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Direct measurements of individual head-related transfer functions (HRTFs) with a probe micro-
phone at the eardrum are unpleasant, risky, and unreliable and therefore have not been widely used.
Instead, the HRTFs are commonly measured from the blocked ear canal entrance, which excludes
the effects of the individual ear canals and eardrums. This paper presents a method that allows
obtaining individually correct magnitude frequency responses of HRTFs at the eardrum from
pressure–velocity (PU) measurements at the ear canal entrance with a miniature PU sensor. The
HRTFs of 25 test subjects with nine directions of sound incidence were estimated using real
anechoic measurements and an energy-based estimation method. To validate the approach, meas-
urements were also conducted with probe microphones near the eardrums as well as at blocked ear
canal entrances. Comparisons between the different methods show that the method presented is
a valid and reliable technique for obtaining magnitude frequency responses of HRTFs. The HRTF
filters designed using the PU measurements are also shown to yield more correct frequency responses
at the eardrum than the filters designed using measurements from the blocked ear canal entrance.
VC 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.3699230]
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I. INTRODUCTION

The present study focuses on head-related transfer func-
tion (HRTF) measurement and estimation techniques for bin-
aural reproduction with HRTFs. An HRTF, i.e., the ratio
between the pressure frequency response at the eardrum
evoked by a point sound source in free field and the free-
field response of the source in the same position, is laborious
to measure. In order to capture the HRTFs at a point very
close to the eardrum, the measurement needs to be done
using a probe, or a probe tube, microphone that is introduced
very close to the eardrum.1 This kind of measurement is
unpleasant and risky from the subject’s point of view. In
addition, it is difficult to fix the probe microphone close
enough to the eardrum without the risk of touching it. Further-
more, because of positioning difficulties, the measurement
result cannot always be regarded as reliable. In this paper, a
technique for obtaining the magnitudes of the HRTFs at the
eardrum of human subjects with acoustic pressure and veloc-
ity measurements from the ear canal entrance is presented.
The method is a solution to many of the challenges related to
probe microphone measurements from the eardrum.

Partly due to the problems related to probe microphone
measurements, the individual HRTFs are usually measured
using blocked ear canals. This method relies on the theory

that the ear canal is a filter that is independent of direction of
sound incidence to the ear canal entrance.2 However, it is
logical to use the eardrum as the point of measurement
instead of the blocked ear canal entrance for many reasons.
HRTFs measured at the eardrum include all directional
information and all individual variations. In addition, the
pressure at the eardrum is considered the reference quantity
in audiometric testing and fitting of hearing aids.3 Further-
more, if the HRTFs are measured at the eardrum, the fidelity
of binaural reproduction with the HRTFs is not dependent on
the type of headphones used. If the headphone transfer func-
tion (HpTF) used for headphone calibration in binaural
reproduction is measured with an unblocked ear canal, the
impedance match remains unchanged in the listening situa-
tion.4 Therefore, not only headphones with “free-field equiv-
alent coupling” (FEC),5 but a larger variety of different
types of headphones, e.g., insert headphones or in-ear moni-
tors,6 can be used in the reproduction as well. Moreover,
headphone calibration can be repeated with several different
headphones without the risk of changing the point of mea-
surement. Binaural reproduction with blocked ear canal
HRTFs and headphone calibration with blocked ear canal
are also reported to cause errors in timbre and localization.7

A. Binaural reproduction and HRTFs

In binaural listening, both the magnitude and the phase
responses of a sound event include important cues for local-
ization. If visual cues are left out of the equation, the
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perceived directions, distances, and loudness of two sound
sources are the same if the pressure frequency responses
(magnitude and phase) reproduced at the eardrum are identi-
cal. On the other hand, if the frequency response is “wrong”
or non-individualized,8 the sound is easily perceived as com-
ing from inside the head, from a wrong direction,9 or the
sound is perceived as colored.

HRTFs are used as digital filters for the synthesis of vir-
tual sources in three-dimensional (3-D) space for binaural
reproduction. Once the magnitudes of the HRTFs are meas-
ured or modeled, the complete HRTFs can be obtained by
taking the minimum-phase versions of the HRTFs and mod-
eling the interaural time difference (ITD) as a separate delay
line. This method has been found to produce perceptually
natural virtual sources and it is therefore applicable in the
design of digital filters for 3-D sound.10,11

An important phase in the preparation of binaural repro-
duction is individual calibration of the headphones used.12

The HpTFs, i.e., the transfer functions from the headphone
to the eardrum, need to be measured using exactly the same
point of measurement and exactly the same measurement
setup as in the HRTF measurements. Failure to do so leads
to an erroneous frequency response at the eardrum. Head-
phone calibration is then made by equalizing the headphone
output to produce a flat frequency response at the eardrum of
the listener or at some alternative point of measurement
used, e.g., the blocked ear canal entrance. In the reproduc-
tion phase, the signal played back is filtered with the desired
left and right ear HRTFs. If blocked ear canal HRTFs are
used, the filtering effect of the individual ear canal is
excluded from the HRTFs, but the effect is naturally added
in sound reproduction through headphones, assuming the
headphone used has free-field equivalent coupling.5

The quality of the reproduction, in terms of how similar
the resulting frequency responses at the eardrums are compared
to the frequency responses of actual HRTFs, can be degraded
for several reasons. If the blocked ear canal measurement tech-
nique is used, the frequency responses will be different if the
sound transmission from the measurement point to the eardrum
is not completely independent of the direction of sound inci-
dence. The design of the headphones is of great importance,
too. The headphones used for binaural reproduction using
blocked ear canal HRTFs should have a pressure division ratio
close to unity.5 One potential source of error is variability in
the positioning of the headphones on the ears.12,13

B. Estimation of the pressure frequency response
at the eardrum

Measuring or otherwise obtaining the pressure at the
eardrum is not straightforward. Direct measurement with a
microphone at the eardrum is not only risky and difficult to
perform, but it also comes with the important question where
exactly to place the microphone. The pressure in front of the
eardrum is not constant over its whole area, and the pressure
at one single point does not represent the signal that is trans-
mitted to the ossicles.14 In addition, standing waves start to
interfere with the result at higher frequencies if the micro-
phone is placed more than a few millimeters from the inner-
most part of the ear canal.

A lot of research effort has been put into resolving the
problem of estimating the pressure at the eardrum. The most
common approach includes parameterization of the external
ear or the ear canal and solving the pressure at the eardrum
with physics-based computational modeling.3,15,16 Sound in-
tensity, power flow, and the incident wave component of the
sound pressure have also been used to estimate or describe
the pressure at the eardrum.17–19

The need for a technique that would enable direct mea-
surement of both the pressure and the volume velocity at the
ear canal entrance has been recognized at least by Hudde
et al.,15 who realized that the optimum accuracy of the
pressure-minima method could be obtained only through
such measurements. With the reflectance-phase method and
a physical model of a human ear they were able to estimate
the pressure at the eardrum to an accuracy range of better
than 3 dB up to more than 10 kHz.

C. Goal of the study

The goal of the present study is to validate the method
for estimating the magnitude of the pressure frequency
response at the human eardrum by using measurements
made with an acoustic pressure–velocity (PU) sensor, the
Microflown,20 at the open ear canal entrance. The method
relies on the idea that when both the pressure and the veloc-
ity are measured at the ear canal entrance the pressure at the
eardrum can be estimated accurately.18 The method has been
successfully applied to ear canal simulators with constant
cross-sectional area and variable eardrum impedance,18 but
so far not to real human ears. The study aims at finding a via-
ble and reliable method to obtain the magnitude HRTFs at
the eardrum, whereas the phases or ITDs of the HRTFs fall
outside the scope of this study.

The approach is validated first by comparing the results
to direct measurements at the eardrum with a probe micro-
phone. Another viable choice for the validation was to com-
pare the accuracy of the method presented to the level of
direction independency of the blocked ear canal HRTF mea-
surement method. The third validation method used in this
study includes comparing the HRTF filters obtained through
the energy-based estimation method to those obtained with
two different HRTF-measurement techniques, namely, the
traditional blocked ear canal measurement method21 and
measurements with a probe microphone at the eardrum of
the unblocked ear canal.

II. THEORY: COMPUTATIONAL MODELING
OF EAR CANAL ACOUSTICS

A. Transmission line modeling

The human ear canal is often modeled as a straight
rigid-wall tube because the diameter of the ear canal is
smaller than the wavelength of the highest audible frequen-
cies. Hence, the ear canal acts as an acoustical waveguide or
a transmission line at frequencies at least up to 10 kHz. In
addition, the compliance of the ear canal walls of adults is
negligible with respect to the middle-ear compliance.22

Models that are more accurate are obtained by including
the area function of the ear canal in the model used. The area
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function can be obtained by estimation,23 by making a mold
of the canal, or with imaging techniques such as magnetic
resonance imaging.

One simple technique for estimating the eardrum pres-
sure is to model the ear canal as a transmission line (acousti-
cal waveguide) as presented, e.g., by Hammershøi and
Møller2 and Hiipakka et al.16 The model of the unblocked ear
canal is composed of a lossless ear canal as an acoustic trans-
mission line, the eardrum as a termination of relatively high
acoustic impedance, and an external pressure sound source
with internal acoustic impedance, as depicted in Fig. 1.

An acoustic transmission line with a constant cross-
sectional area S has a wave impedance Zw!qc/S, where q is
the density of air and c is the speed of sound in air. For the
ear canal, represented as a two port, the signal variables, PE,
PD, QE, and QD, the Laplace or Fourier transforms of the
pressure and volume velocity at the entrance of the ear canal
and the eardrum, respectively, are related by

PE

QE

! "
!

cosh"cL# Zwsinh"cL#
1
Zw
sinh"cL# cosh"cL#

! "
PD

QD

! "
; (1)

where L is the length of the tube section and c! a$ ib is the
wave propagation constant, with a being the attenuation
coefficient and b!x/c! 2pf/c the phase coefficient.

In this study, the transmission line modeling technique is
used to estimate the pressure at the eardrum from the eardrum
probe measurements. The distance L between the probe
microphone and the eardrum varies between 4 and 12mm,
which means that the estimation mainly affects frequencies
close to and above 10 kHz. A simple model of the eardrum
impedance ZD (Ref. 24) and an acoustic transmission line
with 7mm cross-sectional diameter is used.

B. Energy-based estimation of pressure at the
eardrum

A different approach, which does not require the length
of the ear canal to be estimated first, is to compute the
energy density at the ear canal entrance18 and to use this
information to estimate the magnitude frequency response of
the pressure at the eardrum.

The total acoustic energy in an acoustic transmission
line per unit of volume can be presented as the sum of the
kinetic energy density Dk and potential energy density Dp.
The condition for conservation of total energy density
(Dk$Dp) states that

1

2
q ~u1j j2$

p1j j2

2qc2
! 1

2
q ~u2j j2$

p2j j2

2qc2
; (2)

where p1 and p2 are the pressures and u1 and u2 the particle
velocities at different points. Since

u ! q=S; (3)

where q is volume velocity, Eq. (2) can be reformulated
using Zw, P, and Q as in Eq. (1):

ZwQEj j2$ PEj j2! ZwQDj j2$ PDj j2: (4)

In an acoustic transmission line with constant cross section
the total acoustic energy density is preserved if the propaga-
tion coefficient c is imaginary, i.e., c! ib, where b is real,
which means that the transmission line is lossless.

If the waveguide is rigidly terminated at the other end,
the volume velocity diminishes when approaching the termi-
nal. The conditions in the ear canal are similar to those in a
rigidly terminated waveguide: The volume velocity is much
smaller at the eardrum than at the entrance due to the high
eardrum impedance.6,15 This phenomenon is also discussed
briefly in Sec. IV B. By assuming the volume velocity to be
very small at close proximity to the eardrum,

jZwQDj2 % PDj j2; (5)

Eq. (4) can be reformulated as

PDj j !
##############################
QEZwj j2$ PEj j2

q
; (6)

or

PDj j !
#############################
UEqcj j2$ PEj j2

q
; (7)

where UE is the Laplace or Fourier transform of the particle
velocity at the canal entrance. Equations (7) and (6) give an
estimate of the magnitude frequency response of the pressure
at the eardrum PDj j. The estimation works almost perfectly
for ear canal simulators with constant S and rigid termination
as presented earlier in Refs. 6 and 18. However, with a trans-
mission line with variable S, such as the ear canal, the esti-
mation may become less accurate mainly at frequencies
above 10 kHz. Underestimation of the velocity at the ear-
drum of human subjects is another possible source of error.

The target of this research is to study the applicability of
the method presented to human ears by comparing the esti-
mation results to measurements at the eardrum. The variable
ear canal cross sections and different eardrum impedances of
human subjects are among the factors that contribute to the
total errors in the estimations presented in Sec. V.

III. MEASUREMENT EQUIPMENT
AND PREPARATIONS

A. PU sensors and microphones

The Microflown PU sensor comprises a small-size hot-
wire anemometer and a miniature electret microphone and it
is capable of measuring both acoustic particle velocity and
pressure. The hot-wire anemometer consists of two closely

FIG. 1. Circuit model for the ear canal, where ZS is the source internal im-
pedance, PS is the pressure source, ZW is the wave impedance of the ear
canal, and ZD is the eardrum impedance. In this study, pressure PE and vol-
ume velocity QE at the entrance are measured with the PU probe, whereas
PD and QD at the eardrum need to be estimated.
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spaced heated platinum wires that are exposed to airflow.
The upstream wire is cooled down more by the airflow than
the downstream wire, which affects the difference in the re-
sistance of the wires. The difference is measured with a
bridge circuit and a signal proportional to the particle veloc-
ity can thereby be obtained.20

The standard Microflown probes, however, are too large
to be used for in-ear measurements. Therefore, a pair of
extra-small PU probes that can be fitted inside the ear canals
of human test subjects were designed in cooperation with
Microflown Technologies (Arnhem, The Netherlands). One
of these sensors is shown in Fig. 2. The platinum wires in
the PU sensor are very sensitive to breakage and even the
touch of a hair can easily break them. Therefore, an acousti-
cally transparent protective grille is used to avert breakage
by contact with hair in the pinna and the ear canal. The PU
sensors used in this study are one-dimensional (1-D) probes
and they are designed to measure particle velocity in the ear
canal parallel to the midline of the ear canal. The ear canal is
considered a 1-D transmission line, which makes the 1-D
probes suitable for measurements in the ear canal.

Two miniature electret condenser microphones
(Knowles FG-23329, Illinois) similar to those in the PU sen-
sors were used for measuring the pressure frequency
responses close to the eardrum of the test participants. The
diameter and the length of the cylinder-shaped microphone
are 2.57mm. The eardrum probe microphones were modified
by adding a soft and acoustically transparent fabric tip, as
shown in Fig. 2, that prevents the metallic surface of the
microphone from touching the tympanic membrane. The
overall size of these probe microphones is small enough for
its effect on the frequency response at the eardrum to be neg-
ligible, except at very high frequencies.

The free-field frequency response of both the probe
microphones and the PU probes are adequately flat from
approximately 100 Hz to 16 kHz. To maximize accuracy in
the measurements, the devices were calibrated before and af-
ter each day of measurements using a plane wave in a large
anechoic chamber. The free-field pressure and velocity fre-
quency responses of the PU sensor and the microphones for
all directions of sound incidence were measured using the
same measurement setup as in the actual measurements
(described in Sec. III C). The distance between the loud-
speakers and the measurement equipment was 2.6 m, which is
large enough distance for a plane wave to be generated. The
magnitude frequency responses of the systems consisting of
the measurement equipment and the different loudspeakers

could thereby be subtracted from the measurement results.
This free-field level is also the reference in this study. An
alternative calibration method that does not require an
anechoic chamber is presented by Basten and de Bree.25

B. Ear replica

The possibility to estimate the pressure at the “eardrum”
of an ear canal simulator and a dummy head with a standard
Microflown PU probe has been studied earlier.18 This study
focuses on the HRTFs of human subjects, but an ear simula-
tor was also used to prepare and plan the main measurements
with human test subjects.

The main goal was to find the best possible point of
measurement for the custom-made PU probe inside the ear
canal. Another objective was to collect additional informa-
tion related to the volume velocity close to the eardrum.
Therefore, a replica of an actual outer ear that includes the
pinna and the ear canal was made by 3-D laser printing a
casting of the left ear of a human subject. In this case, the
cross-sectional area at the ear canal entrance is 65 mm2, but
the area is not constant along the ear canal. The replica
depicted in Fig. 3 was printed both in natural size as well as
magnified three times in order to fit the PU probe all the way
to the eardrum. A simple physical model of the eardrum,
such as the one used by Hiipakka et al.,16 and a miniature
microphone (Knowles FG-23329) were added at the end of
the ear canal of the ear replica.

C. Measurement setup

The measurements were carried out in free-field condi-
tions in the large anechoic chamber of the Department of
Signal Processing and Acoustics of Aalto University. Nine
active loudspeakers (Genelec 8030A, Iisalmi, Finland) at
different directions from the test subjects were used in the
measurements. Six loudspeakers were placed at 0& elevation
with azimuth angles 0&, 645&, 690&, and 180&, and three
speakers were placed at 30& elevation with azimuth angles
0& and 690&. All the loudspeakers were tightly fastened
using steel poles extending from the bottom of the chamber
at a distance of 2.6m from and pointing toward the center of
the chamber. Using a 2 s logarithmic sine sweep output sig-
nal the transfer functions from the loudspeakers to different
points in the ear canal were captured with the microphones
and the PU sensor.

Open-back circumaural headphones (Sennheiser HD
590, Hanover, Germany) were used in this study. The

FIG. 2. (Color online) On the left, the custom made 1-D Microflown
pressure–velocity sensor. The hot-wire anemometer is located behind a pro-
tective grille. The cylinder-shaped part is the Knowles FG Series omnidirec-
tional electret condenser microphone. On the right, the Knowles FG Series
electret condenser probe microphones used for measuring pressure at the
eardrum.

FIG. 3. Magnified (3') ear replica of a human ear with a PU probe placed
at the ear canal entrance.
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headphone’s coupling to the ear is close to free air (FEC).5

The frequency responses of the headphones were measured
three times for each test subject, first with the probe micro-
phone at the eardrum (Sec. IVA), then with the PU sensor at
the ear canal entrance (Sec. IVB), and finally with blocked
ear canals (Sec. IVC),

D. Test participants and practical issues

Eight female and 18 male test subjects aged between 20
and 63 participated in the measurements. All test participants
maintained that they had normal hearing. The cross-
sectional diameter at the entrance of the ear canals of the test
subjects varied from approximately 38 to 70 mm2. A normal
ear canal and tympanic membrane was seen in each case.
Earwax, if present, was cleaned from the ear canal before the
insertion of the probe microphones and the PU probes into
the ear canals.

The individual measurements used for the estimation
took approximately half an hour each. Eighty impulse
responses were obtained for all the test subjects, which
meant that the results from the measurements could not be
viewed thoroughly immediately after each individual mea-
surement. The estimation of the pressures at the eardrums
also needed a substantial amount of calculations to be made
before the results could be reviewed.

Once the estimations were made, and after analyzing the
measurements, it turned out that some of the test subjects
would have needed a repetition of the measurements since
the velocity frequency responses were corrupted. In a few
cases, the magnitudes of the velocity responses were approx-
imately 20 dB lower than the average, which could be related
to problems with the positioning of the PU probes or, e.g.,
humidity in the ear canal. Hence, the measurement results
from the left ears of ten subjects with the headphones, six
measurement results from the left ears and one result from
the right ear with the loudspeakers as sound source, as well
as all the results from one test participant were rejected.

The measurements, however, were not repeated for any
of the test participants since there was enough good data
available. It is important to recognize that should the PU
measurements and the estimation calculations be made sepa-
rately for a single subject, more attention could be paid to
the careful positioning of the probes and the monitoring of
technical glitches.

IV. MEASUREMENTS AND POST-PROCESSING

A. Probe microphone at the eardrum

The purpose of the probe microphone measurements
from the eardrum was to obtain HRTFs (PD) and HpTFs,
i.e., the pressures at the eardrum, as accurately as possible.
Standing waves inside the ear canal make it difficult to mea-
sure the pressure frequency response at the eardrum. In order
for the standing waves not to affect the measurement result,
the distance between the microphone and the eardrum should
be less than approximately 1/8 of the shortest wavelength of
interest. Hence, a maximum distance of roughly 4 or 5mm is
required for frequencies up to 10 kHz.

The expertise and the consultancy of the otologist among
the authors (T.K.) were needed to guarantee the safety and the
success of the probe measurements (see Fig. 4). The micro-
phones were placed close to, but avoiding contact with, the
tympanic membranes. Since the probe microphones included
an added soft fabric tip, as described in Sec III A, the test par-
ticipants could hear and feel if and when the tip made contact
with the surface of the membrane. The procedure was not
reported to be too unpleasant by any of the test participants.

The cables of the probe microphones were fastened
tightly to the chin so as not to allow the placing of the head-
phones on the ears to change the positions of the probes.
Once the probe microphones were fixed, the HRTFs and the
HpTFs from both ears of all the test participants were meas-
ured using all nine loudspeakers and the headphones.

For 12 test participants, the measurement was repeated
three times with different distances between the microphone
and the eardrum. One measurement was made at the eardrum
and the two others a few millimeters away from the eardrum.
These measurements, along with previously reported
results,16,26 served to improve and validate the method of
estimating the effective pressure at the eardrum from the
probe microphone measurements.

The effect of the distance between the probe and the ear-
drum is visualized in Fig. 5, where responses from three dif-
ferent positions of the probe in the ear canal of one test
subject are presented along with the estimated effective pres-
sure at the eardrum discussed in Sec. VA. The further away
the probe is from the innermost part of the ear canal, the
stronger the effect is on the overall frequency response. The
envelope curve of the responses from a large number of dif-
ferent positions along the ear canal could also be used as a
good approximation of the effective pressure at the eardrum.

The shortest distance from the microphone to the inner-
most part of the ear canal varied noticeably between test par-
ticipants, being approximately 4–12mm, which resulted in

FIG. 4. Top: Otologist in the process of placing probe microphones close to
the tympanic membranes of test participants. Bottom: A test participant in
the anechoic chamber with a Microflown PU probe placed at the entrance of
the ear canal.
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quarter wavelength minima (dips) at frequencies from 9 kHz
and higher. The average distance was approximately 9mm
causing a dip at about 12.3 kHz. For most of the test subjects,
the probe microphone measurement from the eardrum was
successful in the sense that the dip in the frequency response
caused by the reflection from the eardrum affected mostly
frequencies above 10 kHz. The depth of these dips varied
between approximately 6 and 20 dB, depending on the posi-
tion of the microphone and the reflection coefficient of the
eardrum. The mean depth was approximately 13 dB. A rep-
resentative example of an estimated minima is depicted in
Fig. 6.

The quarter wavelength minima (dips) were compen-
sated for by making an approximation of the transfer func-
tion from the point of measurement to the eardrum. The
measured probe response and transmission line modeling
technique, presented in Sec. II A, were used to estimate the
actual eardrum pressure at these high frequencies. The pres-
sure frequency responses at the eardrum obtained in this
manner are denoted in this paper as PD,probe.

During the headphone measurements, the position of the
dips in frequency domain caused by the reflection from the
eardrum changed to a lower frequency in some cases. This
effect was interpreted as being caused by a small change in
the position of the probe microphone, the change usually
being less than 1.5mm toward the entrance and away from
the eardrum. Nevertheless, the effective pressure at the ear-

drum could be estimated by compensating for the new dis-
tance between the probe and the eardrum, as described
earlier.

B. PU sensor at the open ear canal entrance

The pressure and particle velocity frequency responses
inside the ear canals, close to the canal entrances (see Fig. 4),
of the test participants were measured with the PU sensors
described in Sec. III A. The responses were measured from
both ears and with all nine directions of sound incidence and
with the headphones. Pressure and velocity responses were
also measured at the eardrum and at the ear canal entrance of
the ear replica presented in Sec. III B.

The volume velocity at the entrance is very low below
1 kHz. Hence, for the estimation of the pressure at the ear-
drum at these frequencies, the pressure component is the sig-
nificant factor. The volume velocity is high, and therefore
significant, at frequencies above 1 kHz. The velocity is most
valuable at frequencies close to the quarter wavelength min-
ima in the pressure frequency response at the entrance.18

Preparing tests with ear canal simulators and human
subjects showed that the best measurement results were
obtained when the probes were fitted parallel to the canals
and so that the transducer port of the microphone and the
velocity sensor were close to the mid-axis of the canal, as
depicted in Fig. 7. This kind of positioning is also supported
by the findings of Hudde and Schmidt.27 Finding such a
position for the PU probe was easier in the right ear than in
the left because the two probes are identical in design when,
in fact, they should be mirror images of each other. The
probe used in the right ear is shown in Fig. 2. In addition, the
objective was to place the PU probe as close to the entrance
as possible and not deep inside the canal. Once a good posi-
tion for the probes was found, the cables of the probes were
fastened with tape to prevent probe displacement during the
measurements.

The position and direction of the PU probe did vary
slightly between the test subjects because of different anato-
mies of the ear canal entrances. In some cases, the probe was
fitted slightly deeper inside and sometimes the probe was

FIG. 6. (Color online) Estimation of the minima in the frequency response
of the probe microphone measurement caused by the reflection from the ear-
drum. The dip is subtracted from the measured pressure frequency response
PD,probe,unprocessed, which yields the estimated actual pressure frequency
response PD,probe at the eardrum (1/3 octave smoothing).

FIG. 5. (Color online) Three frequency responses measured at different
positions in the ear canal. The dips caused by the space between the probe
microphone and the eardrum are at approximately 10.7, 11.7, and 15.5 kHz
corresponding to distances of 8, 7, and 5.5mm. PD,estim. is the estimated
pressure at the eardrum (1/6 octave smoothing).

FIG. 7. (Color online) Illustration of three HRTF measurement techniques
used in this study. The upper figures are illustrations as seen from above,
whereas the lower figures are as seen from the front. Left: Pressure PE and
velocity UE measurement at the open ear canal entrance with the PU probe.
Middle: Pressure PD,probe measurement from a point close to the eardrum
with the probe microphone. Right: Pressure PE,B measurement at the
blocked ear canal entrance.
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difficult to fit exactly parallel to the ear canal. These posi-
tioning difficulties are likely to have caused differences
between results from the probe microphone measurements
and the estimates, as reported in Sec. VA.

When the PU probe is placed at the ear canal entrance,
it blocks a small portion of the entrance and thus has some
effect on the pressure frequency response at the eardrum.
The magnitude of this effect was studied by comparing the
responses measured at the eardrum when the PU probe was
in place and when the ear canal was completely unblocked.
The measurements were made with a natural size replica of
a human external ear (see Sec. III B). The PU probe was
found to have an effect of less than 1 dB at frequencies
below 12 kHz, an effect of less than 3 dB between 12 and
16 kHz, and a significant effect above that. It is likely, how-
ever, that the effect is more significant with ear canals that
are narrower than the ear canal of the replica.

The particle velocity sensor, being a hot-wire anemome-
ter, emits a small amount of heat, which was sensed by the
test subjects. The test subjects were not disturbed by the heat
emitted, but the heat might possibly have had a small effect
on the wave impedance (Zw! qc/S) in the ear canals. This
effect, however, was not taken into account in the present
study.

C. Measurements with blocked ear canal

One of the advantages of the blocked ear canal measure-
ment method is that the microphones are easily fixed tightly
to the blocked entrance, e.g., by using perforated earplugs,
and the point of measurement will most likely not change
during HRTF measurements and headphone calibration. In
this study, the ear canals of the test subjects were blocked
with classic yellow earplugs that were cut to half their length
in order to fit the plugs completely into the ear canal. The
outer ends of the earplugs were thus at the level of the ear
canal entrance as depicted in Fig. 7. The same probe micro-
phones that were used to measure the pressure at the eardrum
were fixed to the surface of the earplug so that they would
not get displaced during the measurement. The blocked ear
canal HRTFs (PE,B) for all directions were then measured as
well as the blocked ear canal HpTFs.

This HRTF measurement method relies on the theory
that sound transmission through the ear canal is independent
of direction of sound incidence. To test this theory, the trans-
fer functions (pressure divisions) of the blocked and
unblocked ear canal entrance to the eardrum were calculated
for all directions of sound incidence, including the head-
phones. The standard deviation of these transfer functions
was calculated for both ears of the test participants.

V. RESULTS

A. Energy-based estimation of HRTFs from PU
measurements

The magnitudes of the HRTFs at the eardrum were esti-
mated from pressure and velocity measurements using
Eq. (6). The estimated HRTFs, PD,estim., could then be com-
pared to the HRTFs, PD,probe, obtained with the probe micro-

phone. Figure 8 shows one example of the measurements
and the estimation from the right ear of one representative
test subject. The pressure PE and the particle velocity UE

frequency responses measured with the PU probe at the
entrance are presented as well. The particle velocity is scaled
by qc. Hence, in free-field conditions the pressure and the
velocity curves would be equal.

One significant phenomenon here is that the velocity at
the entrance is high at frequencies where the pressure is low.
The standing waves in the ear canal create dips in the pres-
sure frequency response, but the velocity response carries
the information needed for the estimation of the pressure at
the eardrum at these frequencies.

As explained in Sec. IVA, the validation of the
estimation technique with human test subjects is not straight-
forward at high frequencies since it is not possible to mea-
sure accurately the frequency responses at the eardrum
above 10 kHz with a probe microphone. Nevertheless, in
most cases the HRTFs obtained with the two different tech-
niques are within 3 dB of each other, at least up to 10 kHz.

The most important results of this study can be summed
up as follows. The differences between PD,estim. and PD,probe

were computed for both ears of all test subjects in all loud-
speaker directions. The individual mean results for the right
ears of 24 test subjects and for all loudspeakers are plotted in
Fig. 9 (thin dashed lines). As can be seen, the estimation
method yields very accurate results for the magnitude
HRTFs (PD,estim.)—the differences between the probe mea-
surement and the estimates are smaller than 2 dB up to
10 kHz for most of the test subjects. Differences larger than
3 dB occur in narrow regions in the frequency response
below 10 kHz for a few subjects.

FIG. 8. (Color online) Measured and estimated pressure, PD, at the right
eardrum of one subject. The estimation is made using PE and UE from the
open ear canal entrance. Unsmoothed data are in the upper panel and 1/3
octave smoothed in the lower panel. UE is scaled by qc (azimuth 0&, eleva-
tion 0&).
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In Fig. 9 the mean across all the individual absolute dif-
ferences for the right ears of the test subjects and all loud-
speakers is also presented (thick line). The mean absolute
difference is less than 1 dB up to 5 kHz, less than 2 dB up to
10 kHz, and less than 3 dB up to 13.5 kHz. Above 10 kHz,
the probe microphone measurement method is no longer
completely reliable, as discussed in Sec. IVA. Hence, this
kind of comparison does not indicate the superiority of one
method over the other at high frequencies. As mentioned in
Sec. IVB, the PU probe used in the right ear was easier to fit
optimally into the ear canal than the probe used in the left
ear. Consequently, the mean errors are on average approxi-
mately 0.5 dB smaller for the right ear than for the left ear.

One important result supporting the principal idea of the
current estimation method was found through the measure-
ments with the ear replica presented in Sec. III B. As can be
seen from Fig. 10, the particle velocity is very small close to
the eardrum, even though the eardrum is not completely
rigid. The shape of the velocity frequency response is almost
similar at all points inside the canal and at the entrance, but
its magnitude diminished when approaching the eardrum,
especially at low frequencies. The velocity UD shown in Fig.
10 is measured approximately 1 cm from the eardrum of the
replica, which corresponds to 3.3mm in a natural-sized ear.
The estimation of the pressure at the eardrum is very accu-
rate for ear canal simulators with constant cross-sectional

area,18 but also for the magnified ear replica with variable
cross section, as can be seen from Fig. 10. The estimation
error is less than 3 dB up to 12 kHz and only 3 dB at 16 kHz.
The frequencies in Fig. 10 have been scaled (1:3) in order
for the frequency responses to correspond with those from a
normal-sized ear.

The HpTF magnitudes at the eardrum were also esti-
mated from the pressure and velocity measurements. The
result for one of the test participant is shown in Fig. 11. The
results in general are as good as with the loudspeakers, as
shown in Fig. 9, where the dashed-dotted line represents the
mean of the individual absolute differences for the right ears
with headphones as the sound source. The position of the
headphones on the ears could not be guaranteed to be exactly
the same as during the eardrum probe microphone measure-
ments and in the PU probe measurements for all the test sub-
jects, which is bound to contribute to the differences
between the results from the probe microphone measure-
ments and the energy-based estimation.

B. Independence of direction of sound incidence in
blocked HRTF measurements

In order to compare the energy-based estimation method
to the traditional HRTF measurement method the level of in-
dependence of direction of sound incidence of the traditional
method was compared to the accuracy of the energy-based
estimation method. The means of the standard deviations of
all transfer functions (pressure divisions) from the blocked
and open ear canal entrance to the eardrum with loud-
speakers and headphones as the sound source are shown in
Fig. 12. Ipsilateral and median plane loudspeakers, and both
ears of 19 test subjects are included.

The differences between the transfer functions are in
most cases very small, which is congruent with published
results.2 The mean of the standard deviations is less than
1 dB up to 7 kHz both for the blocked and the unblocked ear
canal. For some test participants, however, the deviation was
considerably larger, especially for contralateral sound sour-
ces. The worst case demonstrated an approximately 4 dB
deviation from the mean between 2.5 and 4.5 kHz with direc-
tion [azimuth( 90&; elevation 0&] for blocked entrance to
eardrum transmission. The results with headphones as the

FIG. 11. (Color online) Results for headphones: Measured and estimated
pressure, HpTFD, at the eardrum of one test participant (right ear). The esti-
mation is made using HpTFE and UE from the open ear canal entrance.
Headphone level normalized to 0 dB at 400Hz. UE is scaled by qc (1/3
octave smoothing).

FIG. 10. (Color online) Results for the magnified ear replica: Measured and
estimated PD, measured PE, measured UE and UD (velocity at eardrum). Fre-
quency axis is scaled by 3, i.e., 3 kHz here corresponds to 1 kHz in the actual
measurement. UE is scaled by qc (azimuth $90&, elevation 0&, 1/3 octave
smoothing).

FIG. 9. (Color online) Average errors of the estimation method: Solid line:
Mean absolute difference between PD,estim. and PD,probe. Dashed line: Mean
absolute difference between HpTFD,estim and HpTFD,probe. Dashed-dotted
lines: Individual mean differences between PD,estim and PD,probe. The right
ear of 24 subjects and all loudspeaker directions are included (1/3 octave
smoothing).
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sound source are noticeably different from those obtained
with loudspeakers. The average deviations are approxi-
mately 4 and 3 dB for blocked entrance to eardrum and open
entrance to eardrum, respectively, at 10 kHz. The design and
the positioning of the headphones are naturally of great im-
portance here.4,5

When the independence of direction of sound incidence
(Fig. 12) of the blocked ear canal HRTF measurement
method is compared to the accuracy of the energy-based esti-
mation technique (Fig. 9), the results prove to be approxi-
mately equally accurate, at least for ipsilateral directions.

However, the latter is considerably more accurate for
HpTFs. The deviation of the transfer function HpTFE,B to
HpTFD,probe compared to PE,B to PD,probe rises to 4 dB at
approximately 7.5 kHz.

C. HRTF filters for headphones

Different HRTF measurement techniques can also be
compared by using the measured responses to design HRTF
filters for binaural reproduction with headphones and then
studying the differences in the magnitude responses of the
filters. The magnitude responses for the filters for each indi-
vidual are obtained by deconvolving the measured HRTFs
with the measured HpTF. A typical example of the magni-
tude response of the different filters is shown in Fig. 13.

These filters were designed using measurements from the
right ear of one of the test subjects with the loudspeaker
directly in front of the test subject. The filters designed using
the probe microphone measurement from the eardrum can be
used as reference filters in the comparison. The headphone
signal filtered with these reference filters can be assumed to
produce the correct frequency response at the eardrum for all
directions of sound incidence with a good degree of
certainty.

Statistical analysis using the Student’s t-test with 5%
significance level confirmed that for 15 of the 20 subjects the
filters designed using the energy-based estimation of ear-
drum pressure differed significantly less from the reference
filters than the filters designed using blocked ear canal
HRTF measurements. For four subjects the result was the
opposite and for one subject no overall difference was found
between the two alternative filter designs. Figure 14 plots the
mean differences between the reference filters and the two
alternative filters for the right ear of 20 subjects. The audibil-
ity of coloration artifacts of HRTF filters designed using the
different HRTF measurement methods presented in this
paper has been studied by Takanen et al.28

VI. CONCLUSIONS

In the present study, the acoustic pressure and particle
velocity measurement at the ear canal entrance proves to be
a valuable asset for the estimation of magnitudes of HRTFs
at the eardrum (Sec. VA). The HRTF estimation method dis-
cussed in this paper applies the principle that the energy den-
sity remains constant at different points inside the ear canal,
because the ear canal acts much like a lossless acoustical
transmission line. Close to the eardrum, the major part of the
energy density is concentrated in the potential energy (pres-
sure) component while the kinetic energy component
remains almost insignificant due to the high impedance of
the eardrum (Sec. VA). A good estimation of the magnitude
of the pressure frequency response can be obtained by meas-
uring the energy density at the ear canal entrance and assum-
ing the particle velocity at the eardrum to be negligible
[Sec. II B, Eq. (7)].

In cooperation with Microflown Technologies, a pair of
miniature-size PU sensors (Sec. III A) were designed

FIG. 13. (Color online) Magnitude responses of different HRTF filters (azi-
muth 0&, elevation 0&) designed using the blocked ear canal measurement,
the energy-based estimation technique, and the probe microphone measure-
ment from the eardrum (reference) of one test subject (right ear) (1/3 octave
smoothing).

FIG. 14. (Color online) Mean differences in the magnitude frequency
responses between the HRTF filters designed using the blocked ear canal
measurements and the energy-based estimation method compared to filters
designed using the probe measurement from the eardrum (reference). The
measurements include the right ears of 20 subjects (azimuth 0&, elevation
0&, 1/3 octave smoothing).

FIG. 12. (Color online) Independence of the transfer functions to direction
of sound incidence and source: Average deviation of HpTFE,B/HpTFD,probe
from the mean of all transfer functions PE,B/PD,probe. Average deviation of
HpTFE/HpTFD,probe from the mean of all transfer functions PE/PD,probe.
Average standard deviation of PE,B/PD,probe and PE/PD,probe across all direc-
tions and all subjects. Both ears of 19 test subjects are included (1/3 octave
smoothing).
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purposely for measurements at the ear canal entrance of
human test participants. The pressure and velocity frequency
responses at the open ear canal entrances as well as the pres-
sure frequency responses at the blocked ear canal entrances
and at the eardrums of 25 test participants were measured
with the PU probes and miniature microphones, respectively.
A pair of headphones and nine loudspeakers in different
directions in a large anechoic chamber were used as sound
sources (Sec. III C).

The pressure and velocity frequency responses meas-
ured at the ear canal entrance and the energy-based estima-
tion technique were used to obtain estimates of the
magnitude HRTFs at the eardrums of the test subjects. The
method presented yields similar results to the measurements
with the probe microphone at the eardrum. The results show
that the method is applicable for actual human ears, the ear
canals of which do not have perfectly constant cross-
sectional area (Sec. VA). Below 10 kHz the differences
between the two methods are small for most of the test sub-
jects. Above 10 kHz, the comparison is no longer completely
reliable, since the probe microphone measurement method
suffers from standing waves in the ear canal if the distance
between the probe and the eardrum is more than a few milli-
meters (Sec. IVA). However, with a replica of an actual
ear—the ear canal of which has varying cross sectional
area—the results from the two methods are similar up to
about 16 kHz (Sec. VA).

The estimation method was also compared to traditional
blocked ear canal HRTF measurements. The accuracy of the
estimation method and the independence of direction of
sound incidence of the traditional method are roughly of the
same magnitude and more than adequate with respect to bin-
aural reproduction (Sec. VB). However, for some test sub-
jects and contralateral directions, the transfer functions from
the blocked ear canal entrance to the eardrum were found to
differ significantly from the mean transfer functions. In addi-
tion, the transfer functions from the blocked ear canal to the
eardrum with headphones as the sound source were clearly
different from the transfer functions with loudspeakers as the
sound source (Fig. 12).

The magnitude responses of HRTF filters for binaural
reproduction were obtained using the eardrum probe meas-
urements (as reference), the estimation method, and the
blocked ear canal measurements (Sec. VC). The responses
obtained through the estimation technique are more similar
to the reference than those obtained with the blocked ear
canal HRTF measurements. Especially for measuring the
HpTFs, the estimation method proves to be more accurate
than the blocked ear canal measurement. The differences in
the HRTF filters are large enough to be audible (Fig. 14).
This comparison shows that the HRTF estimation method
discussed in this paper is well suited for obtaining accurate
HRTF filters for binaural reproduction.

Although the results for the estimation method are
clearly satisfying and adequate for binaural reproduction, a
few possible sources of error can be recognized, the elimina-
tion of which would further improve the applicability of the
method presented. The positioning of the PU probes inside
the ear canals of the test subjects can be improved by moni-

toring the responses of the probes during the measurements
(Sec. III D). In addition, the design of the PU probes can be
improved to better cater to the extraordinary conditions in the
ear canal measurements, with size and usability being of great
importance. Furthermore, thorough investigations of the
effects of humidity in the ear canal and the heat emitted from
the velocity sensor during the measurements are called for.

In contrast to previous efforts to estimate the pressure at
the eardrum of human test subjects (Sec. I B), the method
presented is an accurate and straightforward technique that
does not require knowledge of the length or the area function
of the ear canal. Hence, it can be used to obtain the magni-
tudes of HRTFs at the eardrum without having to consult
with an otologist or having to make additional estimations of
sound fields in the ear canal.
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