications. For instance, while the
method described below relates to pure tone audiometry
(PTA) only, the described method may easily be adapted for
use with various other types of hearing screening methods
such as otoacoustic emission (OAE) measurements and audi-
tory brainstem response (ABR) measurements.

[0035] The method 100 includes a process 102 for deliver-
ing a sonic stimulus to a ear canal, a process 104 for measur-
ing the pressure generated (P,,) in a ear canal, a process 106
for providing the power reflectance (R) of the ear canal, a
process 108 for determining the incident wave pressure (P,),
a process 110 for determining the incident power intensity,
and a process for performing equipment calibrations and
hearing measurements. Although the above has been shown
using a selected sequence of processes, there can be many
alternatives, modifications, and variations. For example,
some of the processes may be expanded and/or combined.
Other processes may be inserted to those noted above. Further
detail of the present invention can be found throughout the
present specification and more particularly below.
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[0036] At the process 102, a sonic stimulus is delivered to
the ear canal using a sound source transducer positioned at the
opening of the ear canal. Depending on the application, the
sonic stimulus may be a tone, a chirp, multiple tones, or other
stimulus type. In one embodiment, the sonic stimulus can be
a pure tone of a predetermined frequency and amplitude. In
another embodiment, a pure tone frequency at 1 kHz may be
chosen for the hearing test. In yet another embodiment, the
tone may be a wide band sweep (chirp) of a range of frequen-
cies within the human audible range. In yet another embodi-
ment, two sound source transducers may be used to generate
two pure tones to stimulate a measurable distorted emission
from the cochlear hair cells. In yet another embodiment, the
sound source transducer is a speaker housed in a ear probe.
[0037] At the process 104, the pressure in the ear canal is
recorded. In one embodiment, the pressure is measured using
a receiving transducer positioned at the opening of the ear
canal. In another embodiment, the receiving transducer is a
microphone embedded in the same ear probe that houses the
speaker.

[0038] At the process 106, the power reflectance (R) of the
ear canal is computed. In one embodiment, the power reflec-
tance may be derived from the measured pressure as it is
disclosed in a paper by Susan E. Voss and Jont B. Allen
entitled “Measurement of Acoustic Impedance and Reflec-
tance in the Human Ear Canal.” 95 J. Acoust. Soc. Am. 372
(January 1994). In another embodiment, the acoustic reflec-
tance may be measured using one of a plurality of reflectance
measurement systems, such as the MEPA3 Clinical Reflec-
tance System, manufactured by Mimosa Acoustics, Inc.
[0039] At the process 108, the incident wave pressure (P, )
in the ear canal is extracted from the measured pressure (P,,).
In one embodiment, the incident wave pressure (P,) is a
function of the measured ear canal pressure (P,,) and the ear
canal reflectance (R ) according to the following equation:

Pl f)
P.(f) = T+ R )
[0040] where x is the distance of the microphone from the

ear canal and f'is the frequency of the selected sonic stimulus.
[0041] Asshown inthe equation above, while the measured
pressure (P,,) and the reflectance (R) are both functions of x
and f, the ratio of P,, to R is a function of the fonly. As a result,
the incident wave power intensity is independent of the probe
location and thus free from any distortion by standing waves.
[0042] At the process 110, once the incident wave pressure
is computed, the incident power intensity (I,), which is
defined as power per unit area, may be derived from the
following equation:

_p
-

-

[0043] where Z, is the wave characteristic impedance that
is defined by the following equation:

Zo(x, 5) = %

[0044] where p, is the density of air, c is the speed of sound,
and A(x) is the area of the ear canal.
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[0045] Therefore, the incident power intensity (I,) may be
calculated from the measured pressure (P,,) according to the
following equation:

i
T Zo(l+ R

[0046] Inone embodiment of the present invention, the ear
canal is terminated in the characteristic impedance of the ear
canal (Z,,) to prevent the retrograde pressure (P-) from affect-
ing incident wave intensity value.
[0047] Atthe process 112, the calculated P, or 1, is used for
performing calibration of the audiometer or making hearing
measurements. For example, a key concept behind certain
embodiments of the present invention is that P+ is more
highly correlated to the hearing threshold than the micro-
phone pressure Pm, because the function 1+R(f) removes the
effect of standing waves. For another example, the calculated
P, or I, may beused for real-ear calibration of the audiometer.
Because the calculated P, and I, are free from the influence of
standing waves and middle ear pathologies, and because they
are independent of the position of the probe in the ear canal
(they do not depend on x), they provide a more accurate
calibration for the audiometers. The calculated P, and I, may
also be used in a various OAE measurements such as distor-
tion product otoacoustic emission measurement, transient
otoacoustic emission measurement, and stimulus frequency
otoacoustic emission measurement.
[0048] Although the above has been shown using a selected
sequence of processes, there can be many alternatives, modi-
fications, and variations. For example, some of the processes,
such as the processes 102, 104, and 106, may be combined. In
another example, a process, such as the process 110, may be
skipped.
[0049] In another embodiment, we know that the energy
travels at the wave speed in the forward direction, is reflected
by inhomogeneities and by spreading of the wave as it propa-
gates, and then travels in the reverse direction. The product of
the wave pressure (P) and wave velocity (U) determines the
wave intensity. (Here, the wave velocity is a distinctively
different entity from speed of sound. In the following discus-
sion, we shall use the term “velocity” or “U” to mean the
acoustic velocity of the wave and the term “speed” or ¢ to
indicate the velocity of the wave front. As shown above, the
wave impedance is given by

Poc

==

where c is the speed of sound. On the other hand, the wave
power is given by P*U where P is the pressure and U is the
wave velocity.) In the general case the wave speed (c) can
depend on frequency and position. We explore the relation-
ships between the forward and backward traveling wave vari-
ables (pressure and volume velocity) [P, (x,w), U, (x,w)] and
[P_(x, w), U_(x, w))] forinhomogeneous media, and then give
formulas for the forward and backward intensity flow, and its
velocity, in terms of the medium’s constitutive relations.

[0050] FIG. 2 shows two conventional sections of the basic
transmission line model, as a lumped parameter electrical
circuit. Inductance represents mass per unit length and while
the capacitance represents stiffness per unit length, in such a
representation for a section A meters long. In the following
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discussion, we shall denote p,.(x, t) as the wave pressure in the
forward (anterograde) and reverse (retrograde) directions,
and u,(x, t) as the anterograde and retrograde wave velocities.
In some cases we shall let u represent the volume velocity.
The Fourier and Laplace transforms are indicated by upper
case letters. For example p, (x,t) <3P, (X, w). When subscripts
are required, the + will be indicated as superscripts (e.g.,
P, (x, w)). The symbol <indicates a transform pair.

[0051] A medium’s wave properties are characterized by
the per-unit length series impedance (X, s) and the per-unit
length shunt admittance Y (X, s), denoted here as constitutive
relations. In the ear canal the medium is air and is deter-
mined by the density of the air and Y by the air’s stiffness.
[0052] Intensity has direction, collinear with that of the
velocity. The total pressure and particle velocity have corre-
sponding forward and retrograde components. It follows
from wave linearity, that without loss of generality, the pres-
sure (a force per unit area) may be written as a sum of antero-
grade P* and retrograde P~ propagated pressure waves as, for
example,

P(x, ©) =P"(x ,0) +P(x, ®) . (1)

[0053] Likewise, the axial velocity U (a flow) may be
expressed as, for example, a “sum” of anterograde and retro-
grade axial velocity traveling wave components

Ulx, o) =U"(x, 0) -U (x, ®) . 2)

[0054] The retrograde velocity component is negative
because velocity, like intensity, has direction, whereas pres-
sure is a scalar, without direction.

[0055] The ratio of the pressure and velocity for forward
and backward traveling waves is equal to an inhomogeneous
impedance we call the characteristic impedance, denoted C,
(x,1t) inthe time domain and Z,, (X, s) in the frequency domain,
such that

P, w) &)

So(x, 1) © Zo(x, 5) = IRER

[0056] independent of the direction of the wave (as above).
For homogeneous waves Eq. 3 is well known.

[0057] Thetwoinhomogeneous material properties (X, s)
andY (x, s) define the wave properties via two functions, the
wave characteristic impedance, for example, can be defined

as
P B Zx,s) @
o(x, 5) = Sk

and the wave propagation function
v )= 2w ®)

[0058] The wave characteristic impedance is important
because it is used in the definition of wave intensity, while the
wave propagation function determines the speed of sound (c),
as a function of position and frequency.

[0059] Given Eq. 3 it follows that the average forward (+)
and retrograde (-) intensity is, for example,

I.(x, w) = %9{ PLU: = %9{ Zo| Uy (x, w))? = %:R Yo(x, $)|Pulx, w)?, ®)

where Y,=1/Z, and Rindicates the real part.
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[0060] The pressure and velocity are related by the line

impedance Z(x, s), defined as the pressure over the velocity

Plx,w) P +P 1+K@x, s (D
Ux,w) Ur=U- " » -

x,0) & Z(x,5) =

where we have used our previous definitions Eq. 1, Eq. 2 and
Eq. 3. In the time domain p(x, t)=C(x, t)*u(x, t) at every point
x on the line. In Eq. 7 the reflectance R(x, s) is defined in the
frequency domain as the transfer function between incident
and reflected waves at a location x along the line, namely

Rx. s) = P_(x, w) _ U_(x, w). (8)
Pix,w) Ui, w)
[0061] The wave variables P+, U+ are related to each other

via the reflectance. From the above definition of the reflec-
tance, and from Eq. 7, a little algebra gives, as an example,

R _ Zx,8) = Zo(x, 5) )]
) = e T 2
[0062] For example, in the time domain p_(x, t)=q(x, t)*p,.

(x, t), where * represents the time convolution operator,
namely

por0) = f —4lx, Dps(x, 1= D).
=0

[0063] A similarrelation holds the velocity wave variables.
Given Z(X, s) and Z(X, s), one may find the reflectance R(x,
s) from Eq. 9. Alternatively, given R(x, s) one may find the
normalized impedance Z(x, s)/Z,(X, s). Physically this means
that the reflectance is mathematically related to the imped-
ance, normalized by Z,. Thus the definition of the character-
istic impedance for inhomogeneous and dispersive media
plays a fundamental role in relating wave variables to inten-

sity flow.
[0064] The wave equation for the pressure p(x, t) is, as an
example,
sz(x, o 1 8% plx, 1) (10)
a2 on
[0065] The general solution of the wave equation is, for
example,
P, H=p (t-x/c)+p_(t+x/c), (11

where p, (&) and p_(E) are two arbitrary functions. This solu-
tion tells us that the wave equation supports forward and
backward propagated “waves,” which are represented in two
arbitrary functions p, and p_, traveling at the speed of sound
¢ (orifone considers the electromagnetic case, of light), in the
forward and backward directions. These two solutions (p,
and p_) are denoted as wave variables, since they are of the
form of forward and backward traveling pressure (voltage) or
velocity (current) waves. Equation 11 indicates that any func-
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tion, having arguments t+x/c, is a solution of the wave equa-
tion. The incident wave is denoted the anterograde wave,
while reverse (reflected) traveling wave is denoted the retro-
grade wave.

[0066] Theunits of'the waves are indeterminate and open to
choice. For acoustic problems the waves may be pressure p or
velocity u. In electrical problems it may be voltage, current,
electric or magnetic field, scalar or vector, or even probability
waves, as in quantum mechanics. Note, for example, that by
simple linear transformation, the solution of a linear, time-
invariant (i.e., LTT), dispersionless (c is independent of fre-
quency ) second-order differential equation (Eq. 10), may be
written either in terms of (1) the sum of two pressure waves
[p.(%, ),p_(x, ®)] (for the acoustic case), or (2) two velocity
waves [u, (X, ), u_(X, w)], or a combination of (3) pressure
and velocity [p(Xx, w), u(x, w)]. In each case appropriate
boundary conditions are required to provide the scaling of the
two degrees of freedom provided by these various represen-
tations.

[0067] The wave variables in equation 11 are very physical
as they describe the solution of the wave equation in a natural
manner, as waves going in the two directions. There is some-
thing special about each of these waves in that they transport
energy in the two directions, in an uncoupled manner. The
waves are uniquely specified in terms of the intensity prop-
erty. The pressure is the sum of the forward and reverse
pressure, and each wave pressure (or velocity) uniquely
defines the intensity via the characteristic impedance. Since
the two intensity are independent (they depend only on the
boundary conditions), the wave variables are uniquely speci-
fied for this case.

[0068] With reference to FIG. 2, the basic equation for
dispersive inhomogeneous media: an important and well
known generalization of Eq. 10 is the LTI, causal, dispersive,
inhomogeneous pair of first order equations

iren) o

Z(x, $) ][ Px, w) (12)
dx| Ux, w) yxs) 0 H }

Ux, w)

where P(x, w)) is the pressure (or voltage), U(X, ) is the
velocity (or current),

Z{(x, $)=R(x, $)+sL(x, 3), (13)
is the per unit length series impedance, and
Y, $)=G(x, $)+sG(x, s) (14)

is the per unit length shunt admittance, where by definition R
and G are the real part of Z£and, and in a loss-less medium
are zero.

[0069] One cannot determine the formula for the wave
speed ¢ interms of ZandY from Eq. 10 without an additional
relationship. However given Eq. 12, this relation may easily
be determined, since Zand Y are explicitly specified in the
formulation. Equation 12 is called the Webster Horn equa-
tion, (in acoustic applications), or the Telegraph equation (in
electromagnetic applications). It follows that Eq. 12 is more
general that Eq. 10, and represents a generalization in the
sense that it defines the waves directly in terms of the medi-
um’s constitutive relations Z(x, s) and Y(x, s), in general can
be location and frequency dependent. Equation 12 it is typi-
cally written as a single second-order equation.

[0070] The constitutive relations Z(x, s) and Y(x, s) may be
determined only by an experiment on a given physical sys-
tem, or by a theoretical model. They define a wave medium’s
material properties.
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[0071] For lossless homogeneous cases (L and C constant
and R(x, s)=G(x, s)=0), Eq. 12 trivially reduces to the wave
equation Eq. 10 having solution Eq. 11 and the propagation
function indirectly specifies the wave speed as Eq. 5, which
says that for Eq. 10, ¢=1/[LC. Equally important, the wave’s
characteristic impedance is given by Eq. 4. These relations are
important because they connect the wave properties y and Z,
to the physical constitutive relations. As an example, for
acoustic wave propagation, L=p,, C=y,P,. The speed of
sound in air is therefore c=f,P,/p,, Which is 331 [m/s],
assuming p,=1.23 [kgm/m;], y,=c,/c,=1.4 and P,=105 [Pa].
Furthermore P+/Ux=7,=p,c=407 [MKS-Rayls].
[0072] From Eq. 9, both the characteristic impedance Z,
and a load impedance Z are required when calculating the
reflectance. This problem may be solved by replacing the
inhomogeneous transmission line by its Thevenin character-
istic impedance, loaded by Z,(s). In this view, the character-
istic impedance is defined as the Thevenin source impedance
looking into a very short (infinitesimal) piece of the line.
When we impulse this system, and restrict time to very short
times less than d, (say of a few microseconds), only the waves
in the region dx=cd, can play a role in the determination of
2(9,), due to the limited time and limited speed of sound.
[0073] For the case in hand, where Z,(x) does not depend
on frequency, then its inverse Fourier transform is, for
example,

T D=1, Zo(x) s)

[0074] We call Z,(x) the surge impedance. It follows from
Eq. 7 that in this case R(x, s)=0. We summarize this property
by saying that the characteristic impedance is strictly local.
[0075] Power and wave variables: In the homogeneous case
the forward and backward wave solutions of Eq. 12 are inde-
pendent, and obey Ohni’s Law Eq. 3.

[0076] Working in the time domain, the instantaneous
intensity I (%, t), at every location x and time t, may be
expressed in terms of wave variables

I(x, H=p(x, Hu(x,)=[p*(x, H)+p~(x, O][u*(x, H-u(x, )], (16)

where u is the particle velocity. Expanding this gives the total
intensity (at every time instant t and every location x) in terms
of these wave variables

I(x, D)=p*(x, Hu(x, H)-p~(x, D (x, D+~ (x, Du™(x,
N-p*x, Hu(x, 1)]. 17

[0077] The first term on the right is denoted the forward
traveling (anterograde) intensity

I(x, D=p*(x, Dut(x, 1), (18)
while the second
I (x H)=p~(x Hu (%, 1) (19)

is denoted the reflected (retrograde) intensity. This leaves the
third term in square brackets, which we denote the cross-
intensity

I(x, D=[p~(x, Du*(x, H-p*(x, Du (x, 1)]. (20)

[0078] Lossless homogeneous case: Eq. 3 requires that the
cross-intensity is zero, because

S e @b
=NTTT T

is a constant. Transforming Eq. 21 to the time domain results
inp,=Z,u,. Substitution into the cross-intensity and factoring
out the common constant Z, results in

I(x, D=Zo(x) [~ (x, Dt (x, - (x, Hu(x, 1)]=0. (22)
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[0079]
I(x, =I"(x, -I"(x, 1), (23)

In conclusion, for the lossless homogeneous system

namely the intensity absorbed is the forward traveling inten-
sity less the backward traveling intensity. This physically
makes sense in the sense that the intensity either is traveling
one way or the other (homogeneous property), since no
energy is burned up in the network (lossless property). The
cross-intensity is always zero since there is no fixed relation-
ship between waves going in the two directions.

[0080] Inthe case of a lossless inhomogeneous, when L(x)
and C(x) are independent of frequency, then both the reflec-
tion coefficient R(x) and Z, do not depend on frequency. As
for the lossless inhomogeneous case, cross-intensity must be
zero since then using Eq. 9 given ,(t)=R(x)d(t), leading to, for
example,

L(x, =R@)[p.,(x, D, (%, -p(x, D, (x, 0]=0. 24

[0081] Thus for the lossless inhomogeneous case, Eq. 23
will holds, since R(x) is a real and independent of frequency.
[0082] In the general case, when the constitutive relations
depend on frequency (dispersive case), the cross-intensity is
not zero, as there must be locally stored energy in the reactive
terms. We deal with this case in the frequency domain with the
following proofs.

[0083] The following is a second proof, which demon-
strates Eq. 23 directly. From the basic definitions
1 1 25)
(s, %) = ER[PU’*] = QR[(R +P_)yo(P. = P)]
resulting in Eq. 23
(26)

1 1 1
SRY|PP = Y|P - = Yol P_I
SR = S|P - S Yol P-T,

whereY is the ratio of the total volume velocity U divided by
the total pressure P,,,.

[0084] This follows because the cross term is purely imagi-
nary, namely
P,*P_—P,P_*=2j3p *p_, @7

thus after taking the real part we get zero.
[0085] This may be the most intuitive proof: We wish to
show Eq. 23 is true, in the frequency domain:

1 P2 (28)
Is)= 5RPU" = —-RY

[0086] Since P=P,+P_=P (1+R) and using

Yo
I =P,

Yo Y (29)
H)= L+ R)P+|2R(Y—0)

[0087]
example,

We need the real part of Y/Y,, which is given by, for

Y 1-R _RI-R(L+R) _ 1-|RP (30)
Yy [L+R?  [1+RP

Y, L+R

[0088] Usingthisresultinour expression for the total inten-
sity gives equation 23 as desired.
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[0089] The propagation of these waves is determined by a
locally defined propagation function Eq. 5, that also depends
exclusively on the constitutive relations. It immediately fol-
lows that intensity waves are defined for each of these waves
(Eq. 6).

[0090] For the case of homogeneous wave propagation, the
waves are exclusively coupled at the boundaries. In the inho-
mogeneous case, reflections occur everywhere the impedance
changes (e.g., where e(x, 5)=0).

[0091] The exponential horn is a helpful example, since the
exact closed form solution is known. Ithas been shown thatan
approximation of the input impedance looking into an expo-
nential horn can be a parallel combination of a mass and
resistive terms. The characteristic impedance Z(x, s) is dis-
tinct from Z (X, s) or Z, (X, s), which are the input impedances
looking right and left from point X into an infinite piece of
horn respectively. Since the characteristic impedance is local,
itis not depended on direction. These are key properties of the
characteristic impedance which are used in the definition of
the independent wave intensities (Eq. 6), coupled only by
reflections due to inhomogeneities in the medium. It would be
interesting to know how these definitions generalize to cases
of losses and dispersive constitutive relations.

[0092] Properties of q(x, 1) <>R(X, s): The reflectance is q(x,
t) zero for t=0+ if and only if the impedance is continuous in
space, Namely R(x,t) is strictly causal only when Z,(x™)=Z,
(x"), such that the impedance Z,(x, s) has no jumps. When
there is a jump, then the real part of R(s, X)=(Z-Z,)/(Z+Z,)
will not be zero. This can be easily seen by writing down the
expression for r(t) as the inverse Laplace transform of R(s, x),
and then setting t=0 in the expression. The imagine part of R
is zero, due to the real property of r(t), and the real part of R(s,
x) gives r(t=0,x), and is zero. The real part of a complex
characteristic impedance RZ, is known as the surge imped-
ance. It is zero if RZ=MRZ, are equal, namely iff the surge
impedance of Z and Z, are equal. This requires continuity of
Z,(%, s)atx. In general, when the load impedance Z(x, s) has
the surge impedance Z (X, s), the reflectance is strictly causal.
For example, this is easily seen by writing the expression for
the Laplace transform of g(x, t) evaluated at t=0, The imagi-
nary part of the integrand is then zero, due to the real property
(i.e., R*(-w)=R(w)), where * is the symbol for conjugate,
while the real part evaluates to g(x, 0), which is zero when the
surge impedance is Z,,.

[0093] The wave coupling is summarized most dramati-
cally in terms of the wave reflectance, Eq. 9, since this goes to
zero when e(X, s)=0. In the time domain reflectance may be
expressed as a convolution p-- (X, 1)=q(X, 1)*p (X, t), where *
indicates convolution with respect to time and q(x, t) <>R(X,s)
represent a Laplace transform pair. When R(x) is independent
of frequency, q(x, t)=R(x)d(t).

[0094] Because the incident pressure (P, ) and intensity (1,)
is not a function of x, the distance placement of the receiving
transducer, it’s value is not affected by the distorting effect of
standing waves. Further, assuming that the power absorbed
by the middle ear is negligible, the incident power intensity
(I,) is a good measurement of how much power has been
actually delivered to the inner ear. As a result, any hearing loss
measurement using the incident power intensity would be
much more reliable.

[0095] Armed with measurements of the power reflectance
(R) and the incident wave pressure (P,), one may quickly
determine the hearing status of a patient. In one embodiment,
The magnitude of the power reflectance value IRI, which is
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between 0 and 1, measured at a pure tone may be used to
detect problems with the middle ear while the value of the
incident wave pressure (P,) at the same frequency may be
used to detect inner ear problems. For instance, if IR is
approaching a low level of between 0.1 and 0.3, it is a clear
indication that the middle ear is fine because most of the
sound has been absorbed through the middle ear. On the other
hand, if R is approaching a high level of between 0.8 and
0.95, it is a clear indication that there are middle ear problems
because most of the sound energy is reflected back.

[0096] Take, as an extreme example, the case when IR is
approaching 0, it indicates that close to 100% of the sound
energy has been transmitted into the middle ear. In that case,
one can safely assume that the patient does not have any
middle ear pathologies. On the other hand, if IR| is approach-
ing 1, it indicates that close to all of the sound has been
reflected away from the middle ear. As a result, one may
safely conclude that the patient has problems with its middle
ear.

[0097] Similarly, according to another embodiment, since
the value of P, is a close approximation of the sound energy
that reaches the inner ear, it is a reliable indicator of inner ear
problem. For instance, if the measured threshold P, for a
patient is much more than 20 dB-SPL for a 1k Hz pure tone,
then it is a clear indication that the patient suffers from inner
ear problem.

[0098] Insome embodiment, the P, value may be used for
hearing aid fitting, reducing the variability in measurements
and improving the efficiency of the hearing aid.

[0099] FIG. 3 is a simplified block diagram of a method for
determining a hearing threshold according to an embodiment
of the present invention. Merely as an example, the method
depicted relates to a pure tone audiometry (PTA) hearing test.
However, the described method may easily be adapted for use
with various other types of hearing loss tests such as OAE
measurements and auditory brainstem response (ABR) mea-
surements.

[0100] The method 300 includes a process 302 for calibrat-
ing an audiometer, a process 304 for selecting and generating
a test tone frequency, a process 306 for selecting and gener-
ating a sound source volume level, a process 308 for deter-
mining whether a hearing threshold has been detected, a
process 310 for measuring the threshold pressure (P,,), a
process 312 for determining the reflectance (R), and a process
314 for determining the incident wave pressure (P,) and a
process 316 for determining a hearing status.

[0101] At the process 302, the audiometer is being cali-
brated. For example, the main objective of calibration is to
make sure that the audiometer is making consistent measure-
ments thereby allowing abnormal results to be distinguished
from those of typical normal ears. In one embodiment, the
audiometer may be calibrated with the traditional RETSPL
method. In another embodiment, calibration may be carried
out using an impedance cavity as itis shown and described in
U.S. Patent Application No. 2007/0219458 entitled “Method
and System for Determining Hearing Status.” In yet another
embodiment of the present invention, calibration may be
carried out in a real-ear situation using the incident pressure
(P,), the incident power intensity parameter (1, ), or absorbed
intensity value that is determined by the process described
below.

[0102] Atthe process 304, a test tone frequency is selected.
Depending on the application, the frequency may be selected
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from a wide range of frequencies that is audible to a normal
human ear, which typically ranges from 100 Hz to 20k Hz.
[0103] At the process 306, a sound source volume level is
selected and delivered to the ear canal. At the process 308, a
determination is made of whether a hearing threshold has
been detected. The two processes 306 and 308 may be
repeated until a hearing threshold has been detected as
described herein:

[0104] In one embodiment, the sound source volume level
is turned down in decremental steps from a volume level that
a subject can hear, like 70 dB. Then, the level is turned down
in large steps (for example, 20 dB) until it cannot be heard.
Then the process is repeated again, starting at the last audible
level, but in a smaller steps. This is repeated until the thresh-
old is determined to within 5 dB.

[0105] Atthe process 310, the pressure (P,,) in the ear canal
is measured. In one embodiment, the pressure is measured
using a microphone positioned at the opening end of the ear
canal.

[0106] At the process 312, the power reflectance (R) of the
tested ear is determined. In one embodiment, the power
reflectance may be derived from the measured pressure as it is
disclosed in a paper by Susan E. Voss and Jont B. Allen
entitled “Measurement of Acoustic Impedance and Reflec-
tance in the Human Ear Canal.” 95 J. Acoust. Soc. Am. 372
(January 1994). In another embodiment, the acoustic reflec-
tance may be measured using one of a plurality of reflectance
measurement systems such as the RMS/MEPA3 manufac-
tured by Mimosa Acoustics, Inc.

[0107] Atthe process 314, the pressure measurement in the
ear canal is converted into incident wave pressure (P, ). In one
embodiment, the incident wave pressure (P, ) is also called the
forward wave pressure. In another embodiment, the incident
wave pressure (P,) is derived from the ear canal pressure
measurement (P,,) and the ear canal reflectance (R) using the
following equation:

_ Pale )
P.(f) = T+ R& )
[0108] While the embodiment shown in FIG. 3 is adapted

for use in pure tone audiometry, the method can be easily
adapted for use with various OAE measurements such as
distortion product otoacoustic emission measurements, tran-
sient otoacoustic emission measurements, and stimulus fre-
quency otoacoustic emission measurements.

[0109] Moreover, according to certain embodiments, at the
process 316, a hearing status is determined. For example,
such determination is performed based on at least the power
reflectance (R) and the incident wave pressure (P, ). In one
embodiment, the power reflectance value (R) measured at a
pure tone frequency of 1k Hz may be used to detect problems
with the middle ear while the result from using incident wave
pressure (P,) at the same frequency may be used to detect
inner ear problem.

[0110] For example, if R is approaching a low level (e.g., 0
for 1 kHz pure tone), the middle ear is considered normal, but
if R is approaching a high level (e.g., 1 for 1 kHz pure tone),
the middle ear is considered abnormal. In another example, if
the measured threshold P, for a patient is much more than a
threshold level (e.g., 20 dBspl for 1 k Hz pure tone), the inner
ear is considered abnormal.

[0111] As discussed above and further emphasized here,
FIG. 3 is provided only as an example, which should not
unduly limit the scope of the claims herein. One of ordinary
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skill in the art would recognize many variations, alternatives,
and modifications. For example, in some embodiments, the
process 316 can be skipped. In another example, the process
314 is performed to determine the incident wave pressure, but
the incident power intensity is not determined at the process
314.

[0112] FIG. 4 is a simplified diagram illustrating a system
400 for determining an incident wave pressure according to
an embodiment of the present invention. The system 400
includes a probe 402, a signal generator 406, a signal proces-
sor 408, and a data processor 410. According to certain
embodiments, the system 400 can be used for screening and/
or diagnosing hearing disorders.

[0113] As shown in FIG. 4, the probe 402 is connected to
the signal generator 406 and the signal processor 408, and the
signal processor 408 is connected to the data processor 410.
According to an embodiment, the system 400 includes a
probe 402 being adapted to be placed inside a ear canal 404.
The probe 402 may include a source transducer for making a
sound and a receiving transducer for detecting sounds. The
source transducer in the probe 402 is connected to a signal
generator 406 while the receiving transducer 402 is connected
to a signal processor 408. The signal generator 406 is respon-
sible for delivering a signal to the source transducer for the
production of one tone, multiple tones, or a sweep of continu-
ous tones. The signal processor 406 receives signals from the
receiving transducer in the probe 402 and turns them into
pressure measurements (P,,). A data processor 410 is con-
nected to the signal processor 408. The data processor 410
receives the pressure measurements (P,,) from the signal pro-
cessor 408 and computes the value of a corresponding power
reflectance (R). With P,, and R, the data processor 410 further
computes the incident wave pressure (P,) according to the
formula shown above.

[0114] According to some embodiments, the data proces-
sor 410 then computes the incident wave intensity (I, ) accord-
ing to the following equation:

Rl
T (L+RD?

-

[0115] In the embodiment of the present invention
described above, the sound could be a pure tone signal that is
customarily used for hearing diagnosis. For instance, the
sound could be pure tone at 1 k Hz, a frequency that is
commonly use for detecting middle ear pathologies. In other
embodiments, the sound could be multiple tones, a continu-
ous sweep (chirp) of frequencies in the audible range, or other
stimulus types. Such sounds would be ideal for performing
other hearing test such as otoacoustic emission measurements
and the characterization of the frequency response of a ear
canal. In yet another embodiment, the signal generator 406,
the signal processor 408, and the data processor 410 may be
performed by a computer device configured to generate sig-
nals, receive signals, process signals, and calculate for a desir-
able result.

[0116] The present invention has various advantages over
conventional techniques. Certain embodiments can provide
hearing testing systems and methods that produces results
that are affected by reduced influence from standing waves or
even free from any distortion by standing waves. Some
embodiments can provide hearing testing systems and meth-
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ods that could better distinguish inner ear hearing problems
from middle ear hearing problems.

[0117] Some embodiments of the present invention can
significantly lower the cost of ear screening. For instance,
some embodiments of the present invention reduce the num-
ber of false-positives in a hearing testing programs by isolat-
ing middle ear problems from inner ear problems.

[0118] Someembodiments ofthe presentinvention provide
more accurate determination of hearing status by isolating the
incident wave pressure from that of measured pressure, the
present invention eliminates the effects of standing waves. As
a result, the computed incident pressure is a better represen-
tation of the actual sound pressure that is being transmitted to
the eardrum.

[0119] Someembodiments ofthe present invention provide
significant improvement over conventional ear screening
methods by taking into account of the retrograde waves. For
example, some embodiments of the present invention derive a
power measurement that reduces the effect of the retrograde
waves on the power measurement, thereby making the mea-
surement more accurate.

[0120] In some embodiments of the present invention, the
incident wave pressure can be used for better hearing aid
fitting.

[0121] With a more accurate measurement of the incident
power to the ear drum, some embodiments of the present
invention allow for a more reliable calibration of the audiom-
eter.

[0122] With a more accurate measurement of the sound
level delivered to the inner ear, some embodiments of the
present invention allow for a more accurate result from the
pure tone audiometry, distortion product otoacoustic emis-
sion measurements, transient otoacoustic emission measure-
ments, and stimulus frequency otoacoustic emission mea-
surements.

[0123] While many specific examples have been provided,
the above description is intended to illustrate rather than limit
the invention. Many variations of the invention will become
apparent to those skilled in the art upon review of this speci-
fication. The scope of the invention should, therefore, be
determined not with reference to the above description, but
instead should be determined with reference to the appended
claims along with their full scope of equivalents.

What is claimed is:
1. A method for characterizing an incident pressure wave in
a hearing test, the method comprising:

introducing a sonic stimulus into an ear canal,

measuring at least a sound pressure level (P,,) in said ear
canal;

processing information associated with said sound pres-
sure level;

obtaining at least an acoustic reflectance (R) including a
real and imaginary part based on information associated
with said sound pressure level; and

determining an incident wave pressure parameter (P,) in
said ear canal according to:

2. The method of claim 1 further comprising a process of
determining an incident wave intensity parameter from said
incident wave pressure parameter (P,).
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3. The method of claim 2 further comprising the process of
performing equipment calibrations and hearing threshold
measurements using said incident wave intensity parameter.

4. The method of claim 1, wherein said sonic stimulus is a
pure tone.

5. The method of claim 1, wherein said sonic stimulus is
chirp.

6. The method of claim 1, wherein said sonic stimulus
comprises of multiple pure tones.

7. The method of claim 1, wherein said sonic stimulus is
delivered to said ear canal by a source transducer situated near
said opening of said ear canal.

8. The method of claim 1, wherein said sound pressure
level is being measured by a receiving transducer situated
near said opening of said ear canal.

9. The method of claim 3, wherein said hearing threshold
measurements comprises a pure tone audiometry.

10. The method of claim 3, wherein said hearing measure-
ment comprises a distortion product otoacoustic emission
measurement.

11. The method of claim 3, wherein said hearing threshold
measurements comprises a transient otoacoustic emission
measurement.

12. The method of claim 3, wherein said hearing threshold
measurements comprises a stimulus frequency otoacoustic
emission measurement.

13. A method for determining a hearing threshold, the
method comprising:

providing a probe suitable for placement in an ear canal,

said probe being configured to deliver a sonic stimulus
associated with one or more frequencies and one or more
volume levels and further configured to measure one or
more sound signals;

determining a threshold volume level for said sonic stimu-

lus;

measuring at least a sound pressure level of said ear canal

at said threshold volume using said probe;

processing information associated with said measured

sound pressure level;

obtaining an acoustic reflectance based on at least infor-

mation associated with said measured sound pressure
level; and

determining a threshold value for an incident wave pres-

sure parameter in said ear canal based on at least infor-
mation associated with said measured sound pressure
level and said determined acoustic reflectance;
wherein said threshold value for said incident wave pres-
sure parameter representing said hearing threshold.

14. The method of claim 13 further comprising determin-
ing a hearing status based on at least information associated
with said threshold value for said incident wave pressure
parameter and said acoustic reflectance.

15. The method of claim 14, wherein said process for
determining a hearing status includes determining status of a
middle ear based on at least information associated with said
acoustic reflectance.

16. The method of claim 14, wherein said process for
determining a hearing status includes determining status of an
inner ear based on at least information associated with said
threshold value for said incident wave pressure parameter.

17. The method of claim 13, wherein:

said measured sound pressure level is represented by P,,;

said acoustic reflectance is represented by R;

said incident pressure parameter is represented by P, ;
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said process for determining said threshold value for said
incident wave pressure parameter in said ear canal is
performed based on at least:

18. The method of claim 17 further comprising determin-
ing an incident wave intensity parameter from said incident
wave pressure parameter (P,).
19. The method of claim 18 further comprising using said
incident wave intensity parameter for equipment calibration
and hearing threshold measurements.
20. The method claim 13, wherein said process for provid-
ing a probe includes providing said probe with a source trans-
ducer and a receiving transducer, said source transducer being
configured to deliver said sonic stimulus associated with one
or more frequencies and said one or more volumes, said
receiving transducer being configured to measure said one or
more sound signals;
21. The method claim of 13, wherein said process of deter-
mining a threshold volume level comprises delivering a dec-
rementally lower volume of a sound signal to said ear canal
until a hearing threshold has been detected.
22. The method of claim 13 further comprising calibrating
a plurality of probe parameters, said plurality of parameters
being related to at least said one or more frequencies and one
or more volume levels of said sonic stimulus.
23. The method claim 13, wherein said sonic stimulus is a
pure tone.
24. The method of claim 13, wherein said sonic stimulus is
chirp.
25. The method of claim 13, wherein said sonic stimulus
comprises of multiple pure tones.
26. The method of claim 17, wherein said hearing threshold
measurements comprises a distortion product otoacoustic
emission measurement.
27.The method of claim 19, wherein said hearing threshold
measurements comprises a transient otoacoustic emission
measurement.
28. The method of claim 19, wherein said hearing threshold
measurements comprises a stimulus frequency otoacoustic
emission measurement.
29. A system for determining an incident wave pressure in
a hearing test, the system comprising:
aprobe adapted to be placed near an opening of a ear canal,
said probe comprises a source transducer for delivering
a sound and a receiving transducer for detecting a sound;

asignal generator connected to said source transducer, said
signal generator being configured to send one or more
first electronic signals to said source transducer for
delivering said sound;

10
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a signal processor connected to said receiving transducer,
said signal processor being configured to receive one or
more second electronic signals from said receiving
transducer and to determine at least a sound pressure
level (P,,) based on at least information associated with
said one or more second electronic signals;

a data processor connected to said signal processor, said
data processor being configured to receive and process at
least information associated with said determined sound
pressure level (P,,) and to determine an acoustic reflec-
tance (R); and

wherein said data processor is further configured to deter-
mine an incident wave pressure parameter (P,) in said
ear canal according to:

P

P, =
TT1+R

30. The system of claim 29, wherein said data processor is
further configured to determine an incident wave intensity
from said incident wave pressure parameter (P, ).

31. The system of claim 29, wherein said sound is a pure
tone at a predetermined signal frequency in an audible range.

32. The system of claim 29, wherein said sound is a con-
tinuous sweep of frequencies within an audible range.

33. The system of claim 29, wherein said sound is com-
prising oftwo tones of different frequencies within an audible
range.

34. The system of claim 29, wherein said signal generator,
said signal processor, and said data processor are one or more
components of a computer device.

35. A method for characterizing an incident pressure wave
in a hearing test, the method comprising:

introducing a sonic stimulus into an ear canal,

measuring at least a sound pressure level (P,,) in said ear

canal;

processing information associated with said sound pres-

sure level;

obtaining at least an acoustic reflectance (R) including a

real and

imaginary part based on information associated with said

sound pressure level; and

determining an incident wave pressure parameter (P,) in

said ear canal according to:

wherein said ear canal is terminated by its own character-
istic impedance Z,,.



