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ABSTRACT

The acoustic quality inside vehicles has become a key fac-
tor in the overall evaluation of cars, particularly in lux-
ury models. As a result, improving in-cabin communica-
tion and overall acoustic comfort has gained significant at-
tention from the automotive industry. Recently technolo-
gies, such as Active Road Noise Cancellation (ARNC),
have been extensively explored to reduce unwanted noise,
effectively lowering acoustic pressure within the vehicle
cabin. Beyond noise reduction, these algorithms have the
potential to significantly enhance in-vehicle speech in-
telligibility. In this study, we investigate the impact of
ARNC algorithms on person-to-person speech communi-
cation, simulating conversations between passengers. Ex-
perimental measurements have been conducted in a four-
seat vehicle model equipped with a state-of-the-art ARNC
system. Passenger communication has been simulated by
convolving reference speech signals with measured acous-
tic impulse responses within the vehicle cabin. Addition-
ally, we compare different metrics to assess speech intelli-
gibility between front and rear seats, evaluating the effec-
tiveness of the ARNC algorithm. The results demonstrate
the potential of ARNC in enhancing in-vehicle speech in-
telligibility, offering valuable insights for future advance-
ments in automotive audio technology.
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1. INTRODUCTION

The ability to communicate effectively within a car is cru-
cial for both comfort and safety, making acoustic opti-
mization a key area of research and development [1, 2].
Traditionally, improving acoustic comfort in a vehicle has
relied on passive noise control techniques, such as by im-
proving insulation materials, acoustic glazing, and opti-
mized cabin structures. Although these methods effec-
tively reduce overall noise levels, they are often limited
by weight, cost, and design limitations. Furthermore,
passive solutions are typically more effective at high fre-
quencies, while their insulating properties tend to degrade
at lower frequencies, making them less effective against
road-induced low-frequency noise.

As an alternative, active solutions have gained sig-
nificant attention, encompassing a variety of approaches
based on advanced signal processing, including personal-
ized audio zones (commonly referred to as ”private bub-
bles”) and Active Road Noise Cancellation (ARNC). The
latter, in particular, aims to reduce low-frequency road
noise by generating anti-noise signals, typically through
the vehicle’s audio system. Although ARNC has been
developed primarily to enhance passenger comfort by re-
ducing background noise levels, its potential impact on
speech intelligibility within the vehicle has not yet been
fully explored.

In this paper, we assess the indirect benefits of ARNC
on the in-car speech intelligibility by analyzing how re-
duced road noise contributes to clearer in-vehicle com-
munication. We present a series of experimental mea-
surements along with objective and subjective evaluations,
aiming to provide insights into the role of ARNC not only
as a comfort-enhancing or weight-reduction technology,
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but also as a potential enabler of improved speech com-
munication among vehicle occupants.

The rest of the paper is structured as follows. Sec. 2
present the context and background of ARNC and speech
intelligibility. In Sec. 3 we present the methodology and
experimental scenario to evaluate the impact of ARNC in
passanger-to-passanger communications. Results are pro-
vided in Sec. 4 along with objective metrics and subjec-
tive evaluations. In Sec. 5 we draw final conclusions and
considerations.

2. BACKGROUND AND PROBLEM
FORMULATION

2.1 Active Road Noise Cancellation

Active Road Noise Cancellation (ARNC) refers to the ap-
plication of Active Noise Cancellation (ANC) techniques
to mitigate low-frequency road noise inside vehicle cab-
ins. ANC techniques actively generate anti-noise signals
to counteract unwanted sound waves, leveraging the prin-
ciple of destructive interference [3, 4]. Unlike passive so-
lutions, which rely on insulating materials and structural
modifications, active techniques require an external power
source and the implementation of a control strategy.

Most control systems are based on the well-known
Filtered-x Least Mean Squares (FxLMS) algorithm [5, 6],
which is an extension of the LMS algorithm [7] belonging
to the gradient descent [8] family of optimization tech-
niques. These techniques minimize a cost function by iter-
atively moving in the direction of its negative gradient [9].
FxLMS is a hybrid-feedforward control strategy based on
adaptive filtering [7] that iteratively adjusts the filter co-
efficients to minimize the residual error, i.e., the sound
pressure level at the cancellation position. The algorithm
employs reference sensors, error microphones, and actu-
ators to find the optimal solution and apply the control
action.

A typical ARNC architecture adopted accelerometers
mounted on the chassis or suspension system as refer-
ence sensors to detect road-induced vibrations before they
propagate into the cabin. To measure the residual error,
microphones are strategically placed within the cabin. Fi-
nally, actuators are typically the loudspeakers of the car’s
sound system [10].

The ARNC system operates by modeling two main
paths: the primary and the secondary [11]. The primary
path refers to the sound propagation from the road to the
cabin, while the secondary path represents the transfer

function from the actuators to the microphones within the
cabin. The FxLMS algorithm continuously adapts to these
paths to optimize noise cancellation, accounting for plant
variations.

2.2 Speech Intelligibility

Speech intelligibility within a vehicle cabin is a critical as-
pect of passenger communication, particularly in the pres-
ence of road noise [12, 13]. High noise levels can mask
speech signals, reducing the ability of passengers to un-
derstand each other clearly. The assessment of speech in-
telligibility in noisy environments typically relies on both
objective and subjective evaluation methods.

Several metrics are commonly used to quantify
speech intelligibility. The Short-Time Objective Intelli-
gibility (STOI) [14] metric provides a prediction of in-
telligibility by analyzing the correlation between clean
and degraded speech signals. The Signal-to-Noise Ratio
(SNR) [15] quantifies the relative level of speech against
background noise, with higher values indicating improved
clarity.

In this paper, we leverage these metrics to quantify
the impact of ARNC on speech intelligibility, comparing
objective measurements in different road conditions to as-
sess its role in improving in-vehicle communication.

3. METHODOLOGY

In this study, a speaker located in the rear right seat of a car
has been simulated, and the impact of an ARNC system on
speech intelligibility at the front right passenger position
has been assessed. To achieve this, a state-of-the-art active
noise cancellation system based on the Filtered-x Least
Mean Squares algorithm has been implemented.

3.1 Experimental scenario

In order to evaluate the potential benefits of an Active
Road Noise Cancellation (ARNC) system on in-vehicle
speech intelligibility, an FxLMS-based algorithm was im-
plemented and tested on the vehicle. The car was instru-
mented with accelerometers placed at carefully selected
locations, while microphones were positioned inside the
cabin, near the right front passenger’s ears.

We adopted the mouth simulator of a Head and Torso
Simulator (HATS) [16] placed on the right rear passenger
seat to simulate human speeches. Specifically, the impulse
responses (IRs) from the artificial mouth to the left and
right microphones at the co-driver’s seat, with an occupant
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Figure 1. Measurement setup. Speaker at the rear-
right seat and listener at the front-right seat along
with the ARNC system.

in place, were measured in an anechoic chamber to char-
acterize the acoustic transmission path through the Expo-
nential Sine Sweep (ESS) method [17]. A schematic rep-
resentation of the experimental setup is shown in Fig. 1.
Notice that, in this study we assume the left-right micro-
phones coincide with the co-driver ears, thus the measured
IRs correspond to the transfer function from the rear-right
talker to the ears of listener position under test.

Firstly, road noise measurements were performed on
different road surfaces and at various speeds with the
ARNC system deactivated. Then, the same measurements
were repeated with the ARNC system enabled. In the
rest of the paper, we will refer to those measurements as
“ARNC OFF” and “ARNC ON”, respectively. Therefore,
this process provided road noise signals at the right front
passenger’s ears, both with and without active noise can-
cellation.

Moreover, a speech source at the rear-right passenger
seat was simulated by convolving different clean speech
signals with the previously measured IRs. The test signal
was carefully designed to include both female and male
speech segments, with progressively decreasing amplitude
levels of 0 dBFS, −6 dBFS, and −12 dBFS, respectively.

Finally, the resulting simulated speech signals at the
right front passenger’s ears were superimposed onto the
road noise recordings, both with ARNC OFF and ARNC
ON, allowing for a direct comparison of speech intelligi-
bility under different noise conditions.

4. RESULTS

The impact of the ARNC system in terms of speech intel-
ligibility has been evaluated with objective analysis and

perceptual subjective analysis. The former, with the com-
putation of different metrics. The latter, with the evalua-
tion of two different perceptual listening tests. The follow-
ing sections provide detailed explanations of the results
along with insights and interpretations.

4.1 Objective analysis

To quantify the impact of the ARNC system on in-vehicle
communication, we compute two different metrics pre-
sented in the literature of speech intelligibility, as ex-
plained in Sec. 2.2.

First of all, the Short-Time Objective Intelligibility
(STOI) has been computed as reported in [14]:

STOI =
1

JM

∑
j,m

STOIj,m , (1)

where:

STOIj,m =
(xj,m − µxj,m

)T (ȳj,m − µȳj,m
)

||xj,m − µxj,m || ||ȳj,m − µȳj,m
||
, (2)

with

• J is the total number of one-third octave bands

• M denotes the total number of temporal frames

• xj,m represents the clean speech short-time tem-
poral envelope in the j − th frequency band and
m− th time frame

• ȳj,m represents the normalized degraded speech
envelope in the j − th frequency band and m− th
time frame after applying a one-frame temporal
clipping

• µxj,m
and µȳj,m

denote the sample average of xj,m

and ȳj,m

The STOI index has been computed for each speech
segment and evaluated at the three amplitude levels. In-
specting the results, we notice that for each segment the
ARNC provides an improvement in terms of intelligibil-
ity with an increase up to 5%, and in general higher
then 1.1%. However, to provide a single index for both
ears position, the following binaural definition, denoted
as BSTOI, has been formulated:

BSTOI =

√
STOI2L + STOI2R

2
, (3)

where STOIL and STOIR represent the STOI index
computed at the left and right ear microphones position,
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Figure 2. Average and standard deviation of BSTOI
and average SNR for Female speakers at different
dBFS values.

respectively. Therefore, as for STOI, also BSTOI values
are in the range [0, 1], with 1 referring to the highest intel-
ligibility score.

Similarly, the Signal-to-Noise Ratio (SNR) has been
computed in dB for all the speech segments and the dif-
ferent amplitude levels as follows:

SNR = 10 log10

(
Psignal

Pnoise

)
, (4)

where Psignal and Pnoise denote the power of the sig-
nal and the noise, respectively. Moreover, we consider
as SNR the mean values between the two microphones at
the ear positions. It is worth noticing that in our scenario
SNR values are negative due to the predominance of the
noise compared to the signals.

Fig. 2 and 3 depict the average BSTOI (in the positive
y-axis) and SNR data (in the negative y-axis) computed
among female and male speakers, respectively, for each
different dBFS values.

In general, female speech signals achieve higher val-
ues of BSTOI and SNR with respect to the male speech
signals, both with ARNC system ON and OFF. This is due
to the higher frequency content of female speeches, which
is less affected by road noise. Indeed, male voices ex-
hibit more spectral overlap with road noise, which is more
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Figure 3. Average and standard deviation of BSTOI
and average SNR for Male speakers at different
dBFS values.

dominant at low frequencies, resulting in lower scores, in
general. Enabling the ARNC system for female speakers
results in an increase of the BSTOI higher than 1.3% for
all the three amplitude levels, with a maximum increase
of 3.4%. For the case of male speakers, all amplitude lev-
els show an increase of the index higher than 0.3%, with a
maximum delta of 2%. In terms of SNR instead, we have
a maximum increase of 1% for female speakers, while for
the male case a maximum delta of 1.5% is registered.

Finally, the standard deviation of the BSTOI index be-
tween females decreases when the ARNC system is acti-
vated, indicating more uniform values, while an increment
can be observed for the case of male speakers. Therefore,
it can be noticed that the ARNC system provides an in-
crease in terms of intelligibility for all the examined cases.

4.2 Subjective analysis

The benefits of the ARNC system on speech intelligibility
has been evaluated also through a subjective evaluation
campaign. Specifically, two blind tests were conducted:

• Test 1: A-B comparison of each speech signal with
ARNC system enabled and disabled

• Test 2: Progressively increasing level test of
speech signals.
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Figure 4. Average KPIs results of the A-B compari-
son for Female speech signals.

4.2.1 A-B comparison

For this experiment, we focus on four test signals from the
simulated speech signals with background road noise de-
scribed in Sec. 3.1. In particular, we considered the two
female and the two male speakers. For each of the selected
speech, signal A and signal B have been randomly gener-
ated considering ARNC ON and ARNC OFF conditions.

The blind listening test was conducted on 12 expert-
listeners using Audeze high-quality professional head-
phones [18], and they were given the ability to switch be-
tween signal A and signal B for each of the four speech
frames. Therefore, for each frame the listeners were asked
to express their preference between A and B based on the
following three key performance indicators (KPIs):

• Loudness

• Clarity

• Timbre

where Loudness refers to the highest perceived loudness
of the speech, Clarity relies on the precise articulation and
correct pronunciation perceived, and Timbre evaluated the
perceived quality of the speech.

The average evaluation results expressed in percent-
age between female and male speakers are depicted in Fig.
4 and Fig. 5, respectively. In both cases, the same trend
can be noticed with an overall preference to the ARNC ON
condition for all the three KPIs. Therefore, the activation
of the ARNC system implies a perceptual benefits on the
rear-to-front speech intelligibility.

It is worth nothing that, considering the ARNC ON
condition, the Loudness and Timbre indeces collect higher
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Figure 5. Average KPIs results of the A-B compari-
son for Male speech signals.

results for the female speakers with respect to male ones,
respectively with 4% and 5% of difference. Conversely,
the Clarity with ARNC ON has been selected by 92%
for the case of male speaker, lowering to 88% for female
speakers. Such results depend on the frequency range of
the male and female speech. With lower frequency con-
tents, the male spectra is more affected by the frequency
range of the road noises, thus the presence of an ARNC
system affects the speech Clarity.

The stacked bar plot depicted in Fig. 6 represents the
detailed results for the two female speakers (refer to F1
and F2) and the two male speakers (refer to M1 and M2).
Interestingly, the sujbective results between ARNC OFF
and ARNC ON present higher variance for the female case
with respect to the male one. Such result confirms the im-
pact of the ARNC system to the lower frequency range.
Indeed, assessors considered easier the A-B test for male
with respect to female speakers. Interestingly, although
an overall preference for the case with the algorithm en-
abled can also be seen for the Timbre index, it has been
described as the most difficult KPI to be evaluated by the
majority of the listeners.

4.2.2 Progressively increasing level test

To further assess the impact of the ARNC system on
in-vehicle speech intelligibility, an additional blind test
was conducted. In this experiment, the same four speech
frames used in the A-B comparison test of Sec. 4.2.1 have
been evaluated. However, for each of the speech frames
under consideration, assessors have been asked to listen to
a progressively increasing level of the speech frames both
with ARNC OFF and with ARNC ON, thus highlighting
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Figure 6. Overall KPIs results of the A-B compari-
son for Female (F1 and F2) and Male (M1 and M2)
speech signals.

when the signals were intelligible. In particular, the simu-
lated speech has been initially set to a level of −20 dBFS,
thus progressively increasing the level at each repetition
with a step of 2 dBFS of increments up to 0 dBFS.

A group of 13 expert-listener was selected for the
blind test. Assessors have been instructed to stop the audio
playback as soon as they were able to understand all the
words in each frame, thus identifying a level of perceived
intelligibility expressed in dBFS and for the sake of sim-
plicity denoted as IL (intelligibility level). The average
results of the perceived IL along with the standard devia-
tion are depicted in Fig. 7 for the case of ARNC OFF and
ARNC ON and differentiating between male and female
frames.

In general, assessors were able to fully comprehend
the speech content at a lower level in the case of ARNC
ON, thus confirming the beneficts of the road noise reduc-
tion for the intelligibility. In particular, the delta level of
perceived IL between ARNC OFF and ARNC ON is equal
to 2 dBFS for male speeches and decreases to 1.77 dBFS
for female speakers.

It is worth noticing that independently of the ARNC
system, male talkers achieved a lower IL then female
speeches. The former with −4.15 dBFS and −6.15 dBFS
of IL for the case of ARNC OFF and ARNC ON, respec-
tively. For female speeches, the average results reduced to
−3.23 dBFS and −5 dBFS, respectively. Therefore, the
delta IL between the disabled and enabled ARNC system
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Figure 7. Results of perceived intelligibility level
(IL). Avarage and standard deviation are shown with
respect to Female and Male speeches with for the
case of ARNC OFF and ARNC ON.

increases from 1.77 dBFS for female speakers to 2 dBFS
for male speakers. As expected, such result confirms the
benefits of the ARNC system in terms of speech intelli-
gibility signals with lower frequency contents that overlap
with the ARNC operating frequency range. Moreover, no-
tice that the outcome of this listening test is aligned with
Fig. 4 and Fig. 5 of the A-B listening test in Sec. 4.2.1,
where male speeches with ARNC ON achieved a higher
Clarity score compared to the female counterpart test.

Another interesting interpretation of the advantages
of the ARNC system provided by the results of the de-
vised progressively increasing level test lies in allowing
the rear passengers to speak at a lower level but keep-
ing the same speech intelligibility at the front passengers
when the ARNC system is enabled.

5. CONCLUSIONS

In this study, the benefits of an Active Road Noise
Cancellation (ARNC) algorithm on in-vehicle passenger-
to-passenger speech intelligibility have been evaluated
through both objective and subjective assessments. Road
noise measurements were conducted at the front-right pas-
senger’s ear positions in a vehicle instrumented with ac-
celerometers and microphones, using a state-of-the-art
ARNC algorithm.

To simulate a speaker inside the vehicle, a Head and
Torso Simulator was placed on the rear right-seat, and
the impulse response from its artificial mouth to the mi-
crophones at the front passenger’s ear position has been
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measured. A reference speech signal, consisting of both
male and female voices at different amplitude levels, was
then convolved with the measured impulse responses to
replicate how speech from the rear passenger seat would
be perceived by the front passenger. Finally, this pro-
cessed speech signal was superimposed with the previ-
ously recorded road noise, both with and without the
ARNC system enabled.

Speech intelligibility was assessed using two objec-
tive metrics, specifically STOI and SNR, at both ears. Ad-
ditionally, two blind listening tests were conducted with
more than 10 expert-listeners. Specifically, both objective
and subjective assessments revealed an increase in speech
intelligibility when the ARNC algorithm is enabled, with
a stronger perceptual improve for the case of male speak-
ers, where the frequency content of the voice has a major
overlap with the one of the road noise. Therefore, results
of devised experiments consistently demonstrated the pos-
itive impact of the ARNC system on in-vehicle speech in-
telligibility, confirming its potential in enhancing commu-
nication within the vehicle cabin.
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