
Abstract

A realistic sound immersion can be reproduced by high
quality headphones. However, low quality consumer head-
phones are widely employed by common users. A weak
frequency response, the distortion and the sensitivity dis-
parity between the left and right transducers could be
some of the degrading factors. In this work, we are study-
ing how these factors affect spatial perception. A series or
perceptual tests have been carried out with a virtual head-
phone listening test methodology. The first experiment fo-
cuses on the analysis of the disparity of sensitivity between
the two transducers. The second test studies the influence
of the frequency response relating perceived quality and
spatial impression. The third test analyses the effects of
distortion using a Volterra kernels scheme for the simula-
tion of the distortion using convolutions. Finally, the fourth
relate the quality of the frequency response with the ac-
curacy on azimuth localization. The conclusions of the ex-
periments are: the disparity between both transducers can
affect the localization of the source; the perception of
quality and spatial impression has a high correlation; the
distortion produced by the range of headphones tested at
a fixed level is not perceptible; and that some frequency
bands have an important role in the front-back confusions.

Keywords: headphones; spatial sound; perceived qual-
ity; binaural; subjective test; distortion; frequency re-
sponse; front-back confusion.

1. Introduction

Spatial audio technologies have gained great popularity
in recent years, with the arrival of high definition TV, 3D
video and mobile devices. Headphone-based systems

have also grown in popularity in the last years, because
of the private hearing they provide in any type of envi-
ronment as well as the widespread use of smartphones
and mobile devices. Headphones are commonly em-
ployed to reproduce stereo material, but binaural record-
ings increase the spatial hearing dramatically.

Binaural sound uses the principles of human auditory sys-
tem [1] to reproduce the recordings over headphones. It
assumes that, if we are able to reproduce in the listener’s
ears with headphones the same pressures that the lis-
tener experiences in a natural environment, a realistic
acoustic immersion can be simulated [2].

To have a correct sense of spatial immersion, high quality
microphones should be employed in conjunction with
acoustic mannequins. In addition, high quality head-
phones should be used for playback. However, low-end
headphones are widely used in most cases, either for
economic reasons or simply because they are included
with mobile devices. It is generally known that low cost
headphones usually provide a poorer sense of immersion,
but the degrading factors that cause such a loss in quality
and perceived spatiality has not been sufficiently studied,
as well as the level of their effects.

Different factors can affect the perception of the spatial
sound image. Our hypothesis states that three main fac-
tors are responsible for this degradation. They could be
the frequency response, the distortion and the disparity
between the left-right transducers, especially in low cost
headphones. To determine this, we propose a series of
perceptual tests [3] to particularly study these factors.

Several previous works have studied headphones listen-
ing, usually attending to perceived quality [4] [5] and lis-
teners’ preference [6] [7] [8]. In this investigation we
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focus on the influence of the headphones in the percep-
tion of spatial sound image.

Section 2 describes the methodology, the headphones
employed in the study, as well as the technique used to
measure and simulate them. Sections 3-6 explain a series
of perceptual tests that constitute the bulk of this re-
search. Firstly, Section 3 presents a perceptual test carried
out to study the influence of the sensitivity disparity be-
tween left and right transducers and to establish how the
perception of the sound source position in the azimuth
is affected. Although in high quality headphones, man-
ufacturers match transducers with similar sensibilities,
these low cost headphones have different sensibilities
due to broader manufacturing tolerances. Another sec-
ond subjective perceptual test described in Section 4 was
conducted to evaluate the effect of the frequency re-
sponse in the perception of quality and spatial impression
with headphones. As frequency response is the factor
that varies most among different headphones due to
their quality, this test is of particular interest to better un-
derstand how frequency response affects the spatial
sound impression. Section 5 outlines the third perceptual
test planned to evaluate the effect of harmonic distortion
in listening with headphones. Distortion can be consid-
erable if high dynamic sound and high reproduction lev-
els are employed. Section 6 explains the fourth and last
test, which studies the relation of the frequency response
with the accuracy of localization in the horizontal plane.
The capacity of a headphone to generate a good spatial
immersion can be different from its capacity to generate
precise locations. To explore this point, azimuth localiza-
tion is tested here for different kinds of headphones. The
discussion and conclusions of these experiments are pre-
sented in Section 7.

2. Methods

It is well known in loudspeaker testing that visual cues
play an undesirable role in the results provided by test
subjects. Similarly, when testing headphones tactile cues
can also influence results. Consequently it can be chal-
lenging to conduct a double blind comparative listening
test for headphones. It is difficult to hide the possible in-

fluencing variables such as brand, design or price. In ad-
dition, the manual substitution of different headphones
on the subject’s head can be disruptive and introduce
useless fatigue on the subject [9]. Moreover, the fitting
and tactile sensations are impossible to remove, making
them an important bias factor [4].

In order to avoid these effects, it is appropriate to use a
virtual headphone simulation to perform the listening
tests [6] [10]. This method employs one reference head-
phone to simulate the different headphones under test.
In this way, listeners can evaluate the simulated versions
of the different headphones wearing just the reference
headphone, therefore avoiding the manual change of
headphones and removing the visual and tactile biases.
Some other advantages are obtained with this virtual
method: listeners can have immediate access to the dif-
ferent headphones and the procedure test become more
flexible, transparent, controlled and repeatable.

The reliability of this virtual simulation method has been
previously studied, finding good correlation between
standard listening tests using real headphones and the
virtual simulation method [11]. However, in some cases
some discrepancy related to a specific model or sound
signal [6] has been found due to the visual and tactile
bias present in the standard test.

Because of the great advantages of a virtual test over a
standard one, this study used a virtual headphone listen-
ing test methodology. This would remove the strong bias
than would appear in this study due to the remarkable
differences in appearance and fitting characteristics
among the consumer headphones and the different
range of qualities desired for this work.

2.1. Headphones selection

Different headphones were selected in order to represent
a range of commercial and readily available headphones.
According to this principle and the scope of the study de-
scribed in previous sections, seven different headphones
were selected plus a high quality reference one. A
Sennheiser HD800 was chosen as the reference head-
phone (REF). The reason for this selection is due to its
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        Number               Abbreviation                               Name                                               Type

             1                             REF                      Reference, Sennheiser HD800                 open and circumaural

             2                           HQop                             High Quality open                                 circumaural

             3                            MQcl                          Medium Quality closed                              circumaural

             4                            BDso                       Big Diaphragm semi-open                           circumaural

             5                           LCmul                          Low Cost multimedia                               supra-aural

             6                             AirL                                       Airline                                         supra-concha

             7                            Wop                                 Wireless open                                     circumaural

             8                          LCmul2                        Low Cost multimedia 2                              supra-aural 

Table 1. Headphones used in the study.



great fidelity, response, low distortion and accurate tim-
bral reproduction. The other seven headphones were se-
lected to cover a wide range of possible common use.
The brands and models of the rest of the headphones
will be omitted, as they are not necessary for the result
analysis. The headphones classification used in the study
is listed in Table 1.

The reference headphone was the only one that partici-
pants used, saw and had contact with during the tests.
The rest of the headphones were simulated through the
reference one.

2.2. Frequency responses measures

To measure the response of the different headphones, a
swept-sine method was employed [12] using a Head and
Torso Simulator (HATS) model B&K Type 4100 (Figure 1).
This technique gave us the impulse response needed for
the simulation of the different headphones.

To avoid differences in the amplitude level of the meas-
ures, the selected criterion was to achieve the same
equivalent power between 100Hz to 10kHz for all the
headphones (in order to minimize the influence of roll-
off in low and high quality headphones). This decision al-
lowed us to measure all the headphones in the same
reproduction conditions and to achieve the same level in
this band of frequencies. The reproduced pressure level
for all the headphones was the equivalent to 69 dBSPL
of pink noise in the reference headphones. This level was
selected in informal tests as a pleasant listening level. Be-
sides, this level allowed the measurement of the different
headphones models without any saturation distortion in
equivalent conditions.

Each of the headphones including the reference one,
were measured with the mentioned swept-sine method.
The resulting impulse responses (hn[n]) were truncated
to 50ms (2205 samples for 44100Hz sampling frequency)
and windowed with a half Hamming window. This
length provides good resolution in low frequencies until
20Hz. To minimize errors related to headphone position-

ing on the ear of the HATS simulator, five re-sets of the
headphones were done and measured. The curves
showed in Figure 2 are based on the average of those
measures.

The first curve corresponds to the reference headphone
(1)-REF which shows a smooth response and flat below
3kHz. The next three (2)-HQop, (3)-MQcl, (4)-BDso head-
phones were chosen as good-mid quality range with dif-
ferent characteristics: open, closed and semi- open. Their
frequency responses below 6kHz are quite flat, with the
exception of some irregularities in the (3)-MQcl curve and
a peak down at 4.5kHz that decreases to -14dB. There is
another peak up in the curve (4)-BDso at 6kHz of 15dB.
The next curves (5 to 8) represent the frequency re-
sponses of the multimedia (5)-LCmul, airline (6)-AirL,
wireless (7)-Wop and another multimedia (8)-LCmul2
headphones, that were chosen to be an example of mid
and poor quality headphones. Their frequency responses
have important peaks and valleys that affect the sound.
Curve (5)-LCmul has a reinforcement in frequencies
around 1.5kHz and a big dip in 3.5kHz, and curve (6)-
AirL has a strong peak in 140Hz as well as other distor-
tions up to 4.5kHz. Curve (7)-Wop is flatter in the mid
frequencies with a small reinforcement in 1.5kHz and a
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To avoid visual, tactile cues and other influencing varia-
bles (brand, design, price), a virtual headphone simula-
tion was used to compare the different headphones in
the listening tests.

Figure 1. Set-up for measuring the headphones with
the Head and Torso Simulator (HATS).

Figure 2. Frequency responses of the headphones
used in the study (left channels, 30dB offset).



decay around 4.5kHz. In the case of curve (8)-LCmul2 it
is important to note the rapid decline above 3kHz and
the lack of proper high frequency beyond 5kHz. All these
headphones are intended to be a small representation of
quality range in commercial headphones.

2.3. Headphones frequency response simulation

The seven headphones under study were simulated to be
reproduced with the reference headphones ((1)-REF-
Sennheiser HD800). The simulation of each headphone
was done filtering with its frequency response, but com-
pensating the effect of the reference headphone using
its inverted frequency response. Equation 1 shows the
process for the simulation, where Hn(�) is the measured
response of the headphone to simulate, HREF (�) is the
measured response of the reference headphone and Hn

compensated (�) is the response of the simulated head-
phone, which is applied to the corresponding stimulus.

(1)

These virtual headphone equalizations include not only
the magnitude response, but also the phase of the head-
phone measured. Although it is generally accepted that
phase does not seem to affect the perceived accuracy of
the simulations [13], especially if the stimuli material is
typical music program, it can be noticed with pink noise
stimuli. All the impulse responses of the headphones
measured, the correction of the reference headphone
and its application convolving with the stimulus, respect
and keep the original phases. Moreover, accurate phase
processing guaranties that our filtering will not alter in
any way the Interaural Time Difference (ITD) between left
and right transducers. 

The filter implementation of Equation 1 was carried out
in MATLAB in time domain, using Equation 2. Where hn
compensated [n] is the response for the simulation of the
virtual headphone, hn[n] is the impulse response of the
headphone to simulate and hI

REF [n] is the inverted im-
pulse response of the reference headphone.

(2)

hI
REF[n] was calculated as follows: 1) the Fast Fourier

Transform (FFT) of the hREF was computed with a size of
4096 points with zero padding; 2) the resulting FFT was
inverted; 3) to avoid an excess of boost at certain fre-
quencies when correcting the reference headphone, the
inverted response was limited to +15dB; 4) the Inverse
FFT was properly computed and Hamming windowed to
obtain the hI

REF[n]. This process guaranties the avoidance
of undesirable effects as circular convolution or others.

Finally, the different headphones were simulated applying
the simulation filter hn compensated[n] to the sound ma-
terials for each test, obtaining the different stimuli.

2.4. Non-linear distortion simulation

As commented before, the swept-sine method employed
to measure the frequency response of the headphones
provides, besides the frequency response, distortion har-
monics simultaneously. Figure 3 shows the frequency re-
sponse and the second and third distortion harmonic of
the reference ((a)-REF) and the airline ((b)-AirL) head-
phones. Both of these headphones are a good example
of low (a) and high distortion (b).

To simulate the non-linear distortion of each headphone,
the method described in [14], which uses Volterra kernels
and a series of linear convolutions, was chosen. With this
method, the transfer function of a system is described by
means of a Volterra series expansion. The output signal
can be represented as the sum of the linear convolution
of the measured impulse responses with the input signal
and the corresponding frequency-shifted version. Apply-
ing Fourier transforms to these series results in a linear
equation system. The solution of this system allows the
computation of the diagonal Volterra kernels obtaining
the impulse response terms for the main response and
the first two distortion orders; Equation (3).

(3)
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Figure 3. Frequency response with distortion of two
headphones (left channel). Solid curve, magnitude; das-
hed and dotted curves, second and third order distortion

harmonics. (a) REF headphone; (b) Airline headphone.

(b)

(a)



where H1’, H2’, H3’ are the measured frequency re-
sponses and H

1
, H

2
, H

3
are the Volterra kernels ( ˆ rep-

resents the Hilbert transform).

Using these equations, the second and third distortion
orders were simulated by convolution, applying them to
Equation (4), where x(n) is the input signal and M is the
number of samples of the kernel:

(4)

More details of this technique can be found in [14]. This
procedure was followed for Test 3.

2.5. Binaural Room Impulse Responses measures

In order to generate the spatiality of sound sources, some
Binaural Room Impulse Responses (BRIR) were measured
with a HATS B&K Type 4100. 

Reverberation is an influential factor for spatial localiza-
tion [1] [15] and because of this we decided to record
our own BRIR with natural reverberation instead of using
dry responses from a library. The impulse responses were
recorded in a rectangular room with a volume of 132m3

and a reverberation time of about 0.7s. Nine different az-
imuth angles were recorded (0º, 30º, 60º, 90º, 135º,
225º, 270º, 300º, 330º) in the horizontal plane at 1.5m
of distance.

3. Test 1 – Sensitivity disparity 
between left-right transducers

3.1. Test description
The idea of this test is to evaluate how sensitivity disparity
between the left and right transducers affects the per-
ception of the source azimuth. To do that, a subjective
perceptual test was carried out applying some volume
level variations to different binaural sounds and checking
how this affects the accuracy of horizontal localization. 

In this test, participants had to listen, wearing headphones,
to some binaural recordings obtained with a HATS on spe-
cific angles in the horizontal plane. Different variations of
the original level between left and right transducers were
applied to these sounds and then presented to the listen-
ers. Participants should then indicate the direction of arrival,
marking the angle in a Graphical User Interface (GUI). 

The volume level variations applied were 0 (no modifica-
tion), 1, 2 or 4 dB more on the left channel than the right
one. Four different angles of direction of arrival were cho-
sen, -30º, 0º, 65º and 90º of azimuth in the horizontal
plane. Besides, the influence of different types of sounds
was also studied. 

These sounds were specifically recorded for this test using
a binaural mannequin (B & K Model 4100) at the specific
angles under study. A 44100 Hz sampling frequency was
employed, obtaining full audio band recordings. The
mannequin was in a semianecoic room, and sources

were placed around it at 1m of dsitance. Four different
sounds were recorded: a timbal drum hit, voice, a whistle
and pink noise. The impulsivity of the timbal hit is an in-
teresting characteristic regarding sound localization, also
interesting for its low frequency content. Both voice and
whistle are easily recognizable common sounds, which
make them useful for the test. Moreover, the reduced
spectral content of the whistle can be an interesting fea-
ture that can affect the test. The voice signal was the syl-
lables “ba-be-bi-bo-bu”, pronounced by a male voice.
This sound has diverse vocalic contents and bilabial con-
sonantal phoneme /b/, which produces impulsive sound.
Pink noise was employed to evaluate a wide spectrum
signal. All of these sounds were reproduced by the
Sennheiser HD800 reference headphones.

According to the different types of sounds described
above, the total number of stimuli presented to each par-
ticipant in this test was: 4 angles × 4 types of sounds ×
4 level variations = 64 stimuli. These stimuli were ran-
domly presented, and the participant could listen to each
of them as many times as he or she wanted.

During the test, participants also had the possibility of
hearing a reference stimulus at any time, choosing be-
tween -90º, -45º, 0º, 45º and 90º of azimuth.

To perform the test, a simple GUI was developed in MAT-
LAB that brings the user full control of the test. The par-
ticipant could select the perceived sound source direction
angle in an arc of -90º to 90º of azimuth (with a 5º res-
olution). It was also possible for the subject to freely con-
trol and listen to the reference stimulus (Figure 4).

The test was performed by 20 people, 10 men and 10
women (21 to 45 years, with an average age of 32). The
average runtime of the test was 9 min. Every participant
did a training session before taking the test, so all could
listen to all of the stimuli and become familiar with the
GUI and the assigned task. Some preliminary results of
this test were previously published by the authors in [16].

3.2. Results

Figure 5a shows the average of the answered angles (for
all of the level variation cases) according to the repro-
duced angle. The average of the answers has a deviation
to the left-hand side. This is expected since the variations
(0, 1, 2, 4 dB) were always more in favor of the left chan-
nel than the right.
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Figure 4. Participant performing test 1.



The tendency of this angle deviation to the left can be
seen in Figure 5b, considering the level variation applied
(0, 1, 2, 4 dB).

An Analysis of Variance (ANOVA) indicates that the level
variation has a very significant influence (F = 27.338, df
= 3, p < 0.001) over the deviation in the answers.

If we consider just the central angles used in the experi-
ment (0º and 65º), a smaller average deviation can be
seen (Figure 6). This leads us to believe that listeners
tended to divert the location of the sounds perceived on
the sides more, which means that the introduced level
variations made the lateral angles disperse more than the
central ones.

On the other hand, the influence of the type of sound
(timbal, voice, whistle or pink noise) on the deviation in
responses can be seen in Figure 7a. Voice and pink noise
have lower deviation than timbal and whistle sounds, es-
pecially in cases of 0 and 1 dB of deviation. Besides, voice
stimuli and pink noise manifest a more separate and
clearer deviation at varying levels.
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Figure 5. (a) Average of the answered angles versus reproduced angles (degrees); (b) average of the deviation of the ans-
wered angles (degrees) versus level variation (dB).

(b)(a)

Figure 7. Average deviation of the answered angles (degrees) versus the level variation (dB): (a) considering the
type of sound; (b) considering the angle reproduction of sound.

(b)(a)

Figure 6. Average deviation of the answered angles
(degrees) versus level variation (dB), considering only

the angles 0º and 65º.



The influence of the type of sound over the deviation of
answers is significant (F = 4.409, df = 3, p = 0.004) ac-
cording to an analysis of variance. The sound angle repro-
duction has a very significant influence (F = 54.932, df =
3, p < 0.001) over the deviation of the answers. In Figure
7b, the deviation of the answers for each sound angle re-
production is represented. Angles 0º and 65º present less
deviation to the left. The biggest deviation of the answers
corresponds to the angle -30º, and it could be due to the
fact that it was the only angle on the left side.

4. Test 2 – Frequency response about
quality and spatial impression

4.1. Test description

In this test, participants listened to some excerpts of
sound with headphones and rated their quality and their
sound spatial image. These different headphones were
simulated as described in Section 2.3 by means of the
convolution of their frequency responses with the stimuli
sounds, and all of them were reproduced with the refer-
ence headphones.

Due to the fact that different frequency responses produce
noticeable effects, the perceptual test was designed accord-
ing to the recommendation of the International Telecom-
munication Union, (ITU-R) 1534-2 [17], which describes the
MUltiple Stimuli with Hidden Reference and Anchor
(MUSHRA) perceptual test. This kind of test describes a
method to assess intermediate quality audio systems and
also all of the requirements needed to accomplish the test
with rigor. Besides, this test sets a 0 to 100 continuous scale
(0-bad; 100-excellent) to evaluate quality and other param-
eters of sounds and systems, always using a reference
sound. All systems are compared to a reference of maxi-
mum quality, and the different systems are also compared
between them.

Two different tasks were evaluated during the test by the
participants. The first task was to indicate the quality of
the sound with respect to the reference. The second task
was to evaluate the spatial impression (locations, sensa-
tions of depth, immersion, reality of the audio event) [18]
with respect to the reference.

Five different excerpts of audio (12 to 14s) were em-
ployed as source material (see Table 2), and all of them
were reproduced simulating the different headphones
under study. All of these sound fragments were chosen
by their spatial, stereophonic and timbral attributes.

In this test, five headphones simulations were done, cor-
responding to headphones (2)-HQop, (3)-MQcl, (4)-BDso,
(5)-LCmul and (6)-AirL (described in Section 2.1, with fre-
quency responses in Figure 2). Each of the five sound ex-
cerpts previously mentioned were reproduced by the
virtual headphone simulation described in Section 2.3. A
virtual headphone simulation for each sound was pre-
sented randomly in series to the listeners, as well as a
hidden reference ((1)-REF) and also two anchor signals.
The first Anchor signal (ANC1) was a 7-kHz low pass fil-
tered version of the sound (according to the mid-quality
anchor of the ITU recommendation 1534-2 [17]), and the
second Anchor signal (ANC2) was a monaural version of
the sound. This second anchor was determined to set a
reference for the spatial impression question.

To perform the test, a GUI was developed in MATLAB ac-
cording to the recommendation [17], which allowed par-
ticipants to freely listen to each of the sounds and to the
reference, as many times as they wanted (Figure 8). The
different sound fragments were presented randomly as
a series with all of the different headphone simulations,
to compare to the reference sound. Once the participant
had scored all of the simulations of a series, a new sound
excerpt was presented to be evaluated. This process was
repeated twice, once for each question of the test (the
first about quality and the second about spatial impres-
sion), with a pause in between.

The number of stimuli of this test was: (5 headphones
simulations + 1 hidden reference + 2 anchor signals) × 5
sound excerpts = 40 stimuli, presented in five series of
eight stimuli plus the reference. As commented before,
these 40 stimuli were presented twice in a different ran-
dom order, to answer the two different questions.

The test was performed by 11 people, seven men and
four women (21 to 37 years, with an average age of 30).
As the test had two different questions, they were sepa-
rated into two parts with a rest pause in the middle. The
average runtime of the test was 22 min for the first part
and 16 min for the second. Every participant did a train-
ing session before preforming the actual test, so all of
them could listen to all of the stimuli and become familiar
with the GUI and the assigned tasks.
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A high correlation was found between the subjective
perception of quality of the headphones and the spatial
impression.

             Artist                                  Track                                  CD                                    Description

        Bettina Flater                      Haugebonden                  Women en Mi                   female voice and guitar

       Paco de Lucía                     Zambra Gitana               Canción Andaluza                 male voice and guitar

      Jerry Goldsmith                   Night Boarders                OST The Mummy                high dynamic orchestral

The Chad Fisher Group           Basin Street Blues                        live                                   jazz (binaural)

  Smashing Pumpkins               audience sound                          live                      audience and drums (binaural)

Table 2. Music program used for listening tests 2 and 3.



4.2. Results

Figure 9a shows the average of the normalized (zero to
100) quality answers for the hidden reference, all five
headphones simulated and the two anchors. As shown,
the reference has been properly identified in most cases.
The three supposedly good quality headphones have
high scores; meanwhile, the two supposedly poor quality
ones have the lowest scores. Both anchors remain in the
middle of the scores of these two groups. 

An analysis of variance confirms that the headphones
have a very significant influence (F = 58.33, df = 7, p <
0.001) over the quality perceived.

Figure 9b shows the average of the normalized (0 to 100)
spatial impression answers for the hidden reference, the
five headphones simulated and the two anchors. The re-
sults seem to be similar to the answers about quality,
with a high correlation of r2= 0.648. Nevertheless, in this
case, the confidence intervals are a bit wider, and the
scores have some differences. The three supposedly good
quality headphones have high scores again, but the con-
fidence intervals do not separate them very much. There

is a bigger difference between the two supposedly poor
quality headphones, and the low cost multimedia ((5)-
LCmul) ones are in the same range as both anchor sig-
nals. It is also noticeable that the Anchor Signal 2 (ANC2)
as a monaural signal does not have a lower score.

In any case, an ANOVA confirms that the headphones
have a very significant influence (F = 58.33, df = 7, p <
0.001) over the perceived spatial impression. No signifi-
cant influence of the type of sound has been detected,
even though some of them were binaural recordings.

5. Test 3 – Non-linear distortion

5.1. Test description

The objective of this test is to evaluate how the effect of
harmonic distortion in headphones affects the spatial im-
pression.

Several stimuli with and without the simulation of their
harmonic distortion were presented to the participants
that had to score their perception.
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Figure 8. GUI of test 2.

Figure 9. (a) Average answered quality versus reference, headphones and anchors; (b) Average answered spatial impres-
sion versus reference, headphones and anchors.

(b)(a)



The effect of these distortions is very subtle. For that rea-
son, the perceptual test was designed according to the
recommendation ITU-R 1116-2 [19], which describes a
method to assess small impairments in audio systems.
This recommendation also establishes rigorous require-
ments of room, equipment and other arrangements. A
continuous scale from one to five (1 - very annoying; 5 -
imperceptible) is used to evaluate degradations with re-
spect to a reference signal. The recommendation pro-
poses an ABC test in which two stimuli, A and B, are
presented to be compared against a known reference.
One of these two stimuli, A or B, is always a hidden ref-
erence, and the other a degraded signal.

One single question was presented to the participants:
“What degradation of quality and spatial impression do
you hear with respect to the reference?”

The same five audio excerpts previously described in Test
2 were used here (see Table 2), as well as the same five
virtual headphone simulations (2)-HQop, (3)-MQcl, (4)-
BDso, (5)-LCmul and (6)-AirL (described in Section 2.1,
with frequency responses in Figure 2). No anchors be-
yond the proposed scale were used this time. 

Two different versions of the headphones simulations
were presented in this test. One without and the other
with the distortion simulated with the method described
in Section 2.4. These two versions of the same stimulus
were presented each time to the participants. They have
then to rate the distorted against the not distorted ver-
sion of the same sound in a double-blind manner (A vs.
B). In each trial, there was always a non-distorted version
sound that acted as the known reference (C sound),
which according to the recommendation [19] has to be
compared to the A and B sounds. 

The number of stimuli of this test was then: 5 head-
phones simulations × 2 versions (with and without dis-
tortion) × 5 sound excerpts = 50 stimuli, presented in
twenty five series of two stimuli plus the reference. All of
these pairs were presented randomly to each participant.

To perform the test, a GUI was developed according to
the recommendation, which allowed participants to
freely listen to each of the sounds to evaluate and the
reference, as many times as they wanted.

The five headphones under study were simulated (includ-
ing distortion) to be reproduced with the reference head-
phones ((1)-REF, frequency response in Figure 2).

This test was performed by the same 11 people of the
previous Test 2; seven men and four women (21 to 37
years, with an average age of 30). The average runtime
of the test was 16 min. Every participant did a training
session before preforming this test, so all of them could
listen to all of the stimuli and become familiar with the
GUI and the assigned task.

5.2. Results

According to the recommendation [19], the difference
between the score of the hidden reference and the score
of the degraded signal is analyzed. Figure 10 shows these
differences for each of the headphones simulated. 

No significance has been found. Then, distortion can be
considered as imperceptible. Therefore, it has no effect
in spatial perception, at least with the fixed level used to
simulate all headphones (69 dBSPL). 

6. Test 4 - Frequency response about
azimuth localization

6.1. Test description

The results obtained in Test 2 are significant, but do not
provide information about the accuracy in the localiza-
tion of sources. For that reason, a test to evaluate the in-
fluence of frequency response on this accuracy was
carried out.

Attempts to describe different spatial attributes have been
a constant pursuit in the field of spatial audio [18, 20, 21].
The diffuse term employed in Test 2 to ask about spatial
characteristics (spatial impression) was intended to relate
in a simple way the perception of quality with the feeling
of spaciousness. A more specific study of spatial attributes
is then necessary to better evaluate the performing of the
different headphones. In this direction, the localization ac-
curacy in azimuth is one of the most studied spatial at-
tributes [22, 23, 24, 25] and therefore a good anchor
point to contrast the previous Test 2 with a localization
experiment. Therefore, this test tries to establish a relation
of the influence of the frequency response on the azimuth
localization in the horizontal plane.

As commented on in Section 2.5, to simulate the position
of the sound sources in the horizontal plane, recordings
of BRIRs in a medium sized room were done. Nine differ-
ent azimuth angles, 0º, 30º, 60º, 90º, 135º, 225º, 270º,
300º and 330º were used.

Four types of sound were employed: door, voice (female),
guitar and pink noise. A closing door is an impulsive sound
with quite low frequency content, which can be useful for
sound localization. The guitar sound was composed by
various impulsive sounds in different main frequencies,
one for each chord. Voice is an easily recognizable com-
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Figure 10. Difference between hidden reference and
distorted signals versus headphones.



mon sound, and female was chosen to have some energy
in high frequencies. The words “estímulo sonoro” (sound
stimulus in Spanish) were employed. They present the re-
peated fricative phoneme /s/ with high frequency content
and the phoneme /t/, an occlusive articulation that gener-
ates impulsive sound. Pink noise was employed to evaluate
a wide spectrum signal.

For this test, seven different headphones plus a hidden
reference were simulated (Section 2.1). Besides these, an
additional anchor auralization (low pass filtered (LPF)
sounds at 7 kHz) for each angle was employed (ANC1).

Therefore, the number of stimuli in this test was: 9 angles
× 4 types of sound × (7 headphones simulation + 1 hid-
den reference + 1 anchor auralization) = 324 stimuli.
These stimuli were presented in random order in two
parts of 162 stimuli, with a rest in between.

To perform the test, a GUI was developed in MATLAB
(Figure 11), which allowed participants to freely listen to
the stimuli from a random list as many times as they
wanted. Participants should indicate the perceived angle
of the sound source. The GUI consists of a circle of
points, which represents the top view of the listener, with
a 5º resolution. Additionally, it included a parallel control
to freely listen to a reference sound (pink noise) in the
angles of 0º, 45º, 90º, 135º, 180º, 225º, 270º and 315º.

The test was performed by 16 people, 10 men and 6
women (21 to 36 years, average age of 30). The average
runtime was of 21 and 17 min for each part.

6.2. Results

A Cronbach’s alpha analysis over the answers has been
performed giving a value of � = 0.982, which shows a
high internal consistency.

A one-way ANOVA showed a significant influence be-
tween the headphones and the deviation of the an-

swered angle (deviation = answered angle–real angle) (F
= 2.399; df = 8; p = 0.014).

A first exploration of the participants’ answers reveals
that several front-back confusions [26, 27] occur. For this
reason, an evaluation of the amount of front-back con-
fusions was performed for each of the headphones sim-
ulated. An ANOVA showed that there is a very significant
influence of the type of headphones on the number of
front-back confusions (F = 46.307; df = 8; p < 0.001). In
Figure 12, we can see that headphones (6)-AirL and (8)-
LCmul2 produce an average of nearly 50% of front-back
confusions. This can be logical, as both headphones are
supposed to be in the low quality range. However, the
(3)-MQcl headphone stands out in the group of high
quality ones, as it has 30.2% of front-back confusions,
more confusions than the (5)-LCmul headphone, with a
significant difference. A comparison of the frequency re-
sponse of the headphones that produce more front-back
confusions ((6)-AirL, (8)-LCmul2 and (3)-MQcl) reveals
that they share in common strong irregularities in the
band of 100 to 1600 Hz. On the other side, other head-
phones of medium and low quality ranges that have less
front-back confusions do not present these strong irreg-
ularities in that four-octave band. Because of that, we
suspect this can be an affecting factor disturbing the
front-back discrimination.

There is no significant influence of the type of sound
crossed with the headphones. The guitar sound is the
only one that produces slightly less front-back confusions
for all of the headphones.

Due to the strong front-back confusion, the analysis of
the deviation of the perceived sound with respect to the
reproduced sound will produce large angle errors with
complicated analysis of the results. A front-back confu-
sion produces a bigger error for sources in the median
plane than lateral sources, avoiding an analysis of the de-
viation angle (perceived angle – reproduced angle) with
respect to the source position.

To overcome this setback, we propose a modified analysis
of the error consisting of a preprocessing of the listener
responses based on reflecting to the correct semi-plane
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Figure 11. GUI of test 4.

Figure 12. Percentage of front-back confusions for
the reference, headphones and the anchor.



the ones that have front-back confusion, leaving un-
touched the ones that do not. This correction eliminates
big jumps in the deviation, focusing the experiment in
the performance analysis of the headphones reproducing
correctly the main spatial cues as ITD and the low fre-
quency part of Interaural Level Difference (ILD). The high
frequency part is more related to the pinna effect that is
not considered with the reflection applied.

Taking into account the strong front-back confusion, the
analysis of the answer deviation from the reproduction
angle of the sound was performed introducing the cor-
rection of the front-back confusion. Therefore, a sym-
metric image of the responses in the back (90º to 270º)
is brought to the front.

Figure 13 shows the deviation angle of the answers for
the reproduction angle of the sounds, both of them front-
back corrected. We can see that the deviations are quite
uniform across the different headphones, except for the
angles 90º and 270º in the cases of (6)-AirL and (8)-
LCmul2. Looking at Figure 2, it is easy to see that the fre-
quency responses of these two headphones present
irregularities and deep level drops between 4 and 7 kHz.
It is noticeable that the anchor LPF 7 kHz sounds auralized
in the different angles (ANC1) are not affected by this
problem, supporting the suspicion that the commented
band is important for sources located in lateral positions.

7. Conclusions

This study outlines the influence of different quality pa-
rameters in headphones in the context of spatial sound
reproduction. Four different perceptual tests have been
done to analyze: (1) the effects of the sensitivity disparity
between the transducers; (2) the influence of the fre-
quency response over the perception of quality and the
spatial impression; (3) the effects of non-linear distortion;
and (4) the influence of the frequency response over az-
imuth localization.

The following main conclusions can be drawn:

1. The sensitivity disparities between left and right trans-
ducers affect the localization of sound sources, starting
from level differences of 1 dB.

2. The quality and uniformity of the frequency response
have an important influence in the spatial impression.

3. Additionally, the spatial impression has a high correla-
tion with the subjective perceived quality.

4. The binaural recordings do not obtain significant bet-
ter results for the parameter spatial impression com-
pared to two-channel stereo mixes.

5. The distortion introduced by consumer level low qual-
ity headphones does not affect the perception of the
spatial sound image.

6. It has been ratified that much front-back confusion is
produced, both for high and low quality headphones.

7. We found that irregularities of the frequency response
in the band of 100 to 1600 Hz seem to especially af-
fect the front-back discrimination.

8. We also found that a poor response in the band of 4
to 7 kHz degrades the accuracy in lateral position lo-
calization.

All of these conclusions have been supported with statisti-
cal and ANOVA analysis. Some other interesting comments
and clarifications about these conclusions can be added:

In addition to Conclusion 1, the angles chosen in the dis-
parity test are a determining factor, whereby the more
lateralized the angle, the larger the deviation. An in-
creased number of angular positions may be of interest
in later studies.

In relation to Conclusions 2 and 3, it is worth remarking
that the mono anchor signal (ANC2) has obtained equal
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Figure 13. Deviation in degrees of the answers for each angle of sound reproduced. The reference, headphones
under testing and anchor are represented.



or even better results for spatial impression than some
headphones ((5)-LCmul, (6)-AirL) and the stereo LPF an-
chor (ANC1). This fact seems to be in relation to a defi-
cient high frequency reproduction and the general
listening sensation, as evidenced by the high correlation
statistics obtained with the parameter perceived quality.

In relation to Conclusion 5, other works, such as [28],
have not found significant perception of the distortion.
However, this earlier study used high quality headphones,
while ours does so also with low quality consumer head-
phones, and we have also analyzed the influence on spa-
tial reproduction.

Finally, taking into account these three characteristics,
perceived quality, spatial impression and accuracy in az-
imuth localization, we have concluded that the first two
are highly correlated. Surprisingly, and contrary to how
it might seem a priori, there is virtually no correlation be-
tween spatial impression and accuracy in localization, be-
cause the strong influence that the subjective perceived
quality has over the spatial image perception. An illus-
trating example can be seen with the (5)-LCmul head-
phone. It would be interesting to deepen this relationship
in future work.

Based on the results of this study, some general guide-
lines for the design of headphones suitable for spatial
sound reproduction can be suggested. A sensitivity dif-
ference between left-right transducers less than 1 dB
should be assured in the manufacturing process to avoid
azimuth localization errors. A flat frequency response be-
tween 100 and 1600 Hz is desirable to reduce front-back
confusion. Finally, a good frequency response in the band
4 to 7 kHz would guarantee a good accuracy in the lo-
calization of lateral sources.
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