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Measurements of the ear-canal reflectance using an ear probe require estimating the characteristic

impedance of the ear canal in situ. However, an oblique insertion of the ear probe into a uniform

waveguide prevents accurately estimating its characteristic impedance using existing time-domain

methods. This is caused by the non-uniformity immediately in front of the ear probe when inserted

at an oblique angle, resembling a short horn loading, and introduces errors into the ear-canal reflec-

tance. This paper gives an overview of the influence of oblique ear-probe insertions and shows how

they can be detected and quantified by estimating the characteristic impedance using multiple trun-

cation frequencies, i.e., limiting the utilized frequency range. Additionally, a method is proposed to

compensate for the effects on reflectance of an oblique ear-probe insertion into a uniform wave-

guide. The incident impedance of the horn loading is estimated, i.e., were the uniform waveguide

anechoic, which replaces the characteristic impedance when calculating reflectance. The method

can compensate for an oblique ear-probe insertion into a uniform occluded-ear simulator and

decrease the dependency of reflectance on insertion depth in an ear canal. However, more research

is required to further assess the method in ear canals. VC 2019 Acoustical Society of America.

https://doi.org/10.1121/1.5111340

[ICB] Pages: 3499–3509

I. INTRODUCTION

The ear-canal reflectance is a useful quantity for identi-

fying conductive hearing disorders (Piskorski et al., 1999;

Keefe et al., 2000; Feeney and Keefe, 2001; Keefe et al.,
2012; Ellison et al., 2012; Merchant et al., 2015), calibrating

stimulus levels in situ (Scheperle et al., 2008; McCreery

et al., 2009; Lewis et al., 2009; Scheperle et al., 2011;

Withnell et al., 2009; Souza et al., 2014), and estimating the

sound pressure emitted from the ear (Charaziak and Shera,

2017). Measurements in the ear canal using an ear probe are

affected by evanescent modes (Brass and Locke, 1997), and

the ear-canal reflectance further depends on the characteris-

tic impedance of the ear canal at the position of the ear

probe. The characteristic impedance of a uniform waveguide

is inversely proportional to its cross-sectional area, which

inherently varies between different ears and with ear-probe

insertion depth. Evanescent modes occur when an acoustic

flow is injected into a waveguide through a narrow aperture

and higher-order non-propagating modes are elicited. The

effect of evanescent modes depends on the geometrical mis-

match between the probe tube and the waveguide and can be

approximated as an inertance in series with the plane-wave

impedance in a one-dimensional propagation model (Keefe

and Benade, 1981; Fletcher et al., 2005). Evanescent modes

and an incorrect characteristic impedance introduce errors

into the ear-canal reflectance (Nørgaard et al., 2017a; Lewis,

2018), and must be compensated for and estimated, respec-

tively, to obtain accurate measurements of the ear-canal

reflectance, especially toward higher frequencies.

Rasetshwane and Neely (2011) estimated the character-

istic impedance of the ear canal by minimizing the time-

domain reflectance at time t ¼ 0. Nørgaard et al. (2017a)

used a similar time-domain approach that also estimated an

inertance (approximating the impedance of the evanescent

modes) and subtracted it from the measured impedance.

While Nørgaard et al. (2017a) showed that their method

yields the plane-wave reflectance of a uniform occluded-ear

simulator, they also noted that these time-domain methods

for estimating the characteristic impedance depend on the

acoustic waveguide being uniform at the position of the ear

probe, a condition that is not satisfied when the ear probe is

inserted into a uniform waveguide at an oblique angle using

an ear tip.

Current widespread ear-canal impedance and reflectance

measurement methods are based on a preliminary calibration

of an ear probe to obtain its acoustic Th�evenin-equivalent

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

Allen, 1994). Available rubber ear tips (which are often

favorable over foam ear tips for ear-canal impedance and

reflectance measurements to barometrically and acoustically

seal the ear probe to the ear canal) do not facilitate a place-

ment of the ear probe in the ear canal in a way that aligns the
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orientation of the ear probe perpendicularly with the ear-canal

walls. In addition, while the calibration procedure constitutes a

controlled setup using straight uniform calibration waveguides,

ear canals are inherently curved and non-uniform. Regardless

of the type of ear tip, placing the ear probe at the position of a

bend of the ear canal may result in a non-uniformity in front of

the ear probe similar to that of an oblique insertion into a uni-

form waveguide, although it appears to be perpendicular as

seen from the outside. In this paper, we assess and give an

overview of the influence of oblique ear-probe insertions on

the ear-canal reflectance when the characteristic impedance

and evanescent-modes inertance are estimated in situ. In addi-

tion, we propose a method to detect such an oblique ear-probe

insertion and compensate for its effects on reflectance in a uni-

form waveguide.

II. BACKGROUND

A. Characteristic impedance

For an acoustic plane wave propagating along a lossless

uniform waveguide of cross-sectional area A, the ratio of

sound pressure P to volume flow U is given by the character-

istic impedance of the waveguide

Z0 ¼
P

U
¼ qc

A
; (1)

with the air density q and the speed of sound c. The

frequency-independent purely real behavior of the character-

istic impedance implies that, regardless of frequency, the

sound pressure and volume flow are in phase with a constant

ratio. This property gives the time-domain characteristic

impedance z0(t) its desirable localized features,

z0ðtÞ ¼ dðtÞZ0; (2)

where d(�) is the Dirac delta function, and enables estimating

it in situ using the methods of Rasetshwane and Neely

(2011) and Nørgaard et al. (2017a) for synthesized discrete

time-domain signals using the inverse Fourier transform.

B. Influence of insertion angle on ear-canal
reflectance

We assessed the influence of oblique ear-probe inser-

tions on the ear-canal reflectance by inserting an ear probe

into a uniform occluded-ear simulator using an ear tip at

multiple angles relative to the cross-sectional plane of the

ear simulator (such that 90
�

corresponds to an ideal inser-

tion). From the measured impedance Zmeas [Eq. (29)], and

the estimated characteristic impedance Ẑ0 and inertance L̂,

Nørgaard et al. (2017a) calculated the reflectance as

R0 ¼ Zmeas � jxL̂ � Ẑ0

Zmeas � jxL̂ þ Ẑ0

; (3)

such that the estimated inertance is subtracted from the mea-

sured impedance. j is the unit imaginary number, x the angular

frequency, and the prime superscript denotes the reflectance

calculated using this existing method. Figures 1(a) and 1(b)

show the reflectance magnitudes jR0j [Eq. (3)] and the corre-

sponding reflectance group delays s0g [Eq. (15)], respectively,

and Fig. 1(c) shows Ẑ0 and L̂ for insertion angles from 90� to

50� (10� decrements). The measurements reveal a substantial

influence of the insertion angle on the measured reflectance,

especially when the angle falls below the region around 70�. In

addition, Ẑ0 exhibit an increasing deviation from the character-

istic impedance of the occluded-ear simulator Z0 [Eq. (1)] with

decreasing insertion angle, and L̂ a less conclusive behavior.

Because the variation in the R is large for frequencies as low as

2 kHz, it is reasonable to expect that it is caused mainly by

changes in Ẑ0 because the impedance of the estimated inertan-

ces jxL̂ are low as those frequencies.

C. Characteristics of an oblique insertion

We examined the characteristics of an oblique ear-probe

insertion and how it affects the coupling between the ear

probe and waveguide by measuring the impedance of a uni-

form anechoic steel waveguide of radius r ¼ 4 mm using

perpendicular and oblique ear-probe insertions. The absence

of reflections in the uniform waveguide enables to a large

degree distinguishing the acoustic features of the ear-probe

insertion from the features of the waveguide and evanescent

modes. The difference in alignment and mechanical coupling

is illustrated in Figs. 2(a) and 2(b) for the perpendicular and

oblique insertions, respectively, of the ear probe into a trans-

parent acrylic-glass waveguide, also of radius r ¼ 4 mm. We

use ? and / superscripts to denote measurements conducted

with perpendicular and oblique ear-probe insertions, respec-

tively. The chosen oblique ear-probe insertion represents the

FIG. 1. (Color online) The (a) measured reflectance magnitudes jR0j [Eq. (3)], (b) corresponding reflectance group delays s0g [Eq. (15)], and (c) estimated nor-

malized characteristic impedances Ẑ0 and inertances L̂ (Nørgaard et al., 2017a) in a uniform occluded-ear simulator with the ear probe inserted at the approxi-

mate angles relative to the cross-sectional plane.
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worst-case insertion angle that could be obtained in a uni-

form waveguide without introducing a leak in the probe fit

(�50�). Figure 3(a) shows the real Ref�g and imaginary

Im{�} parts of the measured incident impedances of the

anechoic waveguide Z?meas;0 and Z/
meas;0 [Eq. (29)]. We use

the term incident impedance to denote the impedance that

one measures in a uniform anechoic waveguide including

the effects of the coupling between the ear probe and wave-

guide, i.e., including an oblique insertion. As expected,

Z?meas;0 � Z0 þ jxLem, so that the evanescent-modes iner-

tance Lem can be directly identified. Conversely, RefZ/
meas;0g

increases with frequency, diverging from Z0, and the iner-

tance in ImfZ/
meas;0g has increased.

Consider a conical horn segment of throat radius rthroat

¼ 2.5 mm, mouth radius rmouth¼ 4 mm, and horn length

lhorn¼ 4 mm. We calculated the analytical plane-wave

incident throat impedance Zthroat;0 of the horn segment, i.e.,

terminated by the characteristic impedance at the mouth

Z0;mouth ¼ qc=pr2
mouth, using a lossless conical transmission-

line segment and the corresponding transfer-matrix elements

aij (Causs�e et al., 1984; Benade, 1988),

Zthroat;0 ¼
a11Z0;mouth þ a12

a21Z0;mouth þ a22

: (4)

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 conical horn seg-

ment being spherical. We chose rmouth to match that of the

anechoic waveguide, and rthroat and lhorn by trial and error to

approximate the measurements in Fig. 3(a). Figure 2(c)

shows an illustration of a conical horn segment, including

impedance and dimensional variables at the mouth and

throat, terminated by a uniform waveguide. Figure 3(b)

shows the normalized real and imaginary parts of the analyti-

cal plane-wave incident throat impedance of the conical

horn segment Zthroat;0 [Eq. (4)]. RefZthroat;0g is similar to

RefZ/
meas;0g in Fig. 3(a), suggesting that the conical horn

segment approximates this worst-case oblique ear-probe

insertion up to 20 kHz. In addition, the horn loading contrib-

utes with an approximate inertance Lhorn to ImfZthroat;0g
� xLhorn. When the wavelength is much longer than the

horn length k� lhorn, a similar level of accuracy in approxi-

mating an oblique ear-probe insertion up to 20 kHz can be

obtained using different horn shapes, e.g., exponential, but

the conical horn was chosen for this example since it is the

simplest geometrical shape of a horn and straightforward to

model analytically using a single segment. In addition to

deviations in the estimated characteristic impedance Ẑ0 and

inertance L̂, the variation in reflectance in Fig. 1 can there-

fore also be attributed to the presence of this horn loading.

D. Estimated characteristic impedance and inertance

Nørgaard et al. (2017a) used the Hilbert transform H½��
to calculate the impedance estimation error

�Z ¼ Z � Z0 �H ImfZg½ � � jH�1 RefZg½ �; (5)

of an impedance Z. From the measured impedance Zmeas,

they estimated the characteristic impedance Ẑ0, and iner-

tance L̂ by minimizing the real and imaginary parts of the

corresponding impedance estimation error �Zmeas
, respec-

tively. Such time-domain methods essentially separate the

physical features of the acoustic load at the position of the

FIG. 2. (Color online) The (a) perpendicular ? and (b) oblique / insertions

of the ear probe into an acrylic-glass waveguide of radius r ¼ 4 mm, and (c)

a cross-sectional illustration of the conical horn segment approximating an

oblique ear-probe insertion, including its impedance and dimensional varia-

bles, terminated by a uniform waveguide.

FIG. 3. (Color online) The normalized

real and imaginary parts of the (a)

measured incident impedances in the

anechoic waveguide Z?meas;0 and Z/
meas;0

[Eq. (29)] using the perpendicular and

oblique ear-probe insertions, respec-

tively, (b) analytical plane-wave inci-

dent throat impedance Zthroat;0 [Eq. (4)]

of the conical horn segment, and the

corresponding imaginary impedance

estimation error Imf�Zthroat;0
g [Eq. (5)].

Note the equivalent normalization

Z0 ¼ Z0;mouth.
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ear probe from the features of the waveguide, to the degree

allowed by the finite sampling rate in the synthesized time-

domain transfer functions, and the termination. Due to the

finite speed of sound, Ẑ0 and L̂ estimated from finite mea-

surement bandwidths therefore include some spatial infor-

mation about the waveguide in front of the ear probe. When

the wavelength of the maximum measurement frequency is

much longer than the horn length k� lhorn, then Ẑ0 and L̂
can be represented in terms of the measured incident imped-

ance Zmeas;0, i.e., with an anechoic termination, and the cor-

responding impedance estimation error �Zmeas;0
.

The estimated characteristic impedance Ẑ0 represents

the averaged h�i real part of the measured incident imped-

ance Zmeas;0,

Ẑ0 ¼ hRefZmeas;0gi: (6)

Consequently, due to the behavior in RefZ/
meas;0g [see Fig.

3(a)], Ẑ0 no longer represents the characteristic impedance

of the waveguide Z0, which explains the increasing deviation

from Z0 in Fig. 1(c) with decreasing insertion angle. Note

that, if a frequency-domain window is applied to the reflec-

tance (e.g., Rasetshwane and Neely, 2011), the average in

Eq. (6) is weighted accordingly.

Similarly, the estimated inertance L̂ represents the quan-

tity that minimizes Imf�Zmeas;0
g when subtracted from Zmeas;0.

Assuming a frequency-linear behavior in Imf�Zmeas;0
g,

L̂ ¼ hImf�Zmeas;0
g=xi: (7)

To exemplify the consequence for L̂, Fig. 3(b) further shows

the imaginary part of the impedance estimation error �Zthroat;0

[Eq. (5)] resulting from the analytical plane-wave incident

throat impedance Zthroat;0 [Eq. (4)]. Although Zthroat;0 is a

plane-wave quantity, notice the approximate frequency-

linear behavior in Imf�Zthroat;0
g 6¼ ImfZthroat;0g 6¼ 0. This is

a result of the behavior in RefZthroat;0g when applying the

Hilbert transform over a finite frequency range in Eq. (5)

and implies that the method of Nørgaard et al. (2017a)

can neither reveal the inertances originating from

evanescent-modes Lem, the horn loading Lhorn, nor the

total inertance

L0 ¼ Lem þ Lhorn; (8)

given an oblique ear-probe insertion. This does not fully

explain the behavior of L̂ in Fig. 1(c) because Lem depends

on the geometrical mismatch between the ear probe and

waveguide (Keefe and Benade, 1981; Fletcher et al., 2005),

i.e., the throat radius rthroat in the equivalent conical-horn

model. While Lhorn consistently increases when the insertion

angle decreases, Lem exhibits a completely different behavior

and vanishes for a certain radius [see Fig. 3 in Fletcher et al.
(2005)].

III. THEORY

Consider an arbitrary non-uniform horn segment in front

of a uniform waveguide such as shown for a conical segment

in Fig. 2(c). Given the plane-wave throat impedance Zthroat,

the plane-wave mouth impedance Zmouth can be calculated

using the one-dimensional transfer-matrix elements aij of the

horn segment,

Zmouth ¼
a22Zthroat � a12

a11 � a21Zthroat

: (9)

The desired reflectance of the uniform waveguide at the

mouth is given by

Rmouth ¼
Zmouth � Z0;mouth

Zmouth þ Z0;mouth

: (10)

Combining Eqs. (9) and (10), and rearranging yields

Rmouth¼
Zthroat�

a11Z0;mouthþa12

a21Z0;mouthþa22

Zthroatþ
a11Z0;mouth�a12

�a21Z0;mouthþa22

� a21Z0;mouthþa22

�a21Z0;mouthþa22

:

(11)

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

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

plane-wave incident throat impedance Zthroat;0 as given in

Eq. (4) and the plane-wave incident transfer impedance of

the horn segment Ztrans;0, i.e., the ratio of sound pressure at

the mouth Pmouth to volume flow injected at the throat

Uthroat, of the horn segment terminated by Z0;mouth,

Ztrans;0 ¼
Pmouth

Uthroat

¼ Z0;mouth

a21Z0;mouth þ a22

; (12)

Eq. (11) can be written as

Rmouth ¼
Zthroat � Zthroat;0

Zthroat þ Z	throat;0

�
Z	trans;0

Ztrans;0
: (13)

The asterisk superscript denotes the complex conjugate.

IV. METHODS

A. Compensating for an oblique ear-probe insertion

For any complex number z,

z	=z ¼ e�j2/z; (14)

with the phase operator /. Given the plane-wave throat

impedance Zthroat and plane-wave incident throat impedance

Zthroat;0 in Eq. (13), the horn loading merely contributes with

a frequency-dependent phase shift e�j2/Ztrans;0 and the effects

on the reflectance magnitude at the mouth jRmouthj can be

compensated for. If an exact compensation of the reflectance

group delay,

sg ¼ �
d/R

dx
; (15)

is needed, it requires estimating the plane-wave incident

transfer-impedance phase shift e�j2/Ztrans;0 or the transmission-

line matrix elements aij.
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In a practical measurement scenario using an ear probe,

any measured impedance Zmeas and incident impedance

Zmeas;0 are affected by evanescent modes, assumed to com-

prise the series impedance of an evanescent-modes inertance

jxLem to the corresponding plane-wave quantities. If the eva-

nescent modes have decayed before being reflected at the

termination of the uniform waveguide, Lem is identical for

Zmeas and Zmeas;0,

Zmeas ’ Zthroat þ jxLem; (16)

Zmeas;0 ’ Zthroat;0 þ jxLem; (17)

and vanishes from Eq. (13) when substituting Zmeas and

Zmeas;0 in place of Zthroat and Zthroat;0, respectively, due to the

complex conjugate in the denominator.

We chose to disregard the frequency-dependent phase

shift e�j2/Ztrans;0 due to the horn loading in Eq. (13) and calcu-

late the reflectance as

R ¼ Zmeas � Zmeas;0

Zmeas þ Z	meas;0

: (18)

The formulation in Eq. (18) is particularly advantageous

because Zmeas and Zmeas;0 both represent measured quantities,

i.e., affected by evanescent modes, thus eliminating the need to

uniquely identify the inertances originating from evanescent

modes Lem and the horn loading Lhorn as would be required

using Eq. (9). In addition, Eq. (18) does not assume any geo-

metrical features of the horn loading, such as it being conical.

When rthroat ¼ rmouth, then Zmeas;0 ’ Z0 þ jxLem and Eqs. (3)

and (18) are equivalent (/Ztrans;0 ¼ �xlhorn=c). Naturally,

Zmeas;0 is unknown for an impedance measurement in a uni-

form waveguide of finite length and needs to be estimated.

B. Detecting an oblique ear-probe insertion

We propose a method to detect an oblique ear-probe

insertion into a uniform waveguide that limits the frequency

range utilized for estimating the characteristic impedance Ẑ0

and inertance L̂ using the method of Nørgaard et al. (2017a)

to some variable truncation frequency xt. From Eq. (6), the

estimated characteristic impedance as a function of the trun-

cation frequency Ẑ0ðxtÞ represents the cumulative average

Ẑ0 xtð Þ ¼
1

xt

ðxt

0

Re Zmeas;0f g dx: (19)

By estimating Ẑ0ðxtÞ using multiple truncation frequencies,

any variation in Ẑ0ðxtÞ indicates that the acoustic load is

non-uniform at the position of the ear probe and that the esti-

mated characteristic impedances may be invalid. In a uni-

form waveguide, we can assert that variations in Ẑ0ðxtÞ are

caused by an oblique ear-probe insertion.

In waveguides of finite length, such as an ear canal, the

method of Nørgaard et al. (2017a) relies on resampling the

synthesized time-domain reflectance by truncating the fre-

quency spectrum, such that differentiability is restored at this

truncation frequency xt, and simply utilizes the largest-

possible xt. This is the frequency at which the Hermitian-

symmetric frequency spectrum is replicated when numerically

evaluating the Hilbert transform in Eq. (5). Thus, a finite num-

ber N of truncation frequencies xt exist for a given maximum

measurement frequency xm and total length of the acoustic

load l,

N � 2lxm

pc

� �
; (20)

where b�c denotes flooring to nearest integer. This maximum

frequency xm is different from the Nyquist frequency of the

data-acquisition system due to anti-aliasing filters and potential

limitations in the acoustic Th�evenin-equivalent calibration of

the ear probe. Thus, N is also the number of truncation frequen-

cies xt which can be used to estimate Ẑ0 and L̂ using the

method of Nørgaard et al. (2017a). For plane waves in a rigidly

terminated lossless uniform waveguide, Eq. (20) is exact, but

evanescent modes, non-uniformities, and a finite termination

impedance can translate these points in frequency although the

physical length remains unchanged.

C. Estimating the incident impedance

To estimate the incident impedance Ẑmeas;0 for the case

that the wavelength is much longer than the horn length

k� lhorn, we fit simple polynomials to the discrete sets of

estimated characteristic impedances Ẑ0ðxtÞ and inertances

L̂ðxtÞ using all possible truncation frequencies xt. To

accommodate for the limited number of truncation fre-

quencies [Eq. (20)], each polynomial consists of two

parameters, an ordinate intercept (essentially representing

the lumped-element behavior of the horn loading) and a

frequency-dependent constant, to obtain a continuous-

frequency representation of the estimated characteristic

impedances and inertances, from which Ẑmeas;0 can be

extracted. Although Ẑmeas;0 is an estimated quantity, we

retain its subscript because it represents the quantity as

would be measured using an identical ear-probe insertion

into an anechoic uniform waveguide.

Figure 4(a) shows initially the normalized real part of

the incident impedance Zmeas;0 (for this example calculated

analytically from Zthroat;0 [Eq. (4)] and Eq. (17) of the conical

horn segment from Sec. II C), and its cumulative average

Ẑ0ðxtÞ [Eq. (19)]. We represent the behavior in Ẑ0ðxtÞ as a

second-order polynomial,

Ẑ0ðxtÞ ¼ Ẑ
00
0x

2
t þ Ẑ0;ec; (21)

with concavity Ẑ
00
0 and ordinate intercept Ẑ0;ec, the latter rep-

resenting an estimate of the characteristic impedance of the

ear canal. Combining Eqs. (19) and (21), and solving for

RefZmeas;0g, we estimate the real part of the incident

impedance,

RefẐmeas;0g ¼ 3Ẑ
00
0x

2 þ Ẑ0;ec: (22)

Figure 4(a) further shows the second-order polynomial

Ẑ
00
0x

2
t þ Ẑ0;ec [Eq. (21)], fitted to Ẑ0ðxtÞ using least squares,

and the real part of the estimated incident impedance
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RefẐmeas;0g [Eq. (22)]. The representation as a second-order

polynomial provides reasonable accuracy within the fitted

frequency range and largely captures the features in

RefZmeas;0g.
We approximate the imaginary part of Ẑmeas;0 as the

estimated total inertance L̂0 [see Eq. (8)], defined in the limit

of low frequencies,

ImfẐmeas;0g ¼ xL̂0 ¼ x lim
x!0

ImfZmeas;0g=x: (23)

When RefẐmeas;0g behaves similar to the second-order poly-

nomial in Eq. (22), the estimated inertance in Eq. (7) as a

function of the truncation frequency L̂ðxtÞ,

lim
xt!0

L̂ðxtÞ ¼ L0; (24)

because the Hilbert transform of a constant is zero. Figure

4(b) shows initially the imaginary part of the frequency-

normalized analytical incident impedance ImfZmeas;0g
[Eq. (4)] of the same exemplary conical horn segment and

the estimated inertances with different truncation fre-

quencies L̂ðxtÞ [Eq. (7)]. We represent the behavior in

L̂ðxtÞ as a first-order polynomial to obtain the ordinate

intercept L̂0,

L̂ðxtÞ ¼ L̂
0
xt þ L̂0; (25)

and the slope L̂
0

of the estimated inertance with truncation

frequency. Figure 4(b) further shows the first-order polyno-

mial L̂
0
xt þ L̂0 [Eq. (25)] fitted to L̂ðxtÞ using least squares,

resulting in an accurate estimate of L0.

D. Summary of the proposed method

The proposed method of detecting and compensating for

the effect of an oblique ear-probe insertion on reflectance in

a uniform waveguide can be summarized by the following

steps:

(1) Estimate the characteristic impedances Ẑ0ðxtÞ and the

inertances L̂ðxtÞ using the method of Nørgaard et al.
(2017a) at all possible truncation frequencies xt.

(2) Variations in Ẑ0ðxtÞ signify an oblique ear-probe inser-

tion. For a perpendicular insertion, indicated by a

constant Ẑ0ðxtÞ, no further compensation is required and

the reflectance can be calculated using the existing

method [Eq. (3), Nørgaard et al., 2017a].

(3) If an oblique ear-probe insertion is detected, fit the

second-order polynomial Ẑ
00
0x

2
t þ Ẑ0;ec to Ẑ0ðxtÞ, the

first-order polynomial L̂
0
xt þ L̂0 to L̂ðxtÞ, and estimate

the incident impedance,

Ẑmeas;0 ¼ 3Ẑ
00
0x

2 þ Ẑ0;ec þ jxL̂0: (26)

(4) The effect of the oblique ear-probe insertion on reflec-

tance can now be compensated for by calculating the

reflectance R from the measured impedance Zmeas [Eq.

(29)],

R ¼ Zmeas � Ẑmeas;0

Zmeas þ Ẑ
	
meas;0

: (27)

The plane-wave impedance at the position of the ear

probe, unaffected by the horn loading Ẑpw can be esti-

mated from

Ẑpw ¼ Ẑ0;ec

1þ R

1� R
: (28)

E. Equipment and measurements

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, MA) software and the third-party

utility PLAYREC (Humphrey, 2014). Reported reflectance

group delays sg [Eq. (15)] were convolved with a 19-point

Blackman window to reduce noise. A Titan-based ear probe

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

modified to improve the high-frequency performance and

reduce internal crosstalk.

Probe pressures were measured by supplying a frequency-

equalized wideband chirp to the ear probe to provide a flat

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 measurements. Prior to the

FIG. 4. (Color online) (a) The normalized real part of the

analytical incident impedance RefZmeas;0g [Eqs. (4) and

(17)] of the conical horn segment of Sec. II C, its cumula-

tive average Ẑ0ðxtÞ [Eq. (19)], second-order polynomial

Ẑ
00
0x

2
t þ Ẑ0;ec [Eq. (21)], fitted to Ẑ0ðxtÞ, and real part of

the estimated incident impedance RefẐmeas;0g [Eq. (22)].

(b) The frequency-normalized ImfZmeas;0g, the estimated

inertances with different truncation frequencies L̂ðxtÞ
[Eq. (7)], and the first-order polynomial L̂

0
xt þ L̂0 [Eq.

(25)], fitted to L̂ðxtÞ, normalized with respect to the true

size of the inertance L0 [Eq. (8)].
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measurements, the ear probe was calibrated to obtain its acous-

tic Th�evenin-equivalent source parameters, the 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 waveguides

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

r¼ 2 mm. Note that when the source parameters are free from

parallel components, impedance measurements are independent

of the mismatch in radius between the calibration waveguides

and the acoustic load (Nørgaard et al., 2017b, 2018). The maxi-

mum calibration frequency, and thereby maximum impedance

measurement frequency, was xm=2p ¼ 20 kHz. Measured

impedances Zmeas were derived from the measured probe pres-

sure Pmeas and the Th�evenin-equivalent source parameters,

Zmeas ¼ Zs

Pmeas

Ps � Pmeas

: (29)

The anechoic waveguide utilized in Sec. II C consisted

of a coiled steel tube of radius r ¼ 4 mm and length l ¼ 6 m

such that the incident and reflected probe-pressure wave-

forms could be separated in time, effectively causing the

waveguide to appear anechoic. This was achieved by

increasing the length of the phase-locked blocks to 8192

samples, enough for reflections to decay before the next

block, and truncating the length down to 2048 samples to

eliminate these reflections. In addition, a Type 4157

occluded-ear simulator (Br€uel & Kjær Sound & Vibration

A/S, Nærum, Denmark), typically designated a 711 coupler,

was used to evaluate the proposed method in a load similar to

the human ear canal. A 3D-printed part was attached to the

ear simulator that uniformly extended its length, such that it

more accurately resembled a typical ear-probe insertion into

an ear canal and allowed for a similar number of truncation

frequencies [Eq. (20)]. The ear simulator was of dimensions,

radius r¼ 3.75 mm and length l¼ 2.75 cm (minus insertion

depth). The ear-probe was inserted into the waveguides using

a standard, mushroom-shaped, green, 9-mm rubber ear tip

(Sanibel Supply, Middelfart, Denmark). Finally, measure-

ments in a single ear canal (right ear of the first author) were

carried out using three different insertion depths: deep,

medium, and shallow, achieved using three ear-tip sizes,

9 mm green, 10 mm red, and 11 mm blue, respectively, of the

same type as described above. We chose this approach

because it seemed that variation in the apparent obliqueness

of the ear-probe insertion could partly be caused by variations

in curvature along the length of the ear canal. The different

ear-tip sizes were chosen to achieve the different insertion

depths with a thorough insertion of the ear probe into the ear

canal. The measurements were approved by the Science-Ethics

Committee for the Capital Region of Denmark.

V. RESULTS

A. Occluded-ear simulator

To assess the capability of the proposed method under

controlled conditions, we measured the impedances of the

occluded-ear simulator Z?meas and Z/
meas [Eq. (29)] using perpen-

dicular and oblique (�50�) ear-probe insertions, respectively

[see Fig. 2]. The characteristic impedances Ẑ0ðxtÞ and inertan-

ces L̂ðxtÞ were estimated (Nørgaard et al., 2017a) for six dif-

ferent truncation frequencies xt. Figure 5(a) shows Ẑ0ðxtÞ and

the fitted second-order polynomial Ẑ
00
0x

2
t þ Ẑ0;ec [Eq. (21)],

normalized by the known characteristic impedance Z0 [Eq.

(1)], for the perpendicular and oblique insertions. Z0 and the

estimated quantities Ẑ
00
0 and Ẑ0;ec are initially listed in Table I.

The truncation frequencies were all in the range of 3–20 kHz

and the individual frequencies can be approximately identified

on the x axis from the dots in Figs. 5(a) and 5(b), and were

slightly different for the two insertions. For the perpendicular

insertion, Ẑ0ðxtÞ is largely independent of xt, whereas the

oblique insertion resulted in and was confirmed by significantly

increasing Ẑ0ðxtÞ with a similar pattern to that in Fig. 4. Note

that the estimated ear-canal characteristic impedances Ẑ0;ec

align well with Z0 in both cases. Figure 5(b) shows L̂ðxtÞ and

the fitted first-order polynomial L̂
0
xt þ L̂0 [Eq. (25)] for the

perpendicular and oblique insertions. The estimated quantities

L̂
0

and L̂0 are further listed in Table I. For the perpendicular

insertion, although there is some variation between the differ-

ent L̂ðxtÞ, the slope of the fitted line is negligible, i.e.,

L̂ðxtÞ � L̂0. For the oblique insertion, L̂ðxtÞ varied substan-

tially with xt and resulted in a significantly larger L̂0.

We calculated the reflectances R? and R/ [Eq. (27)]

using the estimated incident impedances Ẑ
?
meas;0 and Ẑ

/

meas;0

[Eq. (26)], respectively, based on Ẑ
00
0; Ẑ0;ec, and L̂0 reported

in Table I. Figures 5(c) and 5(d) show jR?j; jR/j, and the

reflectance using the existing method jR0/j [Eq. (3),

Nørgaard et al. (2017a) which does not account for the obli-

que ear-probe insertion], and the corresponding reflectance

group delays s?g ; s/
g , and s0/g [Eq. (15)], respectively. Most

of the undesired behavior due to the horn loading in R0/ has

been removed in R/, which is now largely similar to R?.

The small discrepancies, especially visible as a slightly

oscillating behavior in s/
g , may be due to an inaccuracy in

L̂0 or simply due to an inertance not being an exact represen-

tation of the imaginary part of the incident impedance

Zmeas;0, though in this case these variations are small com-

pared to those in s0/g . Figure 5(e) shows the normalized real

and imaginary parts of Ẑ
?
meas;0 and Ẑ

/

meas;0 [Eq. (26)], which

exhibit a behavior similar to the measured incident impedan-

ces of the anechoic waveguide in Fig. 3(a), and Fig. 5(f)

shows the normalized estimated plane-wave impedance

magnitudes jẐ?pwj and jẐ/

pwj [Eq. (28)] and measured imped-

ance magnitude jZ/
measj [Eq. (29)]. The slight translation

between the extrema in Ẑ
?
pw and Ẑ

/

pw may be due to a differ-

ence in insertion depth but the two curves otherwise show

substantially the same behavior. In contrast, Z/
meas has signifi-

cantly translated minima due to the total inertance L0 [Eq.

(8)], and experiences an offset toward higher frequencies

corresponding to the ratio RefẐ/

meas;0g=Z0.

B. Ear canal

To exemplify the applicability of the proposed method

under realistic conditions, we measured the impedances of
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the ear canal at three different insertion depths: deep,

medium, and shallow. Figures 6(a) and 6(b) show the esti-

mated quantities Ẑ0ðxtÞ and L̂ðxtÞ (Nørgaard et al., 2017a)

and the corresponding fitted polynomials Ẑ
00
0x

2
t þ Ẑ0;ec [Eq.

(21)] and L̂
0
xt þ L̂0 [Eq. (25)] for each insertion depth.

Table I further lists the quantities characterizing the polyno-

mials. The results indicate that oblique ear-probe insertions

may be a substantial problem in ear canals and the degree of

TABLE I. The estimated quantities describing the second-order polynomial Ẑ
00
0x

2
t þ Ẑ0;ec [Eq. (21)] and the first-order polynomial L̂

0
xt þ L̂0 [Eq. (25)] for

the perpendicular and oblique insertions of the ear probe into the occluded-ear simulator (labeled OES in the table) with the known characteristic impedance

Z0 [Eq. (1)], and using the deep, medium, and shallow insertions into the ear canal. Ẑ
00
0 and L̂

0
are here multiplied by x2

m and xm, respectively, to illustrate the

contribution at the maximum frequency xm=2p ¼ 20 kHz.

Insertion Z0 [Pa s/m3] Ẑ
00
0x

2
m [Pa s/m3] Ẑ0;ec [Pa s/m3] L̂

0
xm [kg/m4] L̂0 [kg/m4]

OES Perpendicular 9.31 
 106 �2.66 
 104 9.31 
 106 1.9 20.9

Oblique 6.85 
 106 9.30 
 106 �95.6 124.0

Ear canal Deep n/a 1.93 
 106 6.83 
 106 �25.3 94.9

Medium 8.24 
 106 6.79 
 106 �148.8 193.4

Shallow 1.19 
 107 7.15 
 106 �236.3 232.3

FIG. 5. (Color online) Results for the perpendicular ? and oblique / ear-probe insertions into the occluded-ear simulator. (a),(b) The estimated normalized

characteristic impedances Ẑ0ðxtÞ and inertances L̂ðxtÞ (Nørgaard et al., 2017a) using the truncation frequencies xt, and fitted polynomials Ẑ
00
0x

2
t þ Ẑ0;ec [Eq.

(21)] and L̂
0
xt þ L̂0 [Eq. (25)], respectively. The (c) reflectance magnitudes jR?j; jR/j [Eq. (27)], and jR0/j [Eq. (3)], (d) corresponding group delays s?g ; s/

g ,

and s0/g [Eq. (15)], and (e) normalized estimated incident impedances Ẑ
?
meas;0 and Ẑ

/

meas;0 [Eq. (26)]. (f) The normalized estimated plane-wave impedance mag-

nitudes jẐ?pwj and jẐ/

pwj [Eq. (28)], and measured impedance jZ/
measj [Eq. (29)].
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obliqueness vary significantly even within the same ear canal

at different insertion depths, limiting the ability to estimate

the ear-canal characteristic impedance. However, the fitted

polynomials represent the data well, suggesting that compen-

sation for the oblique ear-probe insertions may be possible.

Figures 6(c) and 6(d) show the reflectance magnitudes jR0j
[Eq. (3)] and corresponding group delays s0g [Eq. (15)],

respectively, for the three insertion depths into the ear canal

obtained with the existing method (Nørgaard et al., 2017a),

and reveal a substantial variation in reflectance similar to

that in Fig. 1. Finally, Figs. 6(e) and 6(f) show the obtained

reflectance magnitudes jRj [Eq. (27)] and corresponding

group delays sg, respectively, using the proposed method.

The results demonstrate a substantial decrease in the depen-

dency of the reflectance on the insertion depth across the

entire frequency range. However, we cannot assert whether

the effects observed here are caused by actual oblique orien-

tations of the ear probe or something else because we do not

directly control the insertion angle. Below 2 kHz, a slight

variation between the three cases remains which may be

caused by non-uniformities in the ear canal or small leaks in

the ear-probe fit. The variations in R at 6.5 and 12 kHz coin-

cide with resonance frequencies in the ear probe and we

believe they are caused by small shifts in these resonances

with the different insertions, perhaps due to small amounts

of cerumen or debris entering the probe tube.

VI. DISCUSSION

Underlying assumptions in the proposed method of

compensating for an oblique ear-probe insertion are that the

waveguide is uniform and terminated by some impedance

discontinuity that results in a substantial reflection, and that

the wavelength is much longer than the equivalent horn

length, k� lhorn. Under these conditions and by employing

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

frequencies, we noted that the estimated characteristic impe-

dances and inertances can be used to estimate the incident

FIG. 6. (Color online) Results for the deep, medium, and shallow insertions of the ear probe into the ear canal. (a), (b) The estimated characteristic impedances

Ẑ0ðxtÞ and inertances L̂ðxtÞ (Nørgaard et al., 2017a), using the truncation frequencies xt, and fitted polynomials Ẑ
00
0x

2
t þ Ẑ0;ec [Eq. (21)] and L̂

0
xt þ L̂0 [Eq.

(25)], respectively. (c), (d) The reflectance magnitudes jR0j [Eq. (3)] and corresponding group delays s0g [Eq. (15)], respectively, using the existing method

(Nørgaard et al., 2017a), and (e), (f) the reflectance magnitudes jRj [Eq. (27)] and corresponding group delays sg, respectively, using the proposed method.
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impedance of the horn loading. The simple polynomials fit-

ted to the estimated characteristic impedances and inertances

may be considered as merely examples of possible functions

to fit to these quantities. They were chosen as the two

included parameters in each polynomial provide intuitive

information on the ordinate intercept, and concavity or slope.

In addition, the polynomials approximate with reasonable

accuracy the behavior of the incident impedance of the horn

loading in a uniform waveguide within the considered fre-

quency range. With five or six available truncation frequen-

cies for the presented cases, a more detailed model could be

at risk of overfitting. In some ears, a smaller number of trun-

cation frequencies may be available, potentially decreasing

the robustness of the method and its susceptibility to errors

in the various estimates of characteristic impedances and

inertances.

Variations in the estimated characteristic impedances

and inertances causing deviations from the fitted polyno-

mials may be caused by non-uniformities in the acoustic

load when k� lhorn is no longer satisfied. The occluded-ear

simulator has a built-in protection grid, which introduces a

non-uniformity approximately half-way toward its termina-

tion from the ear probe. This may explain some of the devia-

tions in the estimated quantities in Figs. 5(a) and 5(b),

particularly at lower frequencies. In general, each truncation

frequency can be seen as a Nyquist frequency used to syn-

thesize the time-domain transfer functions from which the

characteristic impedance and inertance are estimated. Due to

the finite speed of sound, the samples in the synthesized

time-domain impedance zðt � 0Þ using a gradually decreas-

ing truncation frequency contain gradually more spatial

information about the acoustic load as seen from the ear

probe. This causes the estimated characteristic impedance to

converge to the characteristic impedance of a uniform load

toward low truncation frequencies. Despite effects of non-

uniformities on the estimated quantities, the fitted polyno-

mials force the estimated incident impedance to exhibit a

behavior corresponding to the case where k� lhorn. For the

measurements conducted in this study, these deviations in

estimated quantities appear to be negligible.

The proposed method does not take into account the

frequency-dependent phase shift in the incident transfer

impedance of the horn loading. Time-domain analysis of the

ear-canal reflectance using the inverse Fourier transform

may therefore be limited because responses resulting from

various features may be delayed differently in time.

The proposed method resulted in similar reflectances in

a uniform occluded-ear simulator using perpendicular and

oblique ear-probe insertions. However, in non-uniform

waveguides it may not be possible to adequately distinguish

these non-uniformities from the oblique ear-probe insertion

using the proposed method. The reported results suggest that

obtaining similar estimates of the characteristic impedance

across all possible truncation frequencies may be infeasible

for typical ear-probe insertions into ear canals. The esti-

mated characteristic impedances and inertances in the ear

canal appear to follow a similar pattern as in the uniform

occluded-ear simulator, suggesting that the proposed method

may be applicable in ear canals. In addition, a decreased

dependency of the reflectance on insertion depth in the ear

canal was observed. However, this decreased dependency

cannot serve as a validation of the accuracy of the obtained

ear-canal reflectance because a reliable reference does not

exist.

Disregarding non-uniformities in the ear canal, placing the

ear probe at the position of a bend may cause the horn loading

to appear longer, thereby decreasing the frequency where k�
lhorn is satisfied. In such a case, a more detailed representation

of the incident impedance may be required to obtain an accu-

rate ear-canal reflectance. It is currently uncertain if the seem-

ingly oblique ear-probe insertions in the ear canal are caused

by misalignments of the ear-probe orientation relative to the

ear-canal walls, placements of the ear probe at ear-canal bends,

or different degrees of non-uniformities of the ear canal at the

three insertion depths. However, such non-uniformities do

seem to pose a significant problem in ear-canal reflectance

measurements that need to be accounted for when estimating

the characteristic impedance in situ. The proposed method sub-

stantially reduced the problem but designing better ear tips to

enable a more precise alignment of the ear probe could also be

a viable approach.

VII. CONCLUSION

Estimating the characteristic impedance is a crucial part

of ear-canal reflectance measurements. In this paper, we

have shown that an oblique ear-probe insertion results in

large errors in the measured ear-canal reflectance and pre-

vents accurately estimating the characteristic impedance of

the ear canal in situ. These errors could have a detrimental

effect on the capability of the ear-canal reflectance in identi-

fying conductive hearing disorders, calibrating stimulus lev-

els, and estimating the emitted pressure above frequencies as

low as 2 kHz. It has further been demonstrated how the

effects of an oblique ear-probe insertion can be represented

as a horn loading in front of the ear probe and compensated

for in a uniform waveguide by estimating the incident

impedance, i.e., were the uniform waveguide anechoic, and

substituting it in place of the characteristic impedance when

calculating the reflectance. Finally, the proposed method

was able to compensate for an oblique ear-probe insertion

into an occluded-ear simulator and resulted in a decreased

dependency of the ear-canal reflectance on insertion depth in

an ear canal. The proposed method could substantially

increase the reproducibility and accuracy of ear-canal reflec-

tance measurements, particularly at higher frequencies, how-

ever, a systematic assessment in ear canals has yet to be

conducted.
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