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Ear-canal reflectance has been researched extensively for diagnosing conductive hearing disorders

and compensating for the ear-canal acoustics in non-invasive measurements of the auditory system.

Little emphasis, however, has been placed on assessing measurement accuracy and variability. In

this paper, a number of ear-canal-reflectance measurement methods reported in the literature are

utilized and compared. Measurement variation seems to arise chiefly from three factors: the residual

ear-canal length, the ear-probe insertion angle, and the measurement frequency bandwidth.

Calculation of the ear-canal reflectance from the measured ear-canal impedance requires estimating

the ear-canal characteristic impedance in situ. The variability in ear-canal estimated characteristic

impedance and reflectance due to these principal factors is assessed in an idealized controlled setup

using a uniform occluded-ear simulator. In addition, the influence of this measurement variability

on reflectance-based methods for calibrating stimulus levels is evaluated and, by operating the

condenser microphone of the occluded-ear simulator as an electro-static speaker, the variability in

estimating the emitted pressure from the ear is determined. The various measurement methods

differ widely in their robustness to variations in the three principal factors influencing the accuracy

and variability of ear-canal reflectance. VC 2019 Acoustical Society of America.

https://doi.org/10.1121/1.5123379

[BLM] Pages: 1350–1361

I. INTRODUCTION

The measurement of ear-canal reflectance is useful for a

number of hearing-diagnostic applications. Evidence suggests

that the ear-canal reflectance can be used directly as a tool to

diagnose and distinguish different conductive hearing disor-

ders (Ellison et al., 2012; Feeney and Keefe, 2001; Keefe

et al., 2000; Keefe et al., 2012; Merchant et al., 2014;

Piskorski et al., 1999) because it represents the delayed reflec-

tion from the tympanic membrane in a uniform ear canal. For

behavioral auditory thresholds and in measurements of

evoked responses in the ear canal, it is useful for calibrating

stimulus levels (Lewis et al., 2009; McCreery et al., 2009;

Scheperle et al., 2011; Scheperle et al., 2008; Souza et al.,
2014; Withnell et al., 2009). Finally, for acoustic responses

elicited in the inner ear and measured in the ear canal, e.g.,

otoacoustic emissions (OAE), it can be used for estimating

the sound pressure emitted from the tympanic membrane into

an anechoic ear canal (Charaziak and Shera, 2017).

The ear-canal impedance is usually measured using an

insert ear probe following a preliminary calibration proce-

dure to obtain its acoustic Th�evenin-equivalent source

parameters (Allen, 1986; Keefe et al., 1992; Voss and Allen,

1994). The ear-canal reflectance is subsequently calculated

using the ear-canal characteristic impedance, which is

inversely proportional to the ear-canal cross-sectional area.

Due to anatomical differences between different ear canals,

the characteristic impedance needs to be measured or esti-

mated in situ. However, a direct measurement is often

impractical because the use of ear molds or computed

tomography scans (Egolf et al., 1993; Stinson and Lawton,

1989) substantially increases the time required for a single

ear-canal reflectance measurement. In addition, acoustic

measurements in the ear canal using an ear probe are

affected by evanescent modes (Brass and Locke, 1997;

Keefe and Benade, 1981). When the ear canal is modeled

using one-dimensional transmission-line theory, these eva-

nescent modes can be approximated by an inertance in series

with the plane-wave ear-canal impedance. Last, Nørgaard

et al. (2019) showed that the oblique insertion of an ear

probe using a standard rubber ear tip introduces a short horn

loading between the ear probe and the ear canal. Errors in

the ear-canal reflectance may thus result from a mismatch in

characteristic impedance or contamination by evanescent

modes (Lewis, 2018; Nørgaard et al., 2017a), and from the

horn loading of an oblique ear-probe insertion (Nørgaard

et al., 2019). Naturally, methods based on a measurement

principle fundamentally different from the traditional insert

ear probe may be subject to different errors.
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In both clinical applications and the existing research

literature, the ear-canal characteristic impedance is either

fixed at a constant value [usually corresponding to an ear-

canal radius of 3.75 mm,1 3.97 mm for adults and 2.38 mm

for infants (Keefe and Simmons, 2003), or derived from the

utilized ear-tip size (Robinson et al., 2013)], or estimated in
situ based on the measured ear-canal impedance. In addition

to the fixed characteristic impedance, we identified what we

believe to be a representative catalog of methods for measur-

ing the ear-canal reflectance that have been reported and uti-

lized in recent literature. These include the methods of

Keefe et al. (1992), Rasetshwane and Neely (2011),

Nørgaard et al. (2017a), and Nørgaard et al. (2019) of which

the estimation of the ear-canal characteristic impedance is an

integral part. We found that this estimate is often sensitive to

the residual ear-canal length (i.e., the distance between the

ear probe and the tympanic membrane), the insertion angle of

the ear-probe relative the ear-canal cross-sectional plane, the

available frequency bandwidth of the ear-canal impedance

measurement, or a combination of these three principal factors.

Consequently, the ear-canal reflectance measured using these

existing methods is also sensitive to these three principal fac-

tors. Authors have not always reported their specific ear-canal-

reflectance measurement method and, without a systematic

controlled comparison, it is difficult to assess the accuracy of

such results and reproduce them. In this paper, we review these

existing methods and demonstrate their dependency on the

three principal factors in an idealized controlled setting using a

uniform occluded-ear simulator.

II. BACKGROUND

A. Ear-canal reflectance

The pressure reflectance R is defined as the ratio of

reverse- to forward-propagating pressure components P� and

Pþ, respectively. Based on the measured ear-canal imped-

ance Zmeas using an ear probe placed in and sealed to the ear

canal, the ear-canal reflectance R is traditionally calculated as

R � P�
Pþ
’ Zmeas � Z0

Zmeas þ Z0

; (1)

where the characteristic impedance of a lossless ear canal at

the position of the ear probe

Z0 ¼
qc

A
: (2)

In this equation, q is the density of air, c the speed of sound,

and A the ear-canal cross-sectional area at the position of the

ear probe. Equation (1) is based on the assumption of a

plane-wave sound field in the ear canal and is therefore not

exact in a non-uniform ear canal (Farmer-Fedor and Rabbitt,

2002). Nevertheless, the ear-canal reflectance is quantified

as a plane-wave reflection coefficient.

1. Keefe et al. (1992)

Keefe et al. (1992) estimated the ear-canal characteristic

impedance Ẑ0 as the averaged h�i real part Re{�} of the mea-

sured ear-canal impedance Zmeas,

Ẑ0 ¼ hRefZmeasgi: (3)

Using this estimated ear-canal characteristic impedance Ẑ0,

they calculated the ear-canal reflectance

R ¼ Zmeas � Ẑ0

Zmeas þ Ẑ0

: (4)

Keefe et al. (1992) reported the accuracy of the estimated

characteristic impedance in a set of evaluation tubes of

lengths 34.8–51.8 cm with errors of 3%–6%. However, these

tube lengths are not representative of any human ear canal.

In addition, the derivation of Eq. (3) assumes an infinite fre-

quency bandwidth and this method will presumably be

affected by the finite bandwidth of practical measurement

systems. The input impedance of longer waveguides exhibit

increased resonant behavior within a given frequency range

and the absorptive behavior of the tympanic membrane

directly influences Re{Zmeas}.

2. Rasetshwane and Neely (2011)

Rasetshwane and Neely (2011) estimated the ear-canal

characteristic impedance Ẑ0 by minimizing the time-domain

reflectance at time t¼ 0. In mathematical terms,

Ẑ0 ¼ arg min
Z0

F�1ðt ¼ 0Þ w
Zmeas � Z0

Zmeas þ Z0

� �����
����; (5)

where j � j denotes the absolute value and F�1ðtÞ½�� the

inverse Fourier transform. Note that Rasetshwane and Neely

(2011) multiplied the frequency-domain reflectance by a

one-sided low-pass half-width Blackman window w.

Subsequently, they calculated the ear-canal reflectance using

Eq. (4). The synthesis of time-domain transfer functions

means that this method may be affected by non-causal

effects due to properties of the inverse Fourier transform and

due to the Blackman window w.

3. Nørgaard et al. (2017a)

Using the Hilbert transform H½��, Nørgaard et al.
(2017a) estimated the evanescent-modes inertance L̂ and

ear-canal characteristic impedance Ẑ0 by minimizing the

imaginary and real parts, respectively, and in that order, of

the impedance estimation error �Z of an impedance Z,

�Z ¼ Z � Z0 �H ImfZg½ � � jH�1 RefZg½ �; (6)

calculated from the reflectance. They then calculated the

ear-canal reflectance in a manner similar to Eq. (4), but addi-

tionally subtracting the impedance of the estimated inertance

jxL̂ from the measured impedance Zmeas to estimate the

plane-wave ear-canal impedance

Ẑpw ¼ Zmeas � jxL̂: (7)

Here, j is the unit imaginary number and x the angular fre-

quency. They then calculated the reflectance R using the esti-

mated characteristic impedance Ẑ0,
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R ¼ Ẑpw � Ẑ0

Ẑpw þ Ẑ0

: (8)

They noted, however, that the method was inaccurate when

the acoustic waveguide was non-uniform at the position of

the ear probe. Because the Hilbert transform is numerically

calculated using forward and inverse Fourier transforms, this

method may suffer from issues similar to Rasetshwane and

Neely (2011), although here, no window function w is

utilized. Instead, the reflectance was truncated to restore dif-

ferentiability at the transition to the mirrored part of the

Hermitian-symmetric spectrum. This truncation frequency

can be considered a Nyquist frequency used to synthesize

the time-domain reflectance.

4. Nørgaard et al. (2019)

Nørgaard et al. (2019) reported the dependence of the

estimated ear-canal characteristic impedance Ẑ0 obtained

using the method of Nørgaard et al. (2017a) on the ear-probe

insertion angle. Non-perpendicular insertion angles intro-

duce a horn loading in front of the ear probe, which they

compensated for by calculating the reflectance as

R ¼ Zmeas � Ẑmeas;0

Zmeas þ Ẑ
�
meas;0

: (9)

Here, the asterisk superscript denotes the complex conjugate

and the estimated incident impedance Ẑmeas;0 represents the

impedance of the horn loading with a uniform anechoic ter-

mination. They estimated the incident impedance Ẑmeas;0 by

employing the method of Nørgaard et al. (2017a) at multiple

truncation frequencies xt (i.e., deliberately limiting the uti-

lized frequency range), resulting in discrete sets of estimated

characteristic impedances Ẑ0ðxtÞ and inertances L̂ðxtÞ.
They then fit the polynomials Ẑ0ðxtÞ ¼ Ẑ

00
0x

2
t þ Ẑ0;ec and

L̂ðxtÞ ¼ L̂
0
xt þ L̂0, and estimated the incident impedance

Ẑmeas;0 ¼ 3Ẑ
00
0x

2 þ Ẑ0;ec þ jxL̂0: (10)

The ordinate intercepts of the fitted polynomials Ẑ0;ec and L̂0

are particularly informative because they represent the

lumped-element behavior of the horn loading. In particular,

Ẑ0;ec represents an estimate of the characteristic impedance

of the ear canal and L̂0 approximates the sum of inertances

due to the horn loading Lhorn and evanescent modes Lem, that

is, L̂0 ’ Lhorn þ Lem. Finally, they estimated the plane-wave

ear-canal impedance as

Ẑpw ¼ Ẑ0;ec

1þ R

1� R
: (11)

The number of available truncation frequencies xt depends

on the residual ear-canal length and this method may become

unstable for shorter ear canals because fewer data points are

available for the polynomial fitting process.

B. Stimulus-level and emitted-pressure estimation

1. Integrated pressure

Based on the ear-canal reflectance R, Souza et al. (2014)

calculated the forward- and reverse-propagating pressure

components Pþ and P�, respectively, of the total measured

ear-probe pressure Pmeas from a stimulus supplied by the

ear-probe speaker,

Pþ ¼ Pmeas

R

1þ R
; (12)

P� ¼ Pmeas

1

1þ R
: (13)

Although the forward pressure Pþ is frequently used for cali-

brating stimulus level in ear canals, the integrated pressure

Pint (Lewis et al., 2009) can be useful for estimating the

sound pressure at the termination of a waveguide (e.g.,

Siegel et al., 2018),

Pint ¼ jPþj þ jP�j; (14)

and is therefore more intuitive for quantifying errors in

stimulus-level calibration with respect to a sound pressure

that can be physically measured. The integrated pressure Pint

represents the sound pressure at the rigid termination of a

uniform waveguide because the forward Pþ and reverse P�
pressure components are in phase at that location. We found

that the error due the finite termination impedance in a stan-

dardized uniform occluded-ear simulator amounts to approx-

imately 0.1 dB. Larger errors can therefore be attributed to

errors in the ear-canal reflectance.

2. Emitted pressure

Based on the ear-canal reflectance R and the pressure

measured using the ear probe from an evoked response from

the inner ear Pspl (e.g., an OAE), Charaziak and Shera

(2017) calculated the emitted pressure

Pepl ¼ Pspl

1� RRs

Tð1þ RsÞ
: (15)

They calculated the ear-probe source reflectance Rs from the

ear-probe source impedance Zs as obtained during the pre-

liminary Th�evenin-equivalent calibration procedure and the

estimated ear-canal characteristic impedance Ẑ0,

Rs ¼
Zs � Ẑ0

Zs þ Ẑ0

; (16)

and the one-way delay T ¼ e�jxl=c resulting from the resid-

ual ear-canal length l. The emitted pressure Pepl represents

the inner-ear-evoked pressure at the tympanic membrane

were the ear canal and ear probe replaced by an anechoic

uniform termination; it is therefore independent of the resid-

ual ear-canal length.

III. THEORY

Judging from the effects of an oblique ear-probe inser-

tion on the ear-canal reflectance reported by Nørgaard et al.
(2019), it is reasonable to expect that the effect of the horn

loading needs to be incorporated into the source reflectance

Rs as well when calculating the emitted pressure [Eq. (15)].
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Employing the same theoretical framework as Nørgaard

et al. (2019) and assuming that the ear probe is located at the

throat, Fig. 1 shows a sketch of a horn loading in front of an

anechoic uniform waveguide with characteristic impedance

Z0, including the forward plane-wave incident throat imped-

ance Zthroat,0. Using a one-dimensional transmission-line

model, the forward two-port transfer-matrix elements aij of

the horn loading relate the characteristic impedance Z0 to the

plane-wave incident throat impedance

Zthroat;0 ¼
a11Z0 þ a12

a21Z0 þ a22

: (17)

We denote plane-wave impedances as such to indicate a

one-dimensional sound field and an absence of higher-order

modes, despite the physical waves inside a horn segment

being non-planar.

Looking in the reverse direction, Fig. 1 further shows

the plane-wave source impedance Zs and the plane-wave

mouth source impedance Zs,mouth. When operating a non-

uniform transmission-line model in reverse, a11 $ a22, and

we can write the plane-wave mouth source impedance

Zs;mouth ¼
a22Zs þ a12

a21Zs þ a11

: (18)

The desired source reflectance including the horn loading Rs

is defined using the plane-wave mouth source impedance

Zs,mouth and the characteristic impedance of the uniform

waveguide Z0,

Rs ¼
Zs;mouth � Z0

Zs;mouth þ Z0

: (19)

By combining Eqs. (18) and (19), and rearranging,

Rs ¼
Zs �

a11Z0 � a12

�a21Z0 þ a22

Zs þ
a11Z0 þ a12

a21Z0 þ a22

� �a21Z0 þ a22

a21Z0 þ a22

: (20)

For a lossless transmission line, a11, a22, and Z0 are real

numbers, and a12 and a21 are imaginary numbers. Using the

plane-wave incident throat impedance Zthroat,0 as defined in

Eq. (17) and the forward plane-wave incident transfer

impedance Ztrans,0—defined as the ratio of sound pressure at

the mouth Pmouth to volume flow injected at the throat

Uthroat—of the horn segment terminated by Z0,

Ztrans;0 ¼
Pmouth

Uthroat

¼ Z0

a21Z0 þ a22

; (21)

Eq. (20) can be written as

Rs ¼
Zs � Z�throat;0

Zs þ Zthroat;0
� Ztrans;0

Z�trans;0

: (22)

That is, we can incorporate the effects of the horn loading

onto a reverse incident plane wave on the ear probe using

forward plane-wave impedance variables as seen from the

ear probe.

IV. METHODS

A. Source reflectance

Following Nørgaard et al. (2019), we chose to disregard

the delay

Ztrans;0

Z�trans;0

¼ ej2/Ztrans;0 ; (23)

in Eq. (22) and calculate the source reflectance Rs using the

estimated incident impedance Ẑmeas;0,

Rs ¼
Zs � Ẑ

�
meas;0

Zs þ Ẑmeas;0

: (24)

This formulation is particularly advantageous because the

error when calculating the reflectance R using Eq. (9) is

the inverse delay (i.e., Z�trans;0=Ztrans;0), which cancels in the

numerator for the product of ear-canal and source reflec-

tances RRs in Eq. (15). Thus, only the delay error in Rs in

the denominator remains.

The estimated incident impedance Ẑmeas;0 using the

method of Nørgaard et al. (2019) includes the effect of the

evanescent modes inertance Lem, i.e.,

Ẑmeas;0 ’ Zthroat;0 þ jxLem: (25)

However, Nørgaard et al. (2019) were unable to determine

Lem for an oblique ear-probe insertion and Rs therefore

includes an additional error due to the evanescent-modes

inertance Lem because the source impedance Zs is defined in

terms of plane waves. This error is negligible if jZsj
� jxLemj which is usually the case for ear probes because the

probe tube is narrow, typically �3 mm effective diameter.

B. Correction of acoustic pressures

Because any measured pressure Pmeas used to estimate

stimulus levels is also affected by evanescent modes or a

horn loading, Nørgaard et al. (2017a) suggested that the

plane-wave ear-canal pressure be estimated as

P̂meas;pw ¼ Pmeas

Ẑpw

Zmeas

: (26)

FIG. 1. Sketch of an arbitrary horn segment with two-port transfer-matrix

elements aij terminated by an anechoic uniform waveguide with characteris-

tic impedance Z0, including the forward plane-wave incident throat imped-

ance Zthroat,0, and the reverse plane-wave source Zs and mouth source

Zs,mouth impedances.
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Equation (26) applies similarly when compensating for the

effect of the horn loading using the method of Nørgaard

et al. (2019). We then calculated integrated pressure Pint

[Eq. (14)] by substituting the estimated plane-wave pressure

P̂pw in place of the measured pressure Pmeas in Eqs. (12) and

(13). This compensation was performed using the methods

of Nørgaard et al. (2017a) and Nørgaard et al. (2019) with

Ẑpw calculated from Eqs. (7) and (11), respectively.

Similarly, the inner-ear-evoked pressure Pspl is affected

by the horn loading due to an oblique ear-probe insertion.

We thus estimated mouth source impedance

Ẑs;mouth ¼ Ẑ0;ec

1þ Rs

1� Rs

; (27)

in order to estimate the plane-wave inner-ear-evoked

pressure

P̂spl;pw ¼ Pspl

Ẑ s;mouth

Zs

: (28)

We applied this compensation only using the method of

Nørgaard et al. (2019) by substituting P̂spl;pw in place of Pspl

in Eq. (15).

C. Measurements and equipment

The measurements reported in this study were carried

out using a FireFace UC sound card (RME Audio,

Haimhausen, Germany) controlled through custom-written

MATLAB (The MathWorks, Inc., Natick, Massachusetts) soft-

ware and the third-party utility Playrec.2 A Titan-based ear

probe (Interacoustics A/S, Middelfart, Denmark) was used,

but modified to improve the high-frequency performance

and reduce internal crosstalk.

Ear-probe pressures Pmeas were measured using the ear-

probe microphone by supplying a frequency-equalized wide-

band chirp to the ear-probe speaker to provide a flat ear-

probe pressure in an anechoic waveguide of radius similar to

an adult ear canal. The chirp was played back in the ear

probe in phase-locked 2048-sample blocks at a sampling rate

of 44.1 kHz which were each recorded using the ear-probe

microphone and averaged to reduce noise in the measure-

ments. Prior to the measurements, the ear probe was cali-

brated to obtain its acoustic Th�evenin-equivalent source

parameters, the ear-probe source pressure Ps and source

impedance Zs, and enable the measurement of acoustic

impedance using the calibration method described by

Nørgaard et al. (2017b). The cylindrical calibration wave-

guides were of lengths l¼ 1.2, 1.45, 1.75, and 2 cm, and

radius r¼ 2 mm. Note that when evanescent modes are prop-

erly accounted for during the calibration procedure, the

source parameters are free from parallel components, and

impedance measurements are independent of any mismatch

in radius between the calibration waveguides and the acous-

tic load (Nørgaard et al., 2017b; Nørgaard et al., 2018b).

The ear-probe microphone sensitivity was obtained using the

microphone calibration method described by Nørgaard et al.
(2018a). The overall maximum calibration frequency, and

thereby maximum impedance measurement frequency, was

fm¼ 20 kHz. Measured impedances Zmeas were derived from

the measured ear-probe pressures Pmeas and the Th�evenin-

equivalent source parameters,

Zmeas ¼ Zs

Pmeas

Ps � Pmeas

: (29)

We measured the ear-canal impedances Zmeas of a Type

4157 uniform occluded-ear simulator (Br€uel & Kjær Sound

& Vibration A/S, Nærum, Denmark), typically designated a

711 coupler, of radius r¼ 3.75 mm. Measurements were per-

formed at six approximate residual ear-canal lengths

l¼ 1.5–4 cm in 0.5-cm increments, using both perpendicular

and oblique ear-probe insertions as illustrated in Fig. 2 in a

transparent acrylic-glass tube. The ear probe was inserted

into the occluded-ear simulator using a standard, mushroom-

shaped, green, 9-mm rubber ear tip (Sanibel Supply,

Middelfart, Denmark), also depicted in Fig. 2. The oblique

insertion angle was approximately 50	 relative to the cross-

sectional plane of the occluded-ear simulator. The various

residual ear-canal lengths were achieved by attaching a

three-dimensional (3D)-printed part that uniformly extended

the occluded-ear simulator to the desired lengths. For each

measured ear-canal impedance Zmeas and to additionally sim-

ulate the effect of lower frequency-bandwidth measurement

systems, we calculated the ear-canal reflectance R using the

methods of Keefe et al. (1992) [Eqs. (3) and (4)] using

frequency-average regions of 0.1–8 and 0.1–20 kHz, and

Rasetshwane and Neely (2011) [Eqs. (4) and (5)] and

Nørgaard et al. (2017a) [Eqs. (6)–(8)] using maximum fre-

quencies of fm¼ 8 and 20 kHz for estimating the ear-canal

characteristic impedance Ẑ0. In addition, we calculated the

ear-canal reflectance R using the fixed characteristic imped-

ance of the occluded ear-simulator Z0 [Eqs. (1) and (2)] and

the method of Nørgaard et al. (2019) [Eqs. (9) and (10)]. We

implemented each of these methods independently in

MATLAB based on the cited references and corresponding

equations in Sec. II A. Reported reflectance group delays

sg ¼ �
d/R

dx
; (30)

were convolved with a 19-point Blackman window to reduce

noise. Similar to Voss and Allen (1994) and Robinson et al.
(2016), and to normalize reflectance group delays sg, we sub-

tracted the round-trip time srt corresponding to each residual

ear-canal length l in the uniform occluded-ear simulator,

FIG. 2. (Color online) The difference in physical coupling between the ear

probe and a transparent acrylic-glass tube of a (a) perpendicular and (b) obli-

que insertion of the ear probe. Images are taken from Figs. 2(a) and 2(b) of

Nørgaard et al. (2019).
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srt ¼
2l

c
: (31)

Of course, this compensation for the residual ear-canal

length is more complicated in non-uniform ear canals which

are often terminated by the tympanic membrane at an obli-

que angle. We compared the different measurement methods

by directly assessing the variation in ear-canal reflectance

resulting from the various residual ear-canal lengths, ear-

probe insertion angles, and measurement frequency band-

widths. Simultaneously, we measured the tympanic-

membrane pressure Ptm—that is, the pressure at the refer-

ence condenser microphone at the termination of the

occluded-ear simulator—and calculated the integrated pres-

sure Pint [Eq. (14)] using the various reflectances R.

Subsequent to each measurement, and without physically

moving the ear probe, we switched the externally polarized

reference condenser microphone at the termination of the

occluded-ear simulator to operate as an electro-static speaker.

This was achieved by applying a DC-offset sinusoidal voltage

to the back plate of the microphone using custom-developed

bias and amplification circuitry. By scaling the applied har-

monic voltage by 1/x, the reference microphone now acts as a

frequency-independent high-impedance volume-flow source

and can be assumed to constitute the Norton-equivalent inner-

ear volume flow Utm, although not completely free from dis-

tortion.3 We then measured the sound pressure at the ear-probe

microphone in response to this inner-ear-evoked excitation

Pspl and calculated the emitted pressure Pepl [Eq. (15)] based

on the ear-canal reflectances R as obtained using the various

considered methods for each residual ear-canal length and ear-

probe insertion angle. In this paper, we report emitted-pressure

magnitudes jPeplj and, thus, we set the one-way ear-canal

delay T¼ 1 in Eq. (15). Based on the emitted pressure Pepl

obtained using the fixed characteristic impedance Z0 of the

occluded-ear-simulator, we manually scaled Utm such that the

magnitude of the ratio jPepl=UtmZ0j ¼ 1 when Ztm!1 toward

low frequencies. Figure 3 shows the electrical analog of an ear

probe placed in a uniform ear-canal transmisison line, includ-

ing relevant dimensional, impedance, and response variables

as described in Secs. II–IV.

V. RESULTS

A. Estimated ear-canal characteristic impedance

Figure 4 shows the estimated ear-canal characteristic

impedances Ẑ0 normalized by the characteristic impedance

Z0 [Eq. (2)] of the occluded-ear simulator as a function of

the residual ear-canal length for the various considered

ear-canal-reflectance measurement methods (as indicated in

each subfigure), insertion angles (perpendicular and obli-

que), and measurement frequency bandwidths.

Figures 4(a) and 4(b) show the results obtained using

the method of Keefe et al. (1992) with frequency-average

regions 0.1–8 and 0.1–20 kHz, respectively, when estimating

Ẑ0 [Eq. (3)]. With 0.1–8 kHz [Fig. 4(a)], we note that Ẑ0

depends substantially on the residual ear-canal length but

not on the ear-probe insertion angle. This is a result of very

little resonant behavior of the occluded-ear simulator being

included in the measured ear-canal impedance and the half-

wave peaks transitioning into the frequency-averaging

region when the length increases. With 0.1–20 kHz [Fig.

4(b)], we note that Ẑ0 mainly depends on insertion angle.

This is a result of having adequate resonant behavior

included in the frequency average, however, Ẑ0 is now

affected by the oblique ear-probe insertion due to its substan-

tial effect on the measured impedance toward higher fre-

quencies reported by Nørgaard et al. (2019).

FIG. 3. The electrical analog circuit of an ear probe in a uniform ear canal

including dimensional, impedance, and response variables.

FIG. 4. (Color online) The estimated ear-canal characteristic impedances Ẑ0 normalized by the characteristic impedance Z0 [Eq. (2)] of the occluded-ear simulator as a

function of the residual ear-canal length, using perpendicular and oblique ear-probe insertions (see Fig. 2) and the methods of (a),(b) Keefe et al. (1992) [Eq. (3)] with

frequency-average regions of (a) 0.1–8 and (b) 0.1–20 kHz, (c),(d) Rasetshwane and Neely (2011) [Eq. (5)] and (e),(f) Nørgaard et al. (2017a) with maximum frequen-

cies (c),(e) fm¼ 8 and (d),(f) fm¼ 20 kHz, (g) a fixed characteristic impedance, i.e., Ẑ0 ¼ Z0 [Eq. (2)], and (h) Nørgaard et al. (2019), i.e., Ẑ0 ¼ Ẑ0;ec [see Eq. (10)].
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Figures 4(c) and 4(d) show the results obtained using

the method of Rasetshwane and Neely (2011) with maxi-

mum frequencies fm¼ 8 and 20 kHz, respectively, when

estimating Ẑ0 [Eq. (5)]. With fm¼ 8 kHz [Fig. 4(c)], we note

that Z0 depends mainly on the residual ear-canal length and

not the insertion angle. Due to the low maximum frequency

fm, the Blackman window w in Eq. (5) is narrow in fre-

quency. This leads to the convolution of the reflectance with

a correspondingly wider window in the time domain. For

decreasing residual ear-canal lengths, the positive reflection

from the termination of the occluded-ear simulator overlaps

increasingly at t¼ 0 and causes an increase in Ẑ0. With

fm¼ 20 kHz [Fig. 4(d)], we note that Ẑ0 mainly depends on

insertion angle. The larger maximum frequency fm has wid-

ened the frequency-domain window w which results in a nar-

row window convoluted onto the time-domain reflectance

and no longer overlaps at t¼ 0 for l¼ 1.5 cm. In addition,

the method is less sensitive to insertion angle compared to

Keefe et al. (1992) with 0.1–20 kHz because of the lower

weighting given to high frequencies as a result of the

frequency-domain windowing w of Eq. (5).

Figures 4(e) and 4(f) show the results obtained using the

method of Nørgaard et al. (2017a) with fm¼ 8 and 20 kHz,

respectively. For fm¼ 8 kHz [Fig. 4(e)], we note that this

method has little dependence on the insertion angle and no

dependence on the residual ear-canal length. This is a result

of not utilizing a frequency-domain window w but rather

truncating the spectrum to restore differentiability at the

truncation frequency as described in Sec. II A 3. When the

high-frequency behavior of the oblique ear-probe insertion is

not included in the utilized frequency range, the result is a

Ẑ0 close to the true characteristic impedance Z0. With

fm¼ 20 kHz [Fig. 4(f)], we note that this method depends

mainly on insertion angle with errors similar to Keefe et al.
(1992) with 0.1–20 kHz because the high-frequency behavior

of the oblique ear-probe insertion is now included in the fre-

quency range.

Finally, Figs. 4(g) and 4(h) show the results using the

fixed characteristic impedance Z0 [Eq. (2)] and the method

of Nørgaard et al. (2019), respectively. For the fixed Z0 [Fig.

4(g)] there is naturally no variation because we plot

Ẑ0 ¼ Z0. For Nørgaard et al. (2019) [Fig. 4(h)], we plot

Ẑ0 ¼ Ẑ0;ec [see Eq. (10)] and note that there is dependence

on neither the residual ear-canal length nor on the ear-probe

insertion angle. This suggests that the polynomial fitting pro-

cess described in Sec. II A 4 accurately extracts the lumped-

element behavior of an oblique ear-probe insertion.

B. Ear-canal reflectance

Figure 5 shows the ear-canal reflectance magnitudes jRj
and round-trip-time-normalized reflectance group delays sg

– srt [Eqs. (30) and (31)] of the occluded-ear simulator with

the various residual ear-canal lengths, obtained using the

measurement methods, ear-probe insertion angles, and

frequency-average regions or maximum frequencies fm indi-

cated in the subfigures.

Using the methods of Keefe et al. (1992) [Eqs. (3) and

(4)] with frequency-average regions 0.1–8 and 0.1–20 kHz

[Figs. 5(a) and 5(b), respectively] and Rasetshwane and

Neely (2011) [Eqs. (4) and (5)] using fm¼ 8 and fm¼ 20 kHz

[Figs. 5(c) and 5(d), respectively] the variation in R is a

direct result of the variation in the estimated characteristic

impedances Ẑ0 reported in Fig. 4 resulting from the issues

described in Sec. V A. In addition, the presence of evanes-

cent modes and the oblique ear-probe insertion introduces

errors into these measurements. It is evident from Figs.

5(a)–5(d) that, under these controlled conditions, neither of

the methods produces an ear-canal reflectance that is inde-

pendent of the residual ear-canal length and ear-probe inser-

tion angle.

Using the method of Nørgaard et al. (2017a) [Eqs. (7)

and (8)] with fm¼ 20 kHz [Fig. 5(f)] there is expectedly a

large variation in R between the perpendicular and oblique

ear-probe insertions due to the different Ẑ0 in Fig. 4(f).

Additionally, for the oblique insertion, there is also a large

dependency of R on the residual ear-canal length despite the

constancy of Ẑ0. However, using Nørgaard et al. (2017a)

with fm¼ 8 kHz [Fig. 5(e)] there is little variation in R up to

8 kHz between the perpendicular and oblique insertions.

This is a result of the low maximum frequency fm whereby

the estimated characteristic impedance Ẑ0 and inertance L̂
are mainly determined from the low-frequency behavior of

oblique ear-probe insertion. Therefore, this case corresponds

to Eq. (9) (Nørgaard et al., 2019) where the estimated inci-

dent impedance Ẑmeas;0 ’ Ẑ0;ec þ jxL̂0, i.e., without the

frequency-squared term 3Ẑ
00
0x

2 of Eq. (10).

Using the fixed characteristic impedance Z0 [Eqs. (1)

and (2), Fig. 5(g)], the variation for the perpendicular ear-

probe insertions is small and results solely from the effects

of evanescent modes. However, for the oblique insertions,

the variation is more substantial and a consequence of both

the oblique ear-probe insertion and evanescent modes.

Finally, using the method of Nørgaard et al. (2019) [Eqs. (9)

and (10), Fig. 5(h)], there is little variation in R up to 20 kHz

between the perpendicular and oblique ear-probe insertions,

and residual ear-canal lengths. Because we used similar

perpendicular and oblique ear-probe insertions into the

occluded-ear simulator, our estimated incident impedances

Ẑmeas;0 were similar to those reported in Fig. 5(e) of

Nørgaard et al. (2019).

C. Stimulus-level calibration and emitted-pressure
estimation

For the perpendicular and oblique ear-probe insertions into

the occluded-ear simulator, Figs. 6(a) and 6(b), respectively,

show the measured tympanic-membrane pressures Ptm normal-

ized by the measured ear-probe pressures Pmeas in response to

ear-probe stimulation. When expressed in dB, the ratio can be

directly interpreted as the resulting stimulus error. Similarly,

for the perpendicular and oblique insertions, Figs. 6(c) and

6(d), respectively, show the measured inner-ear-evoked pres-

sures Pspl, normalized by the Norton-equivalent inner-ear

volume flow Utm and the characteristic impedance Z0 of the

occluded-ear simulator. These results, which show stimulus

levels varying up to 20 dB and measured OAE levels varying

up to 15 dB depending on the residual ear-canal length,
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illustrate the problem of reproducibility for OAE measurements

when no compensation for ear-canal acoustics is performed.

Note that the variation due to the oblique ear-probe insertion is

negligible compared to the variation resulting from standing

waves with different residual ear-canal lengths.

In commercial equipment, it is often standard practice to

utilize a so-called “coupler calibration method” for calibrat-

ing stimulus levels for OAE measurements. This method is

based on the pressure transfer function of an occluded-ear

simulator Ptm/Pmeas close to the reference input plane (usu-

ally corresponding to a residual ear-canal length of

l¼ 1.25 cm) and then assuming that all ear canals have the

same pressure transfer function between the ear probe and

tympanic membrane. The substantial errors introduced by

this calibration method with varying residual ear-canal

lengths can be approximately appreciated by noting the

FIG. 5. (Color online) The calculated ear-canal-reflectance magnitudes jRj and round-trip-time-normalized reflectance group delays sg – srt [Eqs. (30) and

(31)] of the occluded-ear simulator at various residual ear-canal lengths, using perpendicular and oblique ear-probe insertions (see Fig. 2) and the methods of

(a),(b) Keefe et al. (1992) [Eqs. (3) and (4)] with frequency-average regions of (a) 0.1–8 and (b) 0.1–20 kHz, (c),(d) Rasetshwane and Neely (2011) [Eqs. (4)

and (5)] and (e),(f) Nørgaard et al. (2017a) [Eqs. (7) and (8)] with maximum frequencies (c),(e) fm¼ 8 and (d),(f) fm¼ 20 kHz, (g) a fixed characteristic imped-

ance Z0 [Eqs. (1) and (2)], and (h) Nørgaard et al. (2019) [Eqs. (9) and (10)].
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discrepancy between the blue line (1.5 cm) in Fig. 6(a) and

the remaining lines in Figs. 6(a) and 6(b). It is evident that

this method is not necessarily an improvement over simply

utilizing the measured pressure Pmeas, even if the residual

ear-canal length during the calibration is increased (i.e., by

taking any other line color in Fig. 6(a) as the reference).

Last, Fig. 7 shows the measured tympanic-membrane

pressures Ptm normalized by the calculated integrated pres-

sures Pint [Eq. (14)], and the calculated emitted pressures

Pepl [Eq. (15)] normalized by the Norton-equivalent inner-

ear volume flow Utm and characteristic impedance Z0 [Eq.

(2)]. Following corresponding panels of Fig. 5, results

are shown for the occluded-ear simulator with the various

residual ear-canal lengths and obtained using the measure-

ment methods, ear-probe insertion angles, frequency-

average regions or maximum frequencies fm, and ear-canal

reflectances R. The errors and variations in Pint and Pepl,

respectively, correspond generally to the variation in R
observed in Fig. 5. However, particularly at low frequencies,

Pepl varies directly as a consequence of errors in the esti-

mated characteristic impedance Ẑ0 in Fig. 4. Similar to Fig.

5, we note that Nørgaard et al. (2017a) with fm¼ 8 kHz [Fig.

7(e)] performs well up to 8 kHz and Nørgaard et al. (2019)

[Fig. 7(h)] performs reasonably well up to 20 kHz, except for

a slight divergence between the perpendicular and oblique

insertions due to not accounting for the frequency-dependent

delay in the oblique ear-probe insertion as described in Sec.

IV A. Here, this divergence is approximately �1 dB at

10 kHz and �5 dB at 20 kHz. Notice also from Fig. 7(h) how

the tympanic-membrane impedance Ztm shapes Pepl only

marginally (approximately –2 dB from 1 to 3 kHz) when Utm

is constant across frequency because Ztm � Z0. This sug-

gests that the characterization of the inner ear as a Norton-

rather than Th�evenin-equivalent circuit as proposed by

Charaziak and Shera (2017) may be preferable.

VI. DISCUSSION

Although the application of ear-canal reflectance has

been widely researched and found useful for a number of

hearing-diagnostic applications, comparatively little effort

has been put into assessing its accuracy, which is naturally

limited by the lack of reliable alternative measurement meth-

ods for human ear canals. The results reported in this paper

shed light on the sensitivity and variation in existing

ear-canal-reflectance measurement methods due to three

principal factors that can be accurately controlled in an

occluded-ear simulator, namely, the residual ear-canal

length, the ear-probe insertion angle, and the measurement

frequency bandwidth. We emphasize that these results only

represent the variation due to these three principal factors

and not due to the inherent non-uniformities of human ear

canals and other potential effects not present in the ear simu-

lator, to which the methods may be sensitive to different

degrees. Still, the uncertainty of the residual ear-canal length

is very much present in reflectance measurements in human

ear canals. In addition, recent results of Nørgaard et al.
(2019) suggest that the same considerations apply to oblique

ear-probe insertions resulting from the misalignment of the

ear probe with the cross-sectional plane or the placement of

the ear probe at the location of an ear-canal bend. However,

oblique ear-probe insertions and the associated errors

may be of larger magnitude in human ear canals than what

can be obtained using an oblique ear-probe insertion into the

uniform occluded-ear simulator as practiced in this paper. It

is possible that other probes or types of ear tips (e.g., foam)

will be less affected by oblique ear-probe insertions because

the expanding foam helps to align the ear probe with the ear-

canal walls. However, placing the ear probe at the location

of a bend of the ear canal may induce a similar effect. Still,

more research is needed to systematically assess the implica-

tions of oblique ear-probe insertions on ear-canal reflectance

measurements.

We emphasize that the results reported using the fixed

characteristic impedance Z0 [Figs. 4(g), 5(g), and 7(g)] do

not capture the variation in ear-canal reflectance due to the

natural anatomical cross-sectional variation in ear-canal

geometry, but only the variation due to the presence of eva-

nescent modes and the oblique ear-probe insertion for the

specific cross-sectional area of the occluded-ear simulator.

FIG. 6. (Color online) The measured

(a),(b) tympanic-membrane pressures

Ptm normalized by the ear-probe pres-

sures Pmeas in response to ear-probe

stimulation and (c),(d) inner-ear-

evoked pressures Pspl normalized by

the Norton-equivalent inner-ear vol-

ume flow Utm and the characteristic

impedance Z0 of the occluded-ear sim-

ulator using (a),(c) perpendicular and

(b),(d) oblique ear-probe insertions.
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Employing a fixed Z0 is in fact the approach used in cur-

rently available commercial equipment [i.e., the HearID and

OtoStat (Mimosa Acoustics, Inc., Champaign, Illinois), and

the Titan (Interacoustics A/S, Middelfart, Denmark)]. We

therefore expect that the variation in ear-canal reflectance

can be even larger using this approach when variations in

ear-canal geometry are present. In addition, the contribution

from evanescent modes can differ substantially depending

on the probe-tube geometry, and the geometrical mismatch

between probe-tube and waveguide geometry (Keefe and

Benade, 1981; Fletcher et al., 2005; Siegel et al., 2018).

Therefore, different measurement systems may be differ-

ently affected by evanescent modes. Because our results are

obtained in a standardized occluded-ear simulator based on

FIG. 7. (Color online) The measured tympanic-membrane pressures Ptm normalized by the calculated integrated pressures Pint [Eq. (14)], and the calculated

emitted pressures Pepl [Eq. (15)] normalized by the Norton-equivalent inner-ear volume flow Utm and characteristic impedance Z0 [Eq. (2)] of the occluded-ear

simulator at various residual ear-canal lengths, using perpendicular and oblique ear-probe insertions (see Fig. 2) obtained using the ear-canal reflectances R of

corresponding panels in Fig. 5, i.e., the methods of (a),(b) Keefe et al. (1992) using frequency-average regions of (a) 0.1–8 and (b) 0.1–20 kHz, (c),(d)

Rasetshwane and Neely (2011) and (e),(f) Nørgaard et al. (2017a) [Eq. (26)] using maximum frequencies (c),(e) fm¼ 8 and (d),(f) fm¼ 20 kHz, (g) a fixed

characteristic impedance Z0, and (h) Nørgaard et al. (2019) [Eqs. (24), (26), and (28)].
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an adult ear, they are not representative of the variation due

to the three principal factors in younger or infant ears. We

also emphasize that, because the ear probe was calibrated

just before the measurements, the reported results do not rep-

resent possible variation and errors due to instability and

drift in the ear-probe calibration over time or due to external

effects. The reflectance group delay has occasionally been

used as a means of estimating the residual ear-canal length

(e.g., Keefe et al., 2015; Robinson et al., 2013; Robinson

et al., 2016). Our results in Fig. 5 demonstrate how our three

principal factors may affect this length estimate which is

only valid in regions where the round-trip-time-normalized

group delay sg – srt
 0.

By necessity, our study employed only a subset of the

measurement configurations (i.e., residual ear-canal lengths

and ear-probe insertion angles) and parameters (measure-

ment frequency bandwidths) available. As evident from the

results, some ear-canal-reflectance measurement methods

are sensitive to either the residual ear-canal length or ear-

probe insertion angle and we were unable to find an optimal

compromise in maximum frequency for these methods with

a minimum dependency on either variable. Of course, the

reported results should be interpreted with a desired measure-

ment accuracy in mind. Therefore, the results are useful as

guidelines for choosing an appropriate method in a given con-

text, but also for judging the potential impact of the three prin-

ciple factors on the measurement accuracy in the existing

literature. Greater reproducibility comes at the price of employ-

ing more advanced methods. For example, the method of

Keefe et al. (1992) is simple, robust, and easy to implement;

conversely the method of Nørgaard et al. (2019) is more com-

plex. Although the method of Nørgaard et al. (2017a) appears

to perform well using the maximum frequency fm¼ 8 kHz, its

accuracy may be limited in ear canals if the horn loading of the

oblique ear-probe insertion is longer or more severe than what

can be achieved in a uniform occluded-ear simulator because

the effects of the oblique insertion occur at lower frequencies.

Ear-canal reflectance measurements have been utilized

both in research and clinical settings for a number of years.

Frustratingly, manufacturers and researchers do not always

clearly or consistently report the specific method used for

measuring the ear-canal reflectance. Due to the substantial

variation observed in the ear-canal reflectance in this paper,

this naturally raises largely unanswerable questions about

the accuracy of some published results. Going forward, how-

ever, our study provides guidance on which methods should

be avoided depending on the desired reproducibility and

available bandwidth of the utilized measurement system. We

strongly urge manufacturers and researchers to clearly report

and describe the methods used to perform ear-canal reflec-

tance measurements. Details of the methods are essential for

assessing the sensitivity to the residual ear-canal length and

ear-probe insertion angle, and for reproducing the results.

VII. CONCLUSION

In this paper, we have assessed the sensitivity of exist-

ing ear-canal-reflectance measurement methods to the resid-

ual ear-canal length, the ear-probe insertion angle, and the

measurement frequency bandwidth in an idealized controlled

setup. In addition, we have investigated the associated errors

and variation in estimating the pressure at the tympanic

membrane and the emitted pressure, respectively. We found

that the method of Nørgaard et al. (2017a) using a maximum

frequency fm¼ 8 kHz provided good reproducibility up to

8 kHz and the method of Nørgaard et al. (2019) provided

good reproducibility up to 20 kHz, although the latter was

affected by a slight divergence when estimating the emitted

pressure toward higher frequencies for the oblique ear-probe

insertions. Our results also suggest that the method of assum-

ing a fixed characteristic impedance, as practiced in com-

mercial clinical equipment, should be avoided in adult

ears. However, those of our results demonstrating substantial

reproducibility in and an independence of the ear-canal

reflectance on the three principal factors cannot serve directly

as a validation of measurement accuracy of the ear-canal

reflectance.
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