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Abstract – This paper presents the results of objective tests to assess the insertion loss and gain perfor-
mance of three true wireless earbuds that featured both active noise cancellation (ANC) and hear-through
functionality. An acoustic test fixture (ATF) was used to examine the earbuds’ attenuation and boosting of
broadband noise, linearity of performance for different presentation levels, and consistency of performance
over time. The results show that devices are capable of a wide range of both attenuation and boosting, with
hear-through modes providing significant levels of boosting in frequencies that are considered important
to the intelligibility of speech. Furthermore, none of the hear-through modes tested were found to provide
responses that suggested the devices were capable of providing full acoustic transparency. The results may
also be useful for those seeking to produce models that replicate key aspects of insertion loss and gain
performance in contemporary true wireless earbuds.

Keywords: Variable Hear-through, Active Noise Cancellation, Acoustic Transparency, Insertion Loss,
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1 Introduction

True wireless earbuds are headphone devices that are
worn inside the ear canal or at the canal entrance, with
placement similar to half-shell or in-the-canal (ITC) hear-
ing aids. True wireless earbuds typically feature silicone
or foam tips which fully occlude the entrance to the canal.
They also employ wireless technology protocols such as
Bluetooth to receive audio data from external hardware
devices and are not physically connected between left and
right earbuds. They are now amongst the most popular
devices used to listen to media with a smartphone, with a
2022 global consumer behaviours report finding that 41%
of smartphone users owned a pair of true wireless earbuds
and a further 20% intended to purchase a pair in the next
year [1]. One of the main drivers in the rise in popularity
of true wireless earbuds is the trend of consumers spend-
ing more time listening to audio content in a typical day.
Shrinking form factors and improvements in battery life
performance mean consumers are able to comfortably lis-
ten for longer periods of time. As an extension of a user’s
smartphone device true wireless earbuds are frequently
used for much more than just listening to music. They are
also used to play video games, watch visual media, take
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video/voice calls, and track user fitness/health, with lis-
teners typically spending at least an hour a day engaging
in each activity [1]. Listeners are also using active noise
cancellation (ANC) [2, 3] in true wireless earbuds to con-
trol the extent to which they are able to perceive their
surrounding external soundscape, with 68% of consumers
stating that this feature would influence their next pur-
chase, and 16% of listeners specifically using earbuds to
improve their hearing in noisy environments, doing so for
an average of 1.4 h per day [1]. ANC is now an established
feature that can be found in a wide array of domestic
and industrial headphone, headset, and hearing protec-
tion devices, with its main purpose being to lower the
perceptible affects of any disturbing or dangerous envi-
ronmental noise that the listener may be exposed to.
Many studies have suggested that exposure to excessive
environmental noise can lead to a range of impairments
in an individual’s cognitive performance [4–6] and gen-
eral wellbeing [7–9]. While there have been some studies

showing the positive effects of passive hearing protection
devices can have on wellbeing [10], mosts research in this
area has focused on the positive effects of passive hearing
protection on speech intelligibility and recognition [11–

13]. There have been comparatively fewer studies [14–16]

investigating similar effects for ANC devices.
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Many true wireless earbud devices now also feature
one or more hear-through modes [17], which use micro-
phones mounted on the outer shell of either earbud
to boost parts of the frequency spectrum of the exter-
nal noise, allowing the listener to consume media while
maintaining an increased awareness of elements of their
surrounding soundscape. The origins of hear-through
technology are most closely associated with the devel-
opment of spatialized audio for augmented reality [18]
and audio augmented reality (AAR) experiences more
widely [19], where the optimum hear-through perfor-
mance would be to provide the listener with a sense
of full acoustic transparency, allowing them to perceive
their surroundings alongside the AAR media. Acoustic
transparency is defined as hear-through performance in a
device that is perceived by a listener as being equivalent
to that of open ear listening [20, 21], i.e. where the listener
does not perceive any part of the frequency spectrum to
be attenuated or boosted compared to open ear listening.

However, the primary applications for hear-through
functionality in contemporary true wireless earbuds are
more closely aligned with addressing issues relating to
users’ regular day-to-day listening requirements, such as
increasing users’ sense of personal safety in public spaces
or acting as an assistive listening device in noisy envi-
ronments. Respondents to a survey on mobile media con-
sumption reported choosing not to consume media while
wearing headphones, or not wearing headphones at all,
when walking in isolated public spaces at night or in haz-
ardous urban environments such as construction zones
or areas of traffic [22, 23]. There has been a significant
body of research aimed at quantifying the noise attenua-
tion performance of both passive [24–26] and active noise
reduction devices [27–29] under a variety of different test
conditions. In contrast, there has been much less research
carried out to quantify the performance of hear-through
modes in commercially available devices, where measure-
ment of both insertion loss [30] and gain [20] is potentially
required.

In 2020 Gupta et al. [31] reviewed the challenges and
techniques employed in developing hear-through systems
for use in AAR. In 2020 Denk et al. [20] conducted
a technical evaluation investigating the acoustic trans-
parency of hear-through modes in seven hearables [17]
and two bespoke research devices. Several different kinds
of artefacts were identified including deviations of fre-
quency response, comb filtering artefacts, and destruc-
tion of spatial cues. Schlieper et al. [32] measured the
transfer functions of active noise cancellation and hear-
through functionality in headphone devices that contain
both features. However, this study only presented results
of exponential sweep measurements to evaluate direction-
dependent performance. There are no known studies that
have used diffuse sound field noise to evaluate active noise
cancellation and hear-through performance in devices
that feature both modes.

The aim of the present study was therefore to quantify
both the insertion loss [30] and insertion gain [20] pro-
vided by ANC and hear-through modes in commercially

Figure 1. Photographs of the devices inserted in KEMAR.
From left to right: Apple Airpods Pro (2nd gen.), Bose
QuietComfort Earbuds II, and Sony LinkBuds S.

available true wireless earbuds that include both features.
This study represents a set of case studies of devices that
include this dual functionality, with the results expected
to be useful for researchers seeking to model the noise
attenuation and boosting performance of leading contem-
porary true wireless earbud devices. In the present study,
Section 2 details the devices, device modes, and measure-
ment apparatus that were used to produce the results.
The method and results for the measurement of insertion
loss and gain are described in Section 3. Section 4 provides
a discussion of the results and Section 5 concludes.

2 Material and methods

2.1 Devices tested

A review of commercially available true wireless ear-
bud devices was undertaken according to the follow-
ing criteria; devices should have been released within
the year 2023 and offer a noise cancellation mode,
plus a variable hear-through mode providing different
levels of hear-through functionality. This review iden-
tified several potentially suitable devices, from which
a final three were selected based on positive industry
reviews [33–35] of noise cancellation and hear-through
performance. These devices were the Apple Airpods Pro
(2nd gen.) (firmware 5B58), Bose QuietComfort Earbuds
II (firmware 1.3.26+g1226f68), and Sony LinkBuds S
(firmware 2.1.3). Photographs of these devices are shown
in Figure 1. All devices were new and purchased for use
in this study. The devices’ firmware and accompanying
control apps were updated to the most current releases
as of 20/03/23. Default settings were used for all devices.

2.2 Device modes tested

The device modes measured in the study are shown
in Table 1. The Airpods featured a “Noise cancellation”
mode, “Off” mode, and variable “Ambient noise reduc-
tion” (ANR) hear-through mode comprising of 101 lev-
els, with ANR 100 providing the most reduction and
ANR 0 the least. The LinkBuds provided a “Noise can-
celing” mode, “Off ” mode, and variable “Ambient sound
(AS) hear-through mode consisting of 20 levels with AS 1
providing the most reduction and AS 20 the least. In
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Table 1. The modes tested in each device and study nomenclature used to describe equivalent modes.

Study nomenclature used to Apple Airpods Pro 2 Bose QuietComfort Sony LinkBuds S
describe equivalent modes (2nd gen.) modes Earbuds II modes modes

Hear-through mode (HTM ) Ambient noise reduction (ANR) Noise cancellation (NC ) Ambient sound (AS)
– HTM 1 (Greater awareness) – ANR 0 – NC 1 (Aware mode) – AS 20
– HTM 2 – ANR 20 – NC 2 – AS 16
– HTM 3 – ANR 40 – NC 4 – AS 12
– HTM 4 – ANR 60 – NC 6 – AS 9
– HTM 5 – ANR 80 – NC 8 – AS 5
– HTM 6 (Lesser awareness) – ANR 100 – NC 10 (Quiet mode)* – AS 1
Noise cancellation mode (NCM ) Noise cancellation (NC ) Noise cancellation (NC )* Noise cancelling (NC )
– NCM (Least awareness) – NC – NC 10 (Quiet mode)* – NC
Off Mode Off Battery depleted (Off)** Off
– Off – Off – Battery depleted (Off)** – Off

*The results for Bose NC 10 mode were used to represent both the Noise Cancellation Mode (NCM ) and Hear-Through Mode
6 (HTM 6 ) for comparative analysis with the other devices. **As the Bose earbuds did not feature a selectable Off mode, the
passive Off Mode measurements were recorded after the battery had depleted.

contrast, the QuietComforts featured a “Quiet mode”,
“Aware mode”, and a variable “Noise cancellation (NC)
mode comprising of 10 levels, with NC 10 providing the
most attenuation and NC 1 the least. Subsequent mea-
surements carried out in pilot testing, and personal com-
munications with the manufacturer, established that the
performance of the “Quiet mode” was identical to “Noise
cancellation 10” and the “Aware mode” was identical to
“Noise cancellation 1”.

To investigate the entire range of each device’s perfor-
mance, measurements were taken for the Off mode, noise
cancellation mode, and 6 equivalent levels of the variable
hear-through modes in the Airpods and LinkBuds. As the
QuietComforts did not offer separate separate noise can-
cellation and variable hear-through modes, measurements
of this device were taken for the “Off ” mode and 6 levels
of the variable “Noise cancellation” mode. The results for
“Noise cancellation 10” were then used to represent both
the Noise Cancellation Mode and Hear-Through 6 Mode
for comparative analysis with the other devices. In the
remainder of the paper the devices are anonymized and
referred to as Devices A to C.

2.3 Acoustic test fixture

Rudzyn and Fisher [27] suggested the two main phys-
ical measurement methods, of Microphone In Real Ear
(MIRE) and Acoustic Test Fixture (ATF), are prefer-
able to the Real Ear Attenuation at Threshold (REAT)
method for measurement of the attenuation provided by
ANC devices. The MIRE method is most frequently used
to measure the performance of hearing aid devices and
while it does offer the advantage of accounting for vari-
ation of fit within a sample of participants, the ATF
method is more suitable for the measurement of ANC
devices. As the ATF method does not require any human
subjects it is possible to test the devices up to the lim-
its of their performance, with no risk of injury to par-
ticipants from exposure to potentially dangerous sound

pressure levels. It is also much easier to maintain tight
control of test conditions, enabling a higher level of con-
sistency between measurements, thus providing a higher
level of accuracy when analysing the performance of dif-
ferent devices. ATF methods have shown to be equally
applicable for the measurement of both insertion loss and
gain across a range of devices and applications [20, 30, 36].

It should be stated however that as ATFs are not
able to perfectly replicate all characteristics of the human
head and auditory system, aspects of performance such
as bone-conduction sound transmission are not accounted
for, and as a result the level of attenuation measured using
an ATF will be exaggerated compared to what is expe-
rienced by real listeners. Despite this, the ATF method
was still considered the best of the available options and
was therefore selected for use in the present study.

3 Spectral modification of broadband noise

The term spectral modification is used in this study
to describe any attenuation or boosting of external noise
introduced by the devices under test. Passive Spec-
tral Modification (PSM) is used to describe both the
attenuation and resonant peaks caused by the physi-
cal occlusion of the devices in Off Mode, Total Spectral
Modification (TSM) describes the insertion loss and gain
provided by the combination of passive occlusion and
active noise cancellation/hear-through modes, and Active
Spectral Modification (ASM) is used to describe both the
attenuation and boosting that is provided by the active
electronics of the noise cancellation/hear-through modes
in isolation, without the additional attenuation/resonant
peaks from the passive occlusion.

3.1 Spectral modification of broadband noise method

The following method for measuring the spectral mod-
ification of broadband noise provided by the passive and
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active modes in the devices was adapted from a method-
ology proposed by Rudzyn and Fisher [27]. The resulting
methodology largely adheres to ETSI TS 103 640 [37],
however, limitations with the available materials resulted
in some unavoidable deviations. Known deviations
include exceeding the specified noisefloor by 15 dB, the
use of a larger loudspeaker array, and the use of the
30 s analysis duration specified in [27]. It is not thought
that these points significantly affected the accuracy of the
results. The method in the present study comprised of the
following steps:

(a) Generate a diffuse sound field in a listening room
using uncorrelated pink noise signals (see below for
more details).

(b) Record 35 s of the open ear (OE) response of a GRAS
45BC KEMAR ATF in the diffuse field at broad-
band levels of 65, 70, 80, 90, 100, and 105 dB sound
pressure level (SPL).

(c) Fit earbuds in the pinna of KEMAR and record pas-
sive response (PR) with Off mode selected (same
recording process as used in step (b)).

(d) Record total response (TR) of the device for each
active mode listed in Table 1 (same recording process
as used in step (b)).

(e) Remove the earbuds from KEMAR and repeat steps
(c)–(e) for a total of five iterations.

(f) Analyse recordings to determine the measurement
iteration with the best fit (see below for more details).

(g) Linearly average over the selected measurement from
5 to 35 s to attain stable third-octave root mean
square (RMS) levels [38, 39] of the open ear, passive,
and total responses for all modes for that iteration.

(h) Calculate broadband noise spectral modification from
third-octave RMS level results for all device modes
listed in Table 1:
(1) Passive spectral modification [dB] = OE[dB] −

PR[dB]
(2) Total spectral modification [dB] = OE[dB] −

TR[dB]
(3) Active spectral modification [dB] = PR[dB] −

TR[dB]
(i) Repeat steps (c)–(h) for all devices being tested.

The broadband noise signal was generated in Matlab
as a 50 channel, 35 s stem of uncorrelated pink noise. This
was then fed to a 50 point Lebedev grid loudspeaker array
using Reaper v6.75 running on a PC (Windows 10 Enter-
prise, Intel i9-13900k, 32GB RAM) and two Ferrofish
A32 AD/DA converters, located in the listening room
(128.7 m3) at the Audiolab, University of York. The noise-
floor was measured at 30 dBA SPL and the A-weighted
T30 reverberation time was 96.7 ms. The array comprised
of 40 Genelec 8030A and 10 Genelec 8040A active loud-
speakers. An NTi XL2 Analyzer and M4260 measure-
ment microphone were used to calibrate the broadband
noise (LAeq) at the centre of the grid for the different
presentation levels. The spectrum was found to be flat
within ±5 dB for all bands of interest. This was consid-
ered an adequate approximation of diffuse field conditions

for the purposes of the present study, in accordance with
measurement procedures from past studies [20, 28, 40].
The signal was measured with left and right prepolar-
ized ear simulators (RA0045-S1) fitted in a GRAS 45BC
KEMAR ATF, the KEMAR was equipped with large
(VA-Style) pinnae [41]. The output from each simula-
tor was then passed through a Presonus DigiMax DP88
analog-to-digital converter and recorded using Reaper.
The frequency range of the measurements was limited
to 63–20,000 Hz due to the frequency responses of the
loudspeakers.

3.1.1 Earbud fit

Denk et al. [20] and Struck [28] highlighted the impor-
tance of conducting multiple iterations of measurements
to ensure a tight physical fit and achieve optimal passive
attenuation performance. Each device featured a built-in
app-based tool designed to check the quality of physical
fit for either earbud. These tools were not used in the
present study as they were found to provide unreliable
measures of the quality of fit in KEMAR. Therefore the
medium earbud tips/stability bands (Apple: “Medium”
silicone tips, Bose: “M” silicone tips and stability band 2,
Sony: “M” silicone tips) were used for all devices. Figure 1
shows the earbuds inserted in KEMAR. Measurements
were repeated for a total of five iterations with the ear-
buds removed and reinserted between each iteration. The
method for determining the measurement iteration with
the best fit involved attaining the third-octave RMS lev-
els of the passive responses (Off mode) from both ears for
each iteration, and then performing an analysis to identify
the iteration that demonstrated the broadest and most
consistent range of attenuation and boosting of diffuse
broadband noise for both ears [20].

3.2 Spectral modification of broadband noise results

Figure 2 shows the PSM for the Off modes of the mea-
surement iterations that were selected for further analy-
sis in Section 3.2. These results illustrate that a broadly
similar physical fit and level of passive attenuation was
achieved for both left and right ears in all devices, how-
ever, there were a few instances where ASM results for
the right ear were not consistent with the left ear. It was
thought this was due to general inconsistencies in the per-
formance of the devices and differences in the quality of
earbud fit between KEMAR’s left and right pinna. As
such these results were not considered representative of
typical TSM performance in the devices and therefore all
of the forthcoming results in this paper were derived from
left ear device measurements only unless stated otherwise.

Figures 3 and 4 show the TSM and ASM provided
by the devices when subject to 80 dB SPL pink noise in
an approximated diffuse field. The results attained from
the 80 dB SPL measurements are highlighted in the forth-
coming analysis as they demonstrated the broadest range
of both attenuation and boosting across all of the device
modes.
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Figure 2. Passive spectral modification of diffuse pink noise
at 80 dB SPL for Off modes for all devices.

This section will first consider the PSM results to anal-
yse and compare differences in the insertion loss due to
the passive occlusion of the devices. The TSM results will
then be analysed to establish the nature of the spectral
modification as it would be perceived at the ear by a
real listener. The ASM results will also be presented to
quantify and differentiate between the spectral modifica-
tion provided by the passive occlusion of the devices and
the active electronics in the noise cancellation and vari-
able hear-through modes. No effort was made to specu-
late on the nature of the active electronics or processing
contained within each device as this was not considered
relevant to the aims of the study.

An additional spectral modification properties anal-
ysis was also performed on the PSM, TSM, and ASM
results presented in Figures 2–4. The methodology for
this analysis was based on criteria defined in a study
by Rudzyn and Fisher [27]. Results for this analysis
can be found in Tables A.1–A.3 of the supplementary
information, accessible via online repository [42].

3.2.1 Passive spectral modification results

PSM results: off modes. Figure 2 shows the PSM pro-
vided by the passive occlusion of the devices at 80 dB SPL
in third-octave bands. The results of the accompanying
PSM properties analysis are presented in Table A.1 of

the supplementary information [42]. The results for all
three devices showed a notable boosting of frequencies
centred around the 200 Hz band. This was the most pro-
nounced in Device C with a boost of 6.27 dB, followed
by Device A (3.73 dB), and Device B (3.19 dB). For all
devices these regions of boosting only spanned the sin-
gle band of 200 Hz, according to the analysis criteria
of boosting breadth ≥3 dB adapted from Rudzyn and
Fisher [27]. This boosting can be attributed to passive
resonances created by the insertion of the devices in the
ear canal(s) of the ATF, with the size and position of the
passive resonant peak being dictated by the amount of
acoustic leakage, volume of the cavity created, and the
absorptivity of the earbud tip materials [43].

There were similar consistencies between the devices
observed in the nature of attenuation across the rest
of the frequency spectrum. All devices displayed similar
attenuation characteristics whereby the cutoff frequen-
cies of the main attenuation shelves began in the region
of 400–800 Hz. The shelves then followed a broadly simi-
lar trend with the level of attenuation increasing for suc-
cessively higher frequency bands, with the exceptions of
slight peaks around 1250 Hz in devices A and C. Similarly
minimal peaks can be observed at 5 kHz in devices A and
B, and more pronounced peaks around 10 kHz in devices
B and C. All devices also registered similar maximum lev-
els of passive attenuation, however, the frequency bands
at which these occurred differed, with Device C providing
−34.12 dB at 8 kHz, Device A −33.57 dB at 16 kHz, and
Device B −33.03 dB at 20 kHz.

3.2.2 Total spectral modification results

The plots in Figure 3 show the insertion loss and
gain provided by the noise cancellation and hear-through
modes of the devices. The results of the accompanying
TSM properties analysis are presented in Table A.2 of
the supplementary information [42].

TSM results: Noise cancellation modes. For fre-
quencies above 5 kHz the TSM remained broadly
unchanged from the underlying PSM for each device
described in Section 3.2.1. This was with the exception of
slight peaks at 8 kHz and 20 kHz in Device A, and 6350 Hz
in Devices B and C. The maximum level of attenuation
achieved in a single frequency band was −34.90 dB at
125 Hz in Device B. This compared with −32.37 dB at
8 kHz in Device C and −31.46 dB at 160 Hz in Device A.

TSM results: Hear-through modes. All six hear-
through modes in Device A had singular regions of boost-
ing ranging from a maximum amount of 14.37 dB for
HTM 1 to 8.54 dB for HTM 6, with all boosting regions
centered around 2500 Hz and ranging from approximately
2000 to 4000 Hz for HTM 1–3 and 2000 to 3150 Hz
for HTM 4–6. This was contrasted by Device B where
only the first four hear-through modes (HTM 1–4) fea-
tured any boosting, ranging from a maxima of 13.77 dB
for HTM 1 to 3.12 dB for HTM 4. All regions were
centred around 2 kHz, however, the boosting region
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Figure 3. Total spectral modification of diffuse pink noise at
80 dB SPL for noise cancellation and hear-through modes for
all devices. NCM and HTM 6 were identical for Device B.

was successively smaller for each mode, ranging from
1250 to 3150 Hz for HTM 1, compared with just a single
band at 2 kHz for HTM 4. The hear-through modes in
Device C also featured singular regions of boosting, how-
ever, they were much wider, ranging from 630 to 3150 Hz
for HTM 1 and centred around two main peaks at 800
and 2500 Hz for HTM 1-5 with slight dips in the mainly
flat plateau between the peaks at 1250 Hz. At 800 Hz this
ranged from maximum amounts of 12.28 dB for HTM 1
to 0.24 dB in HTM 5, while the boosting of the peaks
centered around 2500 Hz ranged from 11.78 dB for HTM
1 to 2.20 dB for HTM 4.

In the frequencies below the singular regions of boost-
ing for the hear-through modes the boosting from the
passive resonant peaks at 200 Hz is countered by broadly
equal and opposite amounts of attenuation from the
active electronics. This is visible in the PSM Off mode

Figure 4. Active spectral modification of diffuse pink noise
at 80 dB SPL for noise cancellation and hear-through modes
for all devices. NCM and HTM 6 were identical for Device B.

plots in Figure 2 and the ASM noise cancellation and
hear-through plots in Figure 4. Consequently the regions
from 63 to 1250 Hz in Device A, 125–1000 Hz in Device
B, and 160–400 Hz in Device C maintain a relatively flat
TSM response for HTM 1 modes, with the largest attenu-
ation deviations from 0 dB for each device being −4.72 dB
and −4.36 dB at 800 Hz in devices B and A respectively,
and −4.58 at 160 Hz for Device C. For the frequencies
below these regions in devices B and C attenuation then
increases with each successively lower frequency band,
arriving at 63 Hz with a local minima of −11.03 dB for
Device B and −9.92 dB for Device C.

TSM in the frequencies above the singular regions of
boosting in the hear-through modes followed a broadly
similar pattern for all devices, with the level of atten-
uation increasing for each successively higher frequency
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band. The only exceptions to this were slight peaks at
8 kHz for all hear-through modes in Device A and HTM 1-
4 for Device B, and at 10 kHz in HTM 5 of Device B and
HTM 5 and 6 of Device C. The increases in attenuation
then plateau for the HTM 1 in devices A and C from 16
to 20 kHz at approximately −20 dB and −30 dB respec-
tively. Device B’s hear-through maintained the increase
in attenuation for the remainder of the spectrum before
reaching a maxima of −28.24 dB at 20 kHz in HTM 1.

The general shape of the TSM remained very con-
sistent for all of the hear-through modes in devices A
and C, with the only exceptions being a slight widening
between the levels of attenuation provided by each mode
from 160 to 800 Hz for Device A, and narrowing between
the TSM for the hear-through modes in Device C from
63 to 100 Hz, 160 to 250 Hz, and 10 to 20 kHz. There
was an average difference of approximately 1 dB between
each hear-through mode in Device A, contrasted by an
average difference of 2 dB for the hear-through modes in
Device C.

Device B demonstrated a larger degree of variation
in the shape of TSM between the hear-through modes.
HTM 1-4 maintained a broadly consistent shape, with
the exception of a narrowing between modes from 8 to
20 kHz, and an average difference of approximately 3 dB.
The shape of TSM for HTM 5 was also broadly con-
sistent with HTM 1-4 from 63 to 400 Hz and 1250 to
20,000 Hz, however, from 400 to 1250 Hz it deviated, stay-
ing much closer to the shape observed in HTM 6/NCM,
and consequently crossing over with HTM 4 such that
HTM 4 exhibited 4 dB more attenuation than HTM 5
at 800 Hz. Moreover the crossover observed in the HTM
4 measurement at 800 Hz was to such an extent that
it also registered 1 dB more attenuation than the HTM
6/NCM mode at 800 Hz. However, inspection of the
equivalent ASM results in the Device B plot of Figure 4
might suggest that this crossover phenomenon was due to
deviations in the shape of attenuation in HTM 3 and 4,
manifested as two almost identical notches of increased
attenuation at 800 Hz. Similar behaviour was also
observed at 800 Hz in the results of Device B’s HTM
1 TSM performance for 105 dB SPL, this is shown in
Figure 7 and discussed in Section 3.3.1.

3.2.3 Active spectral modification results

The plots in Figure 4 show the attenuation and
boosting provided by the active electronics in the noise
cancellation and hear-through modes of the devices.
The accompanying results of the ASM properties anal-
ysis are presented in Table A.3 of the supplementary
information [42].

3.3 Presentation level linearity

Studies that have measured noise cancellation [27] and
hear-through [20] performance in headphone devices have
conducted measurements using signals at a range of dif-
ferent presentation levels. One of the main reasons for

Figure 5. Passive spectral modification of diffuse pink noise
at presentation levels of 65 to 105 dB SPL for Off modes for all
devices. Results for 90, 100 and 105 dB were almost identical.

this is to assess how well devices are able to attenuate
noise in excess of 80 dB SPL, where prolonged exposure
could potentially cause hearing damage [44]. However, as
the results in Section 3.2.2 of the present study showed
that all devices tested provided substantial amounts of
both insertion loss and gain relative to the open ear at
80 dB SPL, it is considered especially important to mea-
sure how the spectral modification performance might
differ depending on the presentation level of the noise
source.

3.3.1 Presentation level linearity results

Figure 5 shows the PSM of diffuse pink noise for Off
modes in all devices at presentation levels of 65–105 dB
SPL, while Figures 6 and 7 show the TSM of diffuse pink
noise for Noise Cancellation and Hear-Through 1 modes
in all devices across the same range of presentation lev-
els. As the results in Section 3.2.2 showed that the gen-
eral shape of TSM remained broadly consistent for all
of the hear-through modes tested in the devices it was
decided that analysis of the linearity results for HTM 1
alone would be sufficient to assess the presentation level
dependency of all hear-through modes in the devices.

Linearity results: Off mode. The results presented in
Figure 5 show that the PSM remains consistent for all
presentation levels tested from 63 to 10,000 Hz in devices
A and C, and from 63 to 12,500 Hz for Device B. In
frequencies above these regions the level of attenuation
appeared to increase with higher presentation levels. This
behaviour was found to be similar for all devices across
the full range of presentation levels tested. Maximum lev-
els of attenuation were achieved for presentation levels of
90–105 dB SPL, with all the devices demonstrating con-
sistent attenuation from 63 to 20,000 Hz. At 80 dB SPL
the devices provided approximately 2 dB less attenua-
tion at 20 kHz, while at presentation levels of 75 and
65 dB SPL devices A and C both provided successively
lower levels of attenuation from 12,500 to 20,000 Hz,
with Device B demonstrating similar performance for
16–20 kHz. While these results could be indicative of a
form of intentional level dependent behaviour [26] where
higher frequency noise is subject to greater attenuation
at higher levels, it is also possible that they could be a
symptom of device self-noise.
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Figure 6. Total spectral modification of diffuse pink noise at
presentation levels of 65–105 dB SPL for Noise cancellation
modes for all devices.

Linearity results: NCM. The plots in Figure 6 shows
TSM performance was dependent on presentation level
for the NCM in all devices to varying degrees. Aside
from the level dependent PSM behaviour between 12,500
and 20,000 Hz, the TSM provided by Device C’s NCM
remained consistent across all presentation levels tested.
This was contrasted by Device A’s NCM where the
TSM provided two distinctly different shapes of TSM
depending on the presentation level.

For presentation levels of 65 and 70 dB SPL the
attenuation in the TSM of Device A’s NCM followed a
very similar shape and featured a singular main peak at
2 kHz, around which there was a region from 1 to 4 kHz
where attenuation was smallest. This was contrasted by
the results for presentation levels of 80 to 105 dB SPL
where there were two separate regions where attenuation
was least prominent centered around peaks at 1000 and
3150 Hz. The other main difference between the TSM
in Device A’s NCM for presentation levels from 65–70
to 80–105 dB SPL was in the attenuation of frequencies
below 200 Hz. In this region, attenuation levels were the
highest for the presentation levels of 80–105 dB SPL,
while attenuation levels were successively lower for 70
and 65 dB SPL, mirroring the level dependent behaviour
observed in the higher frequencies for the PSM and TSM
results.

The TSM in the NCM of Device B also exhibited
level dependent behaviour, however this did not follow the
same trend of greater attenuation for higher presentation

levels observed in devices A and C, and therefore may be
more likely due to overload rather than by design. The
TSM attenuation was consistent for all presentation lev-
els between 6350 and 10,000 Hz and for frequencies above
this followed broadly the same level dependent behaviour
as observed in the PSM results. From 200 to 6350 Hz
TSM results in Device B also remained largely consistent
for presentation levels of 65 to 80 and 100 dB SPL, and for
frequencies below this, demonstrated similar behaviour to
the other devices with more attenuation for higher pre-
sentation levels. However, the 90 and 105 dB SPL results
exhibited significant differences from 63 to 6150 Hz that
were indicative of two different kinds of inconsistency in
their performance.

The fact that the results for the 100 dB SPL Device
B NCM TSM measurement remained broadly consis-
tent with the equivalent results for 65–80 dB, yet the
shape of the 90 dB TSM results featured significant devi-
ations, is potentially indicative of inconsistencies in the
performance of the device. However, it is more likely that
the inconsistencies observed in the 105 dB SPL TSM
results were due to Device B’s NCM reaching its overload
limit [27]. This interpretation is supported by a spectro-
gram analysis of the raw pink noise recordings for the
NCM in Device B, which found temporal discontinuities
in both left and right ear devices at 105 dB SPL. This
is shown in Figure B.1 of the supplementary informa-
tion [42]. Further spectrogram analysis of the raw record-
ings of NCM responses for all devices at all presentation
levels found no evidence of similar discontinuities that
would be potentially indicative of overload performance.

Linearity results: HTM 1. The plots in Figure 7 shows
that the TSM for the hear-through 1 modes in all devices
exhibited level dependent behaviour. In Device A’s HTM
1 the TSM was consistent from 63 to 16,000 Hz for
presentation levels of 65–100 dB SPL.

At 20 kHz, level dependent behaviour consistent with
the PSM results was observed for the lower presenta-
tion levels, with successively higher levels of attenuation
from 65 to 80 dB SPL, before remaining consistent from
80 to 100 dB SPL. For Device A’s HTM 1 response at
105 dB SPL the shape of the TSM remained broadly con-
sistent with the 80 to 100 dB SPL results, but provided
between 2 and 3 dB more attenuation across all frequency
bands. This is potentially indicative of a form of limiting
functionality where noise signals above 100 dB SPL are
subject to greater levels of attenuation in an attempt to
protect the listener from dangerous environmental noise
levels. However, it is also possible that this level depen-
dent behaviour could be a symptom of Device A’s HTM 1
reaching their overload limit at 105 dB SPL, as spectro-
gram analysis of the raw pink noise recordings revealed
temporal discontinuities occurring at intervals of every
6–8 s in both left- and right-ear device responses. This is
shown in Figure 8.

Further spectrogram analysis of the raw recordings of
HTM 1 responses for all devices at all presentation lev-
els tested found no evidence of similar irregularities that
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Figure 7. Total spectral modification of diffuse pink noise at
presentation levels of 65 to 105 dB SPL for Hear-through 1
modes for all devices.

Figure 8. Spectrogram showing temporal discontinuities
in the spectral modification of 105 dB SPL diffuse pink
noise for the Device A’s HTM 1. Discontinuities are visible
approximately every 6–8 s.

would be potentially indicative of overload performance.
These results show that even when subjected to poten-
tially dangerous noise levels of 105 dB SPL Device A’s
HTM 1 still applies as much as 10 dB of boosting rela-
tive to the open ear, such that a 105 dB SPL noise signal
is translated to 115 dB at 2500 Hz.

The TSM performance of Device B’s HTM 1 was also
found to be level dependent, with a wider range of vari-
ation between the results for different presentation levels

compared to Device A. The TSM was perfectly consistent
for presentation levels of 65–80 dB SPL between 63 and
12,500 Hz, with level dependent behaviour observed in the
16 and 20 kHz frequency bands broadly consistent with
the PSM results discussed in Section 3.3.1. At 90 dB SPL
the shape of the TSM was identical to the 65–80 dB
results from 63 to 12,500 Hz, above this exhibiting sim-
ilar level dependent behaviour with successive increases
in attenuation for 16 and 20 kHz bands, while there was
an increase in attenuation of approximately 1 dB across
all frequencies compared to the 65–80 dB SPL results.

The shape of the TSM for the 100 dB SPL presenta-
tion level was broadly consistent with the results for 80
and 90 dB, however, there was approximately a 10 dB
increase in attenuation from 63 to 8000 Hz compared to
the 90 dB SPL TSM, with the difference in attenuation
decreasing slightly for frequencies above this region. The
TSM for the 105 dB SPL presentation level also exhib-
ited similar level dependent performance with approxi-
mately a 3–5 dB further increase in attenuation for most
frequency bands compared to the 100 dB SPL results.
However, there were two notable deviations from this
observed. Firstly, the difference in attenuation between
100 and 105 dB SPL narrowed to approximately 1–2 dB
from 10 to 20 kHz, and then the TSM levels for 100
and 105 dB SPL were also found to have crossed over
around the 630–1000 Hz region, such that the 100 dB SPL
measurement provided approximately 3 dB more attenu-
ation than the 105 dB SPL at 800 Hz. Similar behaviour
was also observed at 800 Hz in the results of Device B’s
HTM 3 and HTM 4 TSM and ASM performance for
80 dB SPL, this is shown in Figures 3 and 4 and dis-
cussed in Section 3.2.2. These results show that even
when presented with potentially dangerous noise levels
of 100 dB SPL, Device B’s HTM 1 still applies as much
as 4 dB of boosting relative to the open ear, meaning
a 100 dB SPL noise signal is received at the ear as
104 dB at 2 kHz. It is only then at a presentation level
of 105 dB SPL that the noise is attenuated such that the
peak of TSM at 2 kHz is equal to the level that would be
received by the unoccluded open ear.

The TSM performance of the HTM 1 in Device C was
also found to be level dependent and exhibited the widest
range of difference in TSM across the presentation levels
that were tested. The results for the 65–80 dB SPL mea-
surements exhibited consistent shapes of TSM from 63 to
12,500 Hz and above this featured the same level depen-
dent behaviour as observed in the higher frequencies of
the PSM and HTM 1 TSM results for the other devices.
The TSM for the 80 dB SPL also exhibited approximately
1 dB more attenuation from 63 to 12,500 Hz compared
to the 65 and 70 dB results. At presentation levels of
90–105 dB SPL the TSM in Device C’s HTM 1 exhib-
ited similar level dependent behaviour as observed for
100 and 105 dB SPL results in Device B’s HTM 1, where
the amount of attenuation for noise at presentation lev-
els above 80 dB SPL was broadly equal to the relative
increase in presentation level. Despite this the 90 dB SPL
was still boosted by as much as 6 dB at 800 Hz and 5 dB
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at 2500 Hz, and it was only then at presentation lev-
els of 100 and 105 dB SPL that there were no instances
of boosting observed in any of the frequency bands for
Device C’s HTM 1.

3.4 Spectrotemporal performance

Previous studies that have investigated the noise can-
cellation [28] and hear-through [20] performance of head-
phone devices have also sought to measure how this
performance varies over time. This is carried out to assess
both the consistency of performance over time and the
nature of the onset of spectral modification following
the initial attack of the external noise stimuli. Investi-
gations of the onset and consistency of spectral modifi-
cation performance in noise cancellation modes are espe-
cially important to understand how quickly and reliably
devices are able to protect users from potentially danger-
ous levels of new and ongoing environmental noise. In the
present study both of these elements of time domain per-
formance were assessed via spectrogram analysis of the
raw diffuse pink noise recordings from the measurement
session described in Section 3.1. There were no measure-
ments made to assess the tracking performance of the
devices when subject to noise sources exhibiting insta-
tionary behaviour, such as rapid spatial movement or
changes in spectra. For the time domain measurements
that were conducted, the given device mode under test
was set using the devices’ control app before the com-
mencement of each measurement recording. The results
therefore describe how the already selected and active
device modes responded to the consequent onset of the
diffuse pink noise signal, rather than the responses of the
device modes to being activated during an ongoing sig-
nal. Analysis was conducted for all device modes, however
only select results for Device A merited more detailed
discussion.

Figure 9 shows the onset of spectral modification for
HTM 5 in Device A at a presentation level of 80 dB SPL.
The equivalent onset performance for HTM 1 responses
at 105 dB SPL in devices B and C is shown in Figure C.1
of the supplementary information [42]. These specific
hear-through modes and presentation level measurements
give the best visual representations of the onset perfor-
mance of TSM in hear-through modes for each device.
These onset responses were found to be consistent across
all hear-through modes and presentation levels for each
device with the exception of Device A’s hear-through
mode responses at 105 dB SPL, where suspected limit-
ing/overload behaviour was observed. This is shown in
Figure 8 and discussed further in Section 3.3.1.

Inspection of the spectrogram analysis results revealed
differences between the onset performance of the hear-
through modes in each device. The onset of spectral mod-
ification in Device A’s hear-through modes exhibited an
initial delay of approximately 2 s before the spectral mod-
ification was applied between 2 and 3 s after the ini-
tial onset of the noise signal. This behaviour was found

Figure 9. Spectrogram showing the onset of spectral modi-
fication of 80 dB SPL diffuse pink noise for Device A’s HTM
5. This onset is visible from 2 to 3 s and most prominent in
the frequencies either side of the 2 to 4 kHz region.

to be clearly audible when auditioning the measurement
recordings during analysis. This was contrasted by the
onset performance observed in the hear-through modes
of devices B and C where the onset of spectral modi-
fication appeared to be almost instantaneous, occurring
within a matter of milliseconds. This onset period was
found to be audibly imperceptible during the informal
auditioning of the measurement recordings and was only
detected through visual analysis of the spectrograms. The
onset of spectral modification for the noise cancellation
modes in all devices also appeared to be instantaneous
as visual and audible inspection of the NCM response
raw recordings failed to reveal any evidence indicating
the onset duration.

Further spectrogram analysis of the entire 35 s dif-
fuse pink noise raw recordings found that TSM perfor-
mance remained consistent and stable over time for all
device modes and presentation levels with the exception
of Device A’s hear-through modes and Device B’s NCM
at 105 dB SPL where discontinuities from suspected lim-
iting/overload were observed. This can be seen in Figure 8
of the paper and Figure B.1 of the supplementary infor-
mation [42]. While only the results for the left ear devices
are presented in this section, all results discussed were
found to be consistent in both left and right ear device
recordings.

4 Discussion

Analysis of the results shows that all three devices are
capable of providing a wide range of both attenuation and
boosting of broadband noise signals. The performance of
the spectral modification in the devices was found to be
highly dependent on the quality of the earbuds’ physical
fit in the ear canal. Excess acoustic leakage was found to
be especially detrimental to the performance of the noise
cancellation modes for all devices. The TSM of the noise
cancellation modes in all devices was found to provide
considerable levels of attenuation across all measured fre-
quency bands, and while the general shape of attenuation
varied between devices there were some commonalities
observed. For instance, with the least attenuation promi-
nent peaks centred around the lower mid-range region
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(800–1600 Hz) were observed, with the greatest attenua-
tion being observed in the regions above 8000 and below
250 Hz.

The general shape of the TSM provided by the hear-
through modes remained broadly consistent between the
different levels of hear-through for all devices. However,
there was a greater degree of variation observed in the
TSM shape of the hear-through functionality between
the different devices. This is reflected in differences
between how the hear-through modes were described in
the devices’ accompanying app-based control interfaces.

In Device A’s hear-through modes there was consider-
able attenuation of noise for frequency bands above 4 kHz.
However, below 1600 Hz there was no greater than 3 dB
of attenuation observed for HTM 1, only increasing to a
maximum of 10 dB attenuation in this region for HTM
6. In fact 1600–4000 Hz was actually subject to a sig-
nificant amount of boosting by all of Device A’s hear-
through modes. It is therefore the case that and lessening
of ambient noise perceived by users of Device A’s hear-
through modes would most likely be due to the relative
difference between the boosting in the frequencies most
important to speech intelligibility (1600–4000 Hz), and
the minimal levels of attenuation in frequencies below
this region. In contrast, the variable hear-through modes
in Device C exhibited much less attenuation and more
boosting of frequency bands associated with environmen-
tal noise compared to Device A. This was evidenced by
much wider regions of boosting observed in four of the
six hear-through modes tested in Device C.

Results found that the TSM in Device B’s HTM 1 was
very similar to the equivalent measurement in Device A,
with the exception of Device B featuring wider breadths
of boosting in HTM 1 and HTM 2 (1–4 kHz), thus pro-
viding a similar hear-through experience to Device A
where the singular region of boosting was focused solely
around the frequencies that are important for speech
intelligibility [45], with frequencies outside of this region
attenuated. However, the main difference between the
hear-through functionality in Device B and the other
devices was the range of attenuation observed in the TSM
performance across the different levels of hear-through.
Device B also featured by far the highest levels of attenu-
ation for frequency bands either side of the mid-range in
any of the hear-through modes tested across all devices.

The measurement of intermediate levels of hear-
through modes in the devices also revealed the extent
of differences in the ranges of spectral modification avail-
able to the user. Device B provided the largest range of
spectral modification, with a span of approximately 15–
20 dB from HTM 1 to HTM 5 for most of the frequency
spectrum. Device C featured a range of approximately
10–15 dB from HTM 1 to HTM 6 across the majority
of the spectrum. However, Device A provided a much
smaller range of approximately 5 dB between HTM 1
and HTM 6. This ability to select a specific level of hear-
through allows the user a degree of control over the ease
with which they are able to perceive their acoustic sur-
roundings. This therefore allows the user to adjust the

volume of the media they are consuming while main-
taining the same level of awareness of their surround-
ings, relative to the media. These results illustrate dif-
ferences in the extent to which users would be able to
adjust the desired volume of media on each device, while
still maintaining the same relative awareness of their
surroundings.

Overall, the results indicate that there is considerable
variation in the nature and intended use cases of inser-
tion loss and gain in contemporary true wireless earbuds,
and that these extend far beyond the existing rudimen-
tary definitions of noise cancellation and acoustic trans-
parency. Despite this there were still many commonalities
observed in the results.

The results of the linearity analysis revealed that the
TSM performance in the devices was highly dependent on
the presentation level of the noise signal. This was espe-
cially apparent for the performance of the hear-through
modes at higher presentation levels where the amount of
boosting was curtailed in all devices to some degree to
limit the potentially damaging effects of sustained expo-
sure to high noise levels. However, the nature of this
behaviour varied greatly between devices with Device A’s
HTM 1 still providing 10 dB of boosting to diffuse sound
field noise at presentation levels of up to 100 dB SPL.
The results also revealed evidence of temporal disconti-
nuities observed in the results of Device A’s HTM 1 and
Device B’s NCM at 105 dB SPL. These were found to
be potentially indicative of overload performance in the
devices, however, further measurements at higher presen-
tation levels would be required to fully determine this.
Otherwise the TSM performance of the noise cancellation
modes in all devices was found to be largely independent
of presentation level.

The onset performance of TSM was found to be
instantaneous for all device modes tested with the excep-
tion of the hear-through modes in Device A where the
spectral modification only began to take effect between 2
and 3 s after the initial onset of the noise signal.

There were also two specific instances of potentially
irregular behaviour observed in the performance of Device
B’s hear-through modes. These occurred at 800 Hz where
the level of attenuation was seen to cross over between
modes and presentation level measurements counter intu-
itively to performance found in all other results. It is pos-
sible that this performance is representative of the usual
behaviour expected in Device B, however, it is also possi-
ble that these irregularities were a symptom of issues in
the quality of the physical fit of the earbuds in the ATF’s
ear canal.

The results presented in this paper are subject to the
following limitations:

• The evaluation of a limited number of devices restricts
the generalisation of the results.

• Only one pair of each device was tested, meaning
it is possible that aspects of the devices’ measured
behaviour could have been representative of faults
rather than normal performance.
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• The results are only based on how the devices
responded to steady-state broadband noise.

• Measurements were only produced for the default
modes of performance in each device.

• These measurements could have been influenced by
any inconsistencies in performance specific to the
firmware installed on the devices.

• The relatively low number of measurement iterations
conducted increases the likelihood that the results
may have been influenced by issues with the quality
of physical fit.

• The presentation levels used to assess the linearity of
performance in the devices were insufficiently high to
assess the overload performance of all devices.

• Various limitations relating to the use of the ATF were
also discussed in Section 2.3.

5 Conclusion

The evaluation of the performance of the true wire-
less earbud device modes tested in this study sought to
quantify the extent and nature of insertion loss and gain
provided by the devices when subjected to diffuse pink
noise, and also measured how the performance of the
devices changed with respect to different presentation lev-
els. An analysis of the devices’ performance over time was
also conducted. Several limitations of the study were also
identified and the results and conclusions presented are
conditional on these limitations.

The results represent the first of their kind to mea-
sure the spectral modification of diffuse sound field noise
for noise cancellation and hear-through modes in com-
mercially available devices that feature both modes of
functionality. In doing so the results reveal that the hear-
through modes in the devices tested exhibited significant
amounts of boosting relative to the open ear in frequen-
cies that are considered important to the intelligibility
of speech. This result indicates that none of the devices
appeared to be attempting to achieve complete acous-
tic transparency in their hear-through mode function-
ality. Instead, the levels of boosting around frequencies
important for speech intelligibility potentially indicate
that some devices are being designed to encourage their
continual use throughout the day, allowing verbal com-
munication to occur contemporaneously with the ongoing
consumption of media. The boosting behaviour identified
in this study is also potentially indicative of the growing
convergence between commercial earbuds and hearing-aid
devices. This is supported by a recent announcement from
Apple that a new hearing health experience update for
the Airpod Pro 2 will include a clinical-grade hearing aid
feature [46].

The noise cancellation modes in each device were all
found to be capable of providing significant amounts of
attenuation across the entire frequency spectrum mea-
sured. Further work should take the form of perceptual
sound quality evaluations of the noise cancellation and
hear-through mode performance in the devices tested.

Further technical investigation of these and other similar
devices should also be carried to investigate the spectral
modification performance when presented with different
kinds of environmental noise and instationary noise sig-
nals, including noise sources that exhibit rapid spatial
movement or changes in spectra.
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Glossary

AAR: Audio augmented reality; ANC: Active noise can-
cellation; ASM: Active spectral modification; ATF: Acoustic
test fixture; HTM: Hear-through mode; MIRE: Microphone
in real ear; NC: Noise cancellation; OE: Open ear; PR: Pas-
sive response; PSM: Passive spectral modification; REAT: Real
ear attenuation at threshold; RMS: Root mean square; SPL:
Sound pressure level; TR: Total response; TSM: Total spectral
modification.
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