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Abstract

With advancements in automotive electronics and sensors, the sound pick-up using multiple
microphones has become feasible for hands-free telephony and voice command in-car
applications. Adding a second microphone so that both driver and passenger can have dedicated
microphones can help in better sound pickup. However, challenges remain in effectively
processing multiple microphone signals due to bandwidth or processing limitations. If a single
resulting microphone signal is to be transmitted or processed, adding (mixing) the microphone
signals or switching between them can be efficient and cost effective solutions. However,
switching between microphone signals can cause sudden changes in the acoustic path between
loudspeakers and microphones, leading to performance decay in the acoustic echo canceling
module. And mixing the two microphone signals can lead to echoes and notch filtering effects
(spectral holes) in the resulting mixed signal. This work explores the use of the Multichannel
Wiener Filter algorithm with a two-microphone in-car system to enhance speech quality for driver
and passenger voice, i.e., more specifically to mitigate notch-filtering effects caused by echoes and
improve background noise reduction. We evaluate its performance under various noise conditions
using modern objective metrics such as the Deep Noise Suppression Mean Opinion Score. The
effect of head movements of driver/passenger is also investigated. The proposed method is shown

to provide significant improvements over a simple mixing of microphone signals.

il



Acknowledgements

I would like to express my deepest gratitude to my supervisor, Professor Martin Bouchard, for his
unwavering support, insightful guidance, and thoughtful suggestions throughout my research
journey. His passion for excellence and dedication to his field have been a constant source of
inspiration and motivation. I feel truly fortunate to have had the opportunity to work under his
supervision, and I sincerely thank him for the invaluable knowledge and mentorship he has
provided. This thesis would not have been possible without his continuous encouragement and

trust in my abilities.

I am deeply grateful to Michael Tetelbaum and Hala As’ad for giving me the opportunity to work
with you on the in-car communication system, which immensely helped me develop and complete

my thesis.

I would also like to extend my heartfelt thanks to the members and staff of the Faculty of
Engineering, whose knowledge, assistance, and support have contributed significantly to my

academic journey.

I am profoundly grateful to my parents for their unconditional love, sacrifices, and endless
encouragement. Their belief in my abilities has been a constant source of strength. I am equally

thankful to my sisters and in-laws for their support and motivation throughout this journey.

To my loving husband, Hisham Veeran, thank you for your patience, understanding, and
unwavering support during the challenging moments. Your encouragement has helped me stay

focused and determined.

Lastly, I dedicate this work to my children, the light of my life, Izna and Kian.

il



Table of Contents

ADSEFACE ...ttt ettt ettt e et e et eearee e i
ACKNOWIEAGEIMENTES..........oooiiiiiiiiiiiiiiie ettt ettt e e et e e e e stbe e e e e tbeeeeesstaeee e e nssaeeeeenssaeeens il
LISt Of FRGUI'@S.........ooiiiiiiiiiiiiiiiie ettt e e e et e e e e et e e e e estbeee e e ntseeeeennneas vii
LASt Of ACTOMYIMIS ....ccooviiiiiiiiiiiiii ettt e e e e ettt e e e e tb e e e e eestbeeeeeenssaeeeeensnaeeeas Xi
Chapter 1 INrOAUCTION ......coiuviiiiiiiiiie e ettt eeie e ettt e e e et eeeesitaeeeeesasbeeeeesssseeeeesnsseeeeannes 1
L1 MIOBIVALION ...ttt e ettt e e ettt e e s et e e e ettt e e e eeabaeeeeeaes 1
1.2 Thesis contributions and publICAtION ...........cceeriiiiiiiiiiieiieeee e 2
I B T T 0 o2 4 U2 18 o ) o S PUR T 3
Chapter 2 LIiterature REVIEW.......cc.uuviiiiiiiie ittt e e e e et e e e e e e e e snaaraeeeeeeeeeennnnnns 5
2.1 Wiener filtering in signal enhanCement .............oooecuiiiiiiiiieeieiiiiiieeeee e e e e e e 5
2.2 Wiener filtering in automobile audio signal processing ...........ccccuvvveeieeeeerriciiiiiieeeeeeeeeeenns 6
2.3 MWEF in signal enhancement and automobile audio SyStems .............c.ccceeevveeiriiiireeeeeeennnnns 6
2.4 Different microphone setups in automobile audio SyStems ..........c.ceeeeeeeeeeriiiiiiiieeeeeeeeeeens 7
2.5 Speech enhancement for aUtOMODILES..........coiiiiiiiiiiiiiiiieee e 8
CRAPLET 3 Cal SEE-UP ..uuuvriiiiiieeeeeeiiiiite et e e e e e eeeecttt et eeeeeeeesaaaaeeeeeeeeeaasssssasaaeaeeeeessssssssnaaeeeeeessnnssns 9
3.1 Speech S1ZNal CAPLUTING ...vvvviiieeieiiiiiiiiiiee e et e e e e et e e e e e e e e s atbaaeeeeeeeeesennssnnaeeas 9
3.2 Car MOAEL ...ttt ettt e et e e et e e e 10
3.3 IMPUISE T@SPONSES .ceiiiiiiiieeeeeeeeiitieteeeeeeeeeeetttaaeeeeeeeeessnstaareeaaeesessanssssasaeaeeeeasnnnssssneeees 10

I N 2 SRS 13
3.5 Metrics used for performance evaluation...............eeeiieiieeiiiiiiiiiieee e 13
TR T I o 2 O TSR 13

T TN 2 11 (O TSRS 14
3.5.3 Signal Interference Ratio Gain (SIR @ain)........cccceeiviiiiniiiiniiiiniiiiiieccceieceen 15
3.5.4 Signal to Noise Ratio (SNR) GaIN .....coouiiiiiiiiiiiieiiiiie e 16
3.5.5 DNSMOS... .ottt ettt et e et e et e e et e e e ta e e e treeennaeeennaeennraens 16

3.6 Different noises, their spectra, and characteristics ...........ccueveerriiireiiiiiiiieeeiiiee e 17
Chapter 4 Microphone and Acoustic Echo Cancellers Setups ...........ccccevcueeiniiiiniiiiiniecinieeenne 21
A1 SWIECRINE. ...ttt ettt e e e ettt e e e ettt e e e et b e e e e bt eeeeennnaeeaeas 23
4.2 MIXING/AAAING ..ttt e et e e e ettt e e e et ee e e et eeeeenneeeeas 24
4.3 SPEECh SIZNALS......eiiiiiiiiiiiiie e e e e e e e taaae s 24
4.4 Comparison of One-mic Performance with Two-mics Performance ..............ccccceeeennenn. 25

v



4.4.1 Effect of symmetry of microphones on switChing .............cccccevveenciiieeeniiiieeeniieeees 31

Chapter 5 Multichannel Wiener FIlter ............occciiiiiiiiiiiiiiiiiiie e 33
5.1 Frequency domain MWF to extract the source SA as received at the primary microphone35
5.2 Implementation of Adaptive Multichannel Wiener Filter............cccccooeeiiiiinniiiiiieniineenns 37

5.2.1 Overlap-Add and WindOWING...........ccccviiiieriiiieeeiiieeeeeiieeeeeiieeeeeiireeeeeseneeeeeeneneas 38
5.2.2 Regularization factor and moving average factor............ccceveeveciieeeeeriiireeerrieeeeeenen, 40

Chapter 6 MWF and Notch Filtering Effect.............cccooviiiiiiiieeee e 42
6.1 Additional cross attenuation: OdB ............coooiiiiiiiii e 43
6.2 Additional cross-side attenuation: 8dB ..ot 45

Chapter 7 MWF and NoiS€ ReAUCHON ......cceiviiiiiiiiiiiiieeeeeciee et e e 47
7.1 Regularization factor and forgetting factor for different noises...........cccccvvvveeeeeeenncnnnnnnn. 47
7.2 Active SPeaKer DEtECTION. .. ...ceiiiiiiiiiiiiee et e e e et e e e e e e e e reeeeeeeennneaaneeeas 48
7.3 MWF with different types and levels 0f NOISE ........cevvivieiiiiiiiiiiieec e, 49
7.4 MWE With WINA NOTSE ...ceiiuiiiiiiiiiiiiii ettt e et e e eireee e e 52

Chapter 8 MWF and Head MOVEMENT.........ccociiiiiiiiiiieeeeeeciiieeee et eeee e 54
8.1 Continuous vs paused adaptation of MWE ........cccccoiiiiiiiiiiieee e, 56

811 WHRILE TMOISE ..ttt ettt e ettt e e ettt e e e ettt e e e enbbeeeeenneeeas 58
1.2 REA NMOTSE ettt ettt e e ettt e e e ettt e e e ettt e e e e eneeees 59
8.1.3 PINK NOISE...uuuiiiiiiieee ettt e ettt e e e e e e ettt e e e e e e e e e e s attbaaeeeeeeeessnssssssaaaaeeeansnnnnns 60
I B € (1S 1 1 1 10 K P PP PUP PRSPPI 61
8. 1.5 HOtH NOISE ...uviviiiiieee ettt e e ettt e e e e e e e e taba e e e e eeeeeesnssssaaaaaaeeeasnnnnnns 62
8.2 Comparison of MWF with direct mic signals MiXing ........ccccueeeeeeeeeesieievriereeeeeeeessennnneenns 63
8. 2.1 WILE NOISE ..vvvvveieeeeeeiiiiiiiiie e e e e e e eeeit et e e e e e e e etttaeeeeeeeeeeeensassseeeeeeesaanssssasasaeeeeassnnnnes 63
8.2.2 REA NMOTSE ...uvviviiiieee ettt e e e e ettt e e e e e e e e e tabaeeeeeeeeeasnasssssaaaeeeeaesnnnnns 64
8.2.3 PINK NOISC....uuiiiiiiieeeeeecitie e e e ettt e e e e e e ettt e e e e e e e e eeesaaabaaeeeeeeesasnnsssssaaaaeeeasannnnes 64
8.2.4 GTCOI TNOISE ..vvvvvereeeeeeeiiiiiiteeeeeeeeeeettareeeeeeeeaaasastaareeeaeeeassasssssseeeaeeesananssssssesaaeeeassnnsees 65
8.2.5 HOth NOISE ...ttt et ettt e e e ettt e e e et ee e e enenes 66
8.3 DISCUSSION .uiieeeiitiee ettt e ettt e e ettt e e ettt e e e ettt e e e atbeeeeeeatbteeeansbteeeennnbeeeesannseeeeeennnees 66

Chapter 9 Conclusion and Future Work...........occciiiiiiiiiiiiiiii e 68
0.1 COMCIUSION. ...ttt ettt ettt e e e ettt e e e et ee e e sttt e e e eatbeeeeeensbteaeesnsseeeeannes 68
0.2 FULUIE WOTK ...eiiiiiiiiiie ettt et 69

RETETEICES ....eeniiiiie ettt ettt e et et e et e e 70



Appendix A: Data Tables

A.1 Regularization factor and forgetting factor for the MWF filters
A.2 Performance metrics MWF with different types and levels of noise

A.3 SIR gain and SNR gain values during head movement

Vi



List of Figures

Figure 2.1 Car Cabin NOISES ....cccuvvteriiieriieeiiiteeitee et te et e ettt e e et e e sttt e st eestteestbeeenabeeenareeenaneeas 8
Figure 3.1 Polar pattern of @ Cardioid MiC.........cc.eerriiiiiiiiiiiiiieiieeeee e 10
Figure 3.2 Positions of mics and audio sources in the car ...........ccceevviieiiiieniiiiiniieeeeeee 12
Figure 3.3 Power Spectra of different noises used for teSting..........coccueerrveeriieenniieiniieeniieee, 18
Figure 3.4 Power Spectrum of wind noise used for teSting...........ceevvueieriiieniieeeniieiiee e 19
Figure 3.5 Time domain wind noise signals at two microphones. ...........ccccceeeeeeeeerrccinrieeeeeeennn. 20
Figure 4.1 Switching before AEC........cooiiiiiiii e 22
Figure 4.2 Switching after ABCS ........iiiiiiiiii e 22
Figure 4.3 Mixing/Adding before AEC ........coooiiiiiiiie e 23
Figure 4.4 Mixing/Adding after ABECS.........oooiiiiiiiii e 23
Figure 4.5 Speech signals used for teStING .........c..eeiiiiiiiiiiiiiiiiee e 25
Figure 4.6 Switching before single AEC..........cooiiiiiiiiiii e 29
Figure 4.7 Switching after tWo AECS ....couuiiiiiii e 29
Figure 4.8 Adding before Single AEC.........oooiiiiiiiiiiee e e e 30
Figure 4.9 Adding after tWo AECS .......uviiiiiiiiieeee et e e e e e 30
Figure 4.10 Switching before single AEC, symmetric simulated IRS ............cccccoeevviiiiinnnnnnnnn. 31
Figure 4.11 Switching before single AEC, asymmetric simulated IRs............ccccceevviiiiinennnennn. 31
Figure 5.1 Block diagram of Wiener filter..........cccuviiiiiiiiiiieee e 33
Figure 5.2 Multichannel Wiener filter for two inputs and desired signal d ..............cccccuvvveeeennn. 35
Figure 5.3 Sum of outputs from two MWF filters (sum of driver and passenger signal
predictions), before single AEC module. ...........coooeiiiiiiiiiiiiiiieee e 37
Figure 5.4 Symmetric and Periodic Hanning Windows ...........cccocveeiiiiiniiiiiniicnniiciieceiecee 39
Figure 5.5 OLA with symmetric and periodic Hanning windows..........c.ccccceveeerniiinniiceniecennne. 40

Figure 6.1 Notch filtering effect for 100ms frame size and 0dB additional cross-side attenuation

Figure 6.2 Notch filtering effect for 20ms frame size and 0dB additional cross-side attenuation 44
Figure 6.3 Notch filtering effect for 8ms frame size and 0dB additional cross-side attenuation..44
Figure 6.4 Notch filtering effect for 20ms frame size and 8dB cross-side attenuation ................ 45
Figure 6.5 Notch filtering effect for 8ms frame size and 8dB additional cross-side attenuation. .46
Figure 7.1 Speech signals used fOr teStING .........cc.eeiriiiiiiiiiiiiiiniieieeeceeceece e 49
Figure 7.2 Comparing the performances of MWF and signal mixing (DNSMOS signal score) ..50
Figure 7.3 Comparing the performances of MWF and signal mixing (DNSMOS noise score) ...51

vii



Figure 7.4 DNSMOS scores for different set of speech signals with white noise........................ 52
Figure 7.5 Comparing the performances of MWF and signal mixing for wind noise (DNSMOS

SIZNAL ANA NOISE SCOTES) .uvvviireeriiiiieeeiiiiteeeeitteeeeritteeeestaeeeeessnbaeeesassaaeeessseeeessssaeesannsees 53
Figure 8.1 Speech signals used fOr teStING .........ccueerriieiiiiiiiiiieeieeeee e 55
Figure 8.2 DNSMOS, SIR gain and SNR gain for MWF-AC for white noise ..........c.ccccevveennee. 58
Figure 8.3 DNSMOS, SIR gain and SNR gain for MWF-AS for white noise..........c.cccceeveenee 58
Figure 8.4 DNSMOS, SIR gain and SNR gain values for MWF-AC for red noise...................... 59
Figure 8.5 DNSMOS, SIR gain and SNR gain for MWF-AS for red noise .........ccccceeeeevnnneeen. 59
Figure 8.6 DNSMOS, SIR gain and SNR gain values for MWF-AC for pink noise ................... 60
Figure 8.7 DNSMOS, SIR gain and SNR gain values for MWF-AS for pink noise.................... 60
Figure 8.8 DNSMOS, SIR gain and SNR gain values for MWF-AC for green noise.................. 61
Figure 8.9 DNSMOS, SIR gain and SNR gain values for MWF-AS for green noise.................. 61
Figure 8.10 DNSMOS, SIR gain and SNR gain values for MWF-AC for Hoth noise................. 62
Figure 8.11 DNSMOS, SIR gain and SNR gain values for MWF-AS for Hoth noise................. 62
Figure 8.12 DNSMOS values for MWF-AC, MWF-AS, and MicSum for white noise............... 64
Figure 8.13 DNSMOS values for MWF-AC, MWF-AS, and MicSum for red noise .................. 65
Figure 8.14 DNSMOS values for MWF-AC, MWF-AS, and MicSum for pink noise ............... 65
Figure 8.15 DNSMOS values for MWF-AC, MWF-AS, and MicSum for green noise............... 66

viii



List of Tables

Table 3.1 Mic and source positions in the CAr............ccueieiiiiiiieiiiiiiee e 11
Table 4.1 Settings for different SCENATIOS. .......cccuvviiiiiiiiiiieeiiiiiee ettt e e e eree e e e eiaaee s 22
Table 4.2 wPesq scores for SINGIE MIC ........uiiiiriiiiiiiiiiiie ettt e e e e eeaaee s 26
Table 4.3 WPeSq SCOTES fOI 2 TNICS.....uiieiiiiiiieeiiiiieeeciiieeeeeitee e e ettt e e e et e e e e esiebeeeeeeaneeeeesnsseeeens 26
Table 4.4 AECMOS €Cho SCOTES OT 2 TMNICS....eeiuviieriiiieiiiieiiieeeiiee ettt 28
Table 4.5 Performance for switching with and without symmetric IRS ..........cccccoovviniiiinnnnnn. 32
Table 8.1 Positions of different signal sources in the car............ccccoeeveviiiiiiiiiiieiiiieeee e, 54
Table 8.2 Changes in d during different time Segments............ccceeeeeeeeeriiiiiiiiieeeeeeeriiieeeeee e 55
Table 8.3 Time segments during which MWF adapts and do not adapt..........ccccceeevenivninnnnnennn. 56
Table A.1 Effect of § and A values for Whit€ NOISE............eevruiieiiiieiiiieeeiee e 73
Table A.2 Effect of § and A values for red NOISe .........eevuvieiiiiiiiiiie e 74
Table A.3 Effect of 6 and A values for pink NOISE ..........cccevvviiiiiiiiiiieeeiiee e 75
Table A.4 Effect of § and A values for green N0iSe...........ceecuviiieeeiiiieeeeiiiiee e e 76
Table A.5 Effect of A values for HOth NOISE .........coeuiieiiiiiiiiiie e 77
Table A.6 Performance metrics at different input SNRs for white noise ..........ccccceeeecvvvvieneeennnn. 78
Table A.7 Performance metrics at different input SNRs for red noise .........ccccveeeeeeeecciiiiieeenennn. 78
Table A.8 Performance metrics at different input SNRs for pink noise ..........ccccceeeeveiviiieennennn. 78
Table A.9 Performance metrics at different input SNRs for green noise .........cccceeeveevvviieeeeeennn. 79
Table A.10 Performance metrics at different input SNRs for hoth noise ............cccceeecivviieeenennn. 79
Table A.11 Performance metrics at different input SNRs for wind noise ..........cccoeeeevvvviieneeennnn. 79
Table A.12 SIR gain, SNR gain values for white noise with head movement and continuous

FYaE2 o1 1 [0 ) o PR PUR R 80
Table A.13 SIR gain, SNR gain values for white noise with head movement and paused

FYaE2 o1 1 [0 ) o PSRRI 80
Table A.14 SIR gain, SNR gain values for red noise with head movement and continuous

FYaE2 o1 1 [0 ) o PSRRI 81
Table A.15 SIR gain, SNR gain values for red noise with head movement and paused adaptation

.......................................................................................................................................... 81
Table A.16 SIR gain, SNR gain values for pink noise with head movement and continuous

T C:1 01218 o) 1 DO PO PPPPPRRRUPPRPPRN 82
Table A.17 SIR gain, SNR gain values for pink noise with head movement and paused

T L1 01218 o) 1 DO PP PPPRRRRPPRPPN 82

iX



Table A.18 SIR gain, SNR gain values for green noise with head movement and continuous
T4 L1 01218 o) 1 DO PP PPPRRRRPPPPPN 83

Table A.19 SIR gain, SNR gain values for green noise with head movement and paused
Yo L1 01218 (o) 1 DO PO PP PPRRRPPPPPPN 83

Table A.20 SIR gain, SNR gain values for Hoth noise with head movement and continuous
Y0 L1 01218 (o) 1 DO PO PUPPPTRRPUPPPRIN 84

Table A.21 SIR gain, SNR gain values for Hoth noise with head movement and paused
Y6 L1 01218 (o) 1 DO PR PUPPPRRRPPPPPPN 84



List of Acronyms

AEC
AECMOS
ANC
COLA
DNSMOS

DNSMOS BAK
DNSMOS SIG

IR
ITU
MOS
MWF
MWF-AC
MWF-AS
OLA
PESQ
RIR

SIR

SNR
STFT
VAD

Acoustic Echo Canceller

Acoustic Echo Cancellation Mean Opinion Score

Adaptive Noice Canceller

Constant Overlap Add

Deep Noise Suppression Mean Opinion Score

Deep Noise Suppression Mean Opinion Score for Background Noise Component
Deep Noise Suppression Mean Opinion Score for Speech Signal Component
Impulse Response

International Telecommunication Union

Mean Opinion Score

Multichannel Wiener Filter

Multichannel Wiener Filter with Continuous Adaptation

Multichannel Wiener Filter with Adaptation Stopped

Overlap and Add

Perceptual Evaluation of Speech

Room Impulse Response

Signal to Interference Ratio

Signal to Noise Ratio

Short-Time Fourier Transform

Voice Activity Detection

xi



Chapter 1 Introduction

1.1 Motivation

With advancements in automotive electronics and sensors, the sound pick-up using multiple
microphones has become feasible for hands-free telephony and voice command in-car
applications. For example, in addition to a primary microphone mostly dedicated to sound-pick
up from the driver, to improve sound pick-up for the front seat passenger a secondary microphone
can be added closer to the passenger (or a secondary differential microphone can be steered

towards the passenger).

When more than one microphone signal is used as the input for processing, we have multichannel
filtering. This can be viewed in different ways. Beamforming with distributed microphones in the
cars is a possibility. Normally, beamforming is based on knowing a propagation model of sound
coming from the direction of a target source (e.g. driver), as well as knowing the multichannel
correlation matrix of the signals to be minimized (e.g. background noise and interferers). Instead
of relying on a propagation model and direction of arrival for a target (e.g. driver), the
Multichannel Wiener filter (MWF) formulation is based on estimating correlations between the
different sensor signals and the target speaker signal to extract. The resulting correlations are used
to build a multichannel correlation matrix and multichannel correlation vector, from which the
MWEF solution is computed. The correlations can be estimated if it is possible to detect when the
different sources are active, separately or jointly. This can be done by comparing the signal powers
at the mic or using the correlation between mics and past signals. For some applications this can
be challenging and this is the main drawback of the MWF method, but the method does not require

any propagation model or direction of arrival estimation, unlike beamformers.

Challenges remain in effectively processing multiple microphone signals due to bandwidth or
processing limitations. As such, for telephony applications or for voice command, it may still not
be possible to fully process or transmit the two microphone signals separately. Therefore, some
solution such as mixing (adding) the microphone signals or switching between the two microphone

signals needs to be developed. But each of these solutions comes with drawbacks.

Switching between the microphone signals can be done based on which speech source is active

(driver or passenger). The main drawback of this approach is that it creates sudden changes in the

1



acoustic echo path between loudspeakers and the selected microphone to be used (primary or
secondary), which will affect the performance of acoustic echo cancellation (AEC) systems. AEC
systems are a requirement to prevent that a "far-end" voice played in car loudspeakers is fed back
to the microphones before transmission or processing. Acoustic echo cancellation can also be used
during media playback, to help with the voice command functionality by removing the media
component picked up by the microphone(s). A second drawback of microphone switching is its
inability to properly deal with the (less frequent) case of driver and passenger speaking

simultaneously.

Mixing the microphone signals has its own drawbacks. Since each speech source reaches the
summed microphone signal through two acoustic paths (one for each microphone), the sum of two
signals with different delays can lead to "notch filtering" effects in the spectrum of the resulting
signal, i.e., distortion because some frequencies are attenuated at the spectral notches. The
background noise power is also increased (typically doubled) when two signals are added in
mixing.

In this thesis, we revisit the multichannel Wiener filter (MWF) adaptive filtering algorithm in the
specific context of a two-microphone system for the in-car voice pick-up of two speakers (a driver
and front seat passenger). While the use of Wiener filtering for multichannel speech enhancement
has been considered before in car environments [1], in this work we are considering the use of
MWEF for tasks such as mitigation of notch-filtering effect and source extraction in the case of
simultaneous driver and passenger talk, in addition to assessing the performance of MWF for noise
reduction in different noise types and conditions. We also make use of recently introduced metrics
such as AECMOS and DNSMOS. AECMOS and DNSMOS are metrics recently developed by

Microsoft for evaluating echo suppression and noise suppression, respectively.

1.2 Thesis contributions and publication

The main contributions of this thesis are:

e for an in-car environment, we propose the use of the multichannel Wiener filter for the
(possibly simultaneous) tasks of notch-filtering effect mitigation (echo removal) in the sum

of microphone signals and multichannel background noise reduction, with both tasks



performed with either one or multiple active speakers. Since the MWF extracts the speech
sources before mixing/adding them, it can also be used for interference cancellation or
source extraction (i.e., cancelling of competing talkers);

e through simulations of a case study, we demonstrate experimentally the drop of
performance that the simple method of microphone switching can bring to an echo
canceling system;

e through simulations of a case study, we demonstrate experimentally the notch filtering
effect caused by the simple method of microphone signal mixing;

e through simulations of a case study, we demonstrate the benefit of having a dedicated

(secondary) microphone for the front passenger.

A 6-page conference paper publication with title “Improved in-car sound pick-up using
multichannel Wiener filter” has been finalized and will be submitted to a conference once approval
is received from the company collaborating on this research (i.e., after clearance following an

invention disclosure submission). The paper will also be published in arXiv.

1.3 Thesis organization

A brief description of the remaining chapters of the thesis is given here.
Chapter 2 provides a short literature review of material relevant to the thesis topic.

Chapter 3 discusses the experimental setup for the car environment, including the physical
components and impulse responses. It lays down the framework on which all the tests performed

and results obtained are valid.

Chapter 4 goes through the different AEC setups that can be used in the presence of more than one
microphone (with two microphones considered in this work) and how they impact the speech
quality. It describes switching and mixing the signals in the time domain and also introduces
different metrics for evaluating AEC performance. It also compares the cases of one and two
microphone systems through performance evaluation and puts forth the justification for having

two microphones instead of one.

Chapter 5 introduces the mathematical foundation on which the Multichannel Wiener Filter is

designed for the system considered. It goes into the implementation of the designed MWF.



Chapter 6 explains how notch filtering is removed with the assistance of MWF and compares its

performance for different settings.
Chapter 7 dives into the performance of adaptive MWF in the presence of different types of noise.

Chapter 8 introduces a case of head movement of the driver/passenger into the system and

evaluates its impact.

Chapter 9 concludes the thesis and suggests some ways in which this work could be extended in

the future.



Chapter 2 Literature Review

Unlike simple rooms in some communication systems, achieving high-quality speech signals in a
moving vehicle is challenging due to the complex and non-stationary nature of in-car noise.
Therefore, enhancing speech in automotive environments is crucial for hands-free communication,
voice-controlled systems, and in-car passenger interactions. Here, we review various approaches
to overcome these challenges, focusing on microphone arrays, beamforming techniques, and noise

suppression algorithms.

2.1 Wiener filtering in signal enhancement

Wiener filtering is a powerful technique for noise removal in speech processing, known for its
optimal performance in minimizing the mean square error between the original and estimated
signals. It is quite effective in suppressing noise while preserving speech quality and is extensively
used in many applications such as telecommunications, hearing aids, and voice-controlled systems.
It can be used as the main noise removal step [1] or as an additional step in the entire noise removal

process [2].

Generally, in a car cabin environment noise is additive and slowly varying, which allows us to
compute noise characteristics when speech is absent. Even if the assumption about the noise is not
valid, partial noise reduction is still possible. Even though in this work we delve into noise
reduction in the case of multiple sensors, single-channel noise suppression still holds great
importance due to its wide variety of applications. There is always a trade-off between noise
suppression and speech degradation when it comes to noise removal in speech processing. In [1],
a single Wiener filter is used as a basis to find the relation between the two, which shows that the
amount of noise attenuation is, in general, proportional to the amount of speech degradation. This
calls for something more than SNR gain or similar metrics to gauge the effect of noise removal

algorithms.

A Wiener filter can be implemented in the time and frequency domains. Even though time domain
filtering is effective, most cases implement it in the frequency domain since it helps with easier
computation. This paved the way for using two-dimensional Fourier Transform to make a two-

dimensional Wiener filter [3], along with a one-dimensional Wiener filter to make a hybrid filter



[4] which exploits the 2D speech and noise features in a two-dimensional spectrogram, considering
correlations between the different time frames. This was shown to be more effective than spectral

subtraction or a one-dimensional Wiener filter.

Adaptive filtering plays a critical role in noise reduction due to its ability to handle a wide range
of input types, including deterministic or stochastic signals that may be stationary or time-varying.
Unlike fixed filters, adaptive filters can adjust their parameters in real time based on the incoming
data, making them highly effective in dynamic environments where noise characteristics change
over time. Theoretical foundations, such as Wiener solutions, demonstrate that adaptive filters can
asymptotically approach optimal performance for stationary stochastic inputs, achieving high
output signal-to-noise ratios without requiring prior knowledge of the signal or noise. When the
reference input is free of the desired signal, and certain conditions are met, adaptive filtering can
eliminate noise from the primary input without distorting the signal [5], [6]. Adaptive Wiener filter
also performs well at SNRs 5-10dB as compared to other noise reduction methods such as

beamforming, adaptive line enhancer, spectral subtraction, and gamma tone filters [7].

2.2 Wiener filtering in automobile audio signal processing

Wiener filters are used in different ways in automobile audio systems, whether it be various
configurations of mics or variations of filtering techniques. It can be used to reduce noise as well
as to reduce the presence of interfering speech components for sound source separation when
multiple passengers are speaking [8]. As mentioned before, adaptive Wiener filtering provides an
efficient way to keep up with the statistics of desired or undesired signals [9],[10]. Even if other
forms of signal enhancement algorithms are used, Wiener filtering still proves to be a practical
additional step in the process [10],[11], [12]. For model-based Wiener filter, the statistics can also

be estimated using a prior model and applied to the Wiener filter [3].

2.3 MWEF in signal enhancement and automobile audio systems

MWEF can be used with microphone arrays to avoid interference and reduce noise [13]. The MWF
has some equivalences with beamforming algorithms [14], where the term beamforming here is
not restricted to a microphone array of closely located microphones, i.e., microphones can be
distributed in a car (e.g., the primary and secondary microphones for driver and front seat
passenger). Beamformers are typically designed based on knowing a propagation model for a

sound coming from the direction of a target speech source, as well as knowing the multichannel
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(multi-microphone) correlation matrix of the signals to be minimized (i.e., background noise and
other competing speech sources). The correlation matrix can also be estimated based on
propagation models for the noise and competing sources. Beamformers may thus require knowing
the direction of arrival of the target and competing sources. Instead of relying on a propagation
model and direction of arrival for the sources, the MWF formulation is entirely based on estimating
correlations between the different microphone signals and the target speaker signal to extract (e.g.,
driver voice). The resulting correlations are used to build a multichannel correlation matrix and
multichannel correlation vector, from which the MWF solution is computed. The required
correlations can be estimated if it is possible to detect when the different sources are active,
separately or jointly. Therefore, no acoustic propagation model or direction of arrival estimation

is required in the MWF approach.

The use of the MWF algorithm has been suggested in several applications (e.g., for hearing aids
[15],[16]). When it comes to automobiles, the multichannel Wiener filter (MWF) for speech
enhancement has been considered before in car environments, but it has been either for solely
removing background noise from a single talker [17], [18], [19], for positioning virtual acoustic
sources during conference calls performed in cars [20], or in the context of SONAR-like driver
assistance [21]. Variations of MWF such as a minimum variance distortionless response (MVDR)
is used in [22] to remove wind noise. But it has not been used yet for multi-sources processing
such as to avoid notch filtering effect when mic summing or to extract individual sources, while
reducing background noise. These are effects that need to be considered when assessing the

advantages of having a dedicated mic for each person in the front car cabin.

2.4 Different microphone setups in automobile audio systems

Single mic, multiple mics, or an array of mics can be used in signal enhancement. The positioning
of the mics also plays a major role in speech enhancement. There can be separate mics dedicated
to speech and noise, to get the characteristics of noise separately [9], or each mic can be dedicated
to a speaker [23], or multiple microphones can be used to define a desired signal space beyond
which sound pick-up is considered to be noise [10]. An array of mics is also considered in [12],[22]

to improve the in-car communication system by reducing noise.



2.5 Speech enhancement for automobiles

The car cabin is a small space that constitutes a relatively compact acoustic environment. Even
though most surfaces inside the car are poor reflectors of sound, they do not substantially impair
the quality of speech captured by in-car microphones. In contrast, the primary challenge in
automotive speech processing stems from the presence of broadband acoustic noise, which
overlaps significantly with the frequency range of human speech. This noise becomes particularly
problematic at higher vehicle speeds, where it can severely degrade speech quality. The dominant
sources of in-car noise [24] include the engine and its drive train operation, tire-road interaction,
and turbulent airflow over the vehicle body, as shown in Figure 2.1. Of these, wind noise tends to
increase at a faster rate with vehicle speed compared to tire-generated noise, making it a

particularly challenging component to suppress in high-speed driving conditions.

Air Flow

Road
Noise

Figure 2.1 Car cabin noises



Chapter 3 Car Set-up

This section goes through the car cabin environment in the front and how different components
are set up for the experiments considered in this thesis. This is derived from the existing car models
and microphone-loudspeaker setups. The work of this thesis was performed in collaboration with

the audio group of a car manufacturer company.

3.1 Speech signal capturing

One of the primary considerations when designing a car environment for audio processing is
selecting the appropriate type of microphone. In many of the previous works, it can be seen that
an array of microphones, as well as individual microphones with different placements, have been
investigated. In our system, we chose cardioid microphones directed toward (the expected position

of) each person sitting in the front. This decision can be justified as follows:

e Directional Sensitivity and Noise Reduction: Cardioid microphones have an audio pick-up
pattern. They have a direction of arrival (DOA) dependent and frequency dependent
response. They predominantly capture sound from the front and attenuate sound from the
sides and back. This directionality ensures that the dominant speech captured by the mic is
the person sitting in front of it while attenuating surrounding sounds such as noise or
interfering speech.

e System Complexity and Integration: An alternative to using standalone microphones is
using a microphone array. This involves multiple microphones and requires beamforming
with signal processing, increasing complexity. Furthermore, with individual cardioid mics
it is easier to change the location of microphones while integrating, depending on different
car measurements. The individual cardioid mics setup can also be easily extended for
multiple passengers.

e Cost-Effectiveness and Maintenance: Microphone arrays are comparably more expensive
from an initial and maintenance standpoint. This is because they require multiple
components and more complex processing. Therefore, cardioid microphones present a
cost-effective alternative to microphone arrays.

e Performance in Dynamic Acoustic Environments: Considering the constantly changing
acoustic conditions in vehicles, which depend on external environmental factors, cardioid

mics are be able to provide more consistent performance.
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Figure 3.1 shows the general polar plot of a cardioid mic. When humans speak, they do not emit
sound equally in all directions [25]. The directional distribution of speech for a human head is
more concentrated in the front, which can be efficiently picked up by the directed microphone.
The primary microphone is directed towards the driver and the secondary microphone is directed

towards the passenger.

Cardioid Microphone Polar Pattern
0

300 60

270 90

240 120

210 150
180

Figure 3.1 Polar pattern of a Cardioid mic

3.2 Car model

To design our car set-up, we used the Ford Explorer 2025 as the approximate car model. The

interior dimensions are:

e Length: 5Sm
e Width: 2m
e Height: 1.78 m.

The environment for the experiments is set up as explained below.

3.3 Impulse responses
The impulse responses are generated using rir_generator() from [26]. It is a MEX-function

designed for MATLAB™, and it allows users to adjust parameters such as reflection order, room
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dimensions, and microphone directivity. It uses the image method proposed in [27]. It is frequently
used in acoustic signal processing applications to generate synthetic room impulse responses. The
room is assumed to be a rectangular enclosure with a source-to-receiver impulse response. This

can approximate a car setup for our experiments.

The driver and passenger mics are placed in front of the driver and passenger respectively, pointing
towards them. Cardioid mics, which are directional, are used. The mics are kept 0.8m apart. A
reverberation time of 0.07 seconds is selected. The exact positions of the mics and sources with

respect to the car dimensions are given in Table 3.1.

Table 3.1 Mic and source positions in the car

Micronhone/Source Distance from the Distance from the left Distance from the
p front(m) side(m) floor(m)
Primary Microphone 1.65 0.6 1.7
Secondary
Microphone 1.65 1.4 1.7
Driver 2.5 0.6 0.75
Passenger 2.5 1.4 0.75
Left loudspeaker 2.2 0.15 0.3
Right loudspeaker 2.2 1.85 0.3

It should be noted that the dimensions and coordinates used in the rectangular room simulations
are based on the car exterior dimensions. In retrospect, it would have been preferable to use the
dimensions and coordinates of the car cabin instead. However, the distances between the different
key elements (driver, passenger, loudspeakers, microphones) remain the same, and it was possible

to adjust the reverberation level to the desired level for the simulations (set to a T60 reverberation
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time of 70ms). Therefore, the validity of the results provided in this thesis should not be

significantly affected by the choice of using the car exterior dimensions.

® Microphone
. Driver/Passenger

<> Loud speaker

Figure 3.2 Positions of mics and audio sources in the car

Since we use a simulated environment for the car cabin for our system, few things should be noted.
There are key differences between simulated environments and real-world car cabins that impact
the performance of in-vehicle speech and acoustic processing systems. We assume some simple
reflections and surface behaviors, whereas real car interiors can affect sound propagation
unpredictably due to its geometry or materials used. Moreover, real-world environments introduce
diffraction effects, where sound waves bend around physical obstacles such as seats, dashboards,
and passengers. Background noise in simulations is typically controlled and stationary, while real
driving conditions introduce dynamic noise that can vary with speed and environment.

Additionally, environmental factors like temperature and humidity can affect acoustics.

All the simulations for testing are carried out in MATLAB, except for AECMOS and DSNMOS
calculations which use a virtual environment to call python functions. The AECMOS and

DSNMOS methods and calculations will be defined in a later section.
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3.4 AEC

Acoustic echo cancellers were initially developed for telecommunications to maintain duplex
communication by canceling the signals reflected from the caller. These systems model the echo
path and use this model to cancel the echo from the received signal. Over the years, various
adaptive algorithms have been employed for this purpose, such as LMS (Least Mean Squares),
RLS (Recursive Least Squares), and NLMS (Normalized Least Mean Squares).As cars began to
be equipped with hands-free telephony and modern audio systems, acoustic echo cancellers
became necessary. In addition to the echo from the remote caller, cars also have loudspeakers
playing music or other audio, which should not interfere with the speech of the passengers or
driver. Whenever loudspeakers are active, acoustic echo cancelling (AEC) is required to remove
loudspeaker content picked up by the microphone(s). For each microphone where AEC is applied,
it may be mono AEC or multichannel AEC, depending on the audio played by the loudspeakers.
Further processing called acoustic echo suppression (AES) can also be performed after each AEC
unit to further attenuate the residual echo. AEC and AES processing have access to the
loudspeaker signal(s) (Rin), in addition to the microphone signals. Acoustic echo cancellers in
vehicles must make use of AEC and AES processing to ensure clear communication while

eliminating external and internal echoes.

The AEC used is a proprietary algorithm provided by the industry partner. It is based on FDAF
(Frequency-domain Adaptive Filter) algorithm [28], which implements classical NLMS adaptive

filtering in the frequency domain.

3.5 Metrics used for performance evaluation
In this work, different metrics are used to evaluate different aspects of signal improvement, i.e.,

canceling of notch filtering effect and noise reduction.

3.5.1 PESQ

The Perceptual Evaluation of Speech Quality (PESQ) score is an objective method standardized
by the International Telecommunication Union (ITU) under Recommendation ITU-T P.862 [29].
It is widely used to assess the end-to-end speech quality of telephone networks and speech codecs.
It is the result of integrating two earlier algorithms: the Perceptual Analysis Measurement System
(PAMS) and PSQM99, an enhanced version of the Perceptual Speech Quality Measure (PSQM).

PESQ was developed to assess speech quality across a broader range of network conditions.

13



PESQ takes two main audio signals as input:

e The Reference Signal: This is the original, clean, unprocessed speech signal that serves as
the benchmark for quality assessment.

e The Degraded Signal: This is the speech signal that has passed through the system under
test (e.g., a telephone network or codec) and may contain various distortions such as noise,

coding artifacts, packet loss, filtering, or delay.

For normal subjective test material, the PESQMOS value returned by PESQ typically lies between
1.0 (bad) and 4.5 (perfect, no distortion). Although this is uncommon, the PESQMOS may fall
below 1.0 in cases of extremely high distortion. Since PESQ requires both the reference (original)
and the degraded signal, it is not intended for non-intrusive measurements where the original signal

1s unavailable.

The scale -0.5 to 4.5 (or similar scales) used by PESQ is derived from the original MOS scale (0-
5), where a score above 4.0 is considered "toll quality" (good quality comparable to original
uncompressed signal telephone quality). For wideband speech, a wideband version of PESQ is

used, i.e., wPESQ [30], and we use it for our research.

3.5.2 AECMOS

AECMOS [31] was developed by researchers from Microsoft to offer an accurate, efficient, and
scalable metric for assessing speech quality impacted by echo. It is trained using ground-truth
human ratings in accordance with the guidelines from ITU-T Rec. P.831 [32], ITU-T Rec. P.832
[33], and ITU-T Rec. P.808 [34].

Common methods for evaluating AEC models involve intrusive objective measures such as Echo
Return Loss Enhancement (ERLE) and PESQ. However, commercially available objective metrics
like 3QUEST [35] and ACOPT 32 [36] also have their limitations. 3QUEST is designed to
measure only single talk echo performance, while ACOPT 32 requires the same near-end signal to
be played twice, limiting its applicability in real call scenarios. Furthermore, the outputs of ACOPT

32 can be difficult to interpret.

The AECMOS model operates with the following inputs:
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e Near-End Microphone Signal: This audio is captured by the microphone at the near-end. It
typically includes near-end speech, background noise, and any far-end signal leaked
through as an echo.

e Far-End Signal: This audio signal originates from the far end of the communication, which
is played through the near-end loudspeaker.

e Enhanced Signal: This is the audio signal processed by the acoustic echo canceller to
remove the echo component while preserving the near-end speech.

e Optional Scenario Marker:

a. Near-End Single Talk: Only the near-end user is speaking.
b. Far-End Single Talk: Only the far-end signal is present at the near end
c. Double talk: Both the near-end and far-end users are (or can be) speaking

simultaneously.

The AECMOS model aims to assess the quality of the enhanced signal, focusing particularly on
residual echo and other potential degradations. The AECMOS model produces two Mean Opinion
Score (MOS) predictions on a scale of 1 to 5, each reflecting assessments in distinct categories.
The first MOS prediction pertains to echo. This score gauges the anticipated human subjective
rating of call quality degradation specifically attributed to echo. A higher score (closer to 5)
indicates less echo impairment, and a lower score (closer to 1) suggests a greater level of
annoyance due to echo, categorized as "Very Annoying." This prediction aims to evaluate the
extent of annoyance caused by echo to a human listener. The second MOS prediction addresses
other types of degradations. This score predicts the quality impairments that arise from sources
other than echo. Such degradations may include noise, missing audio, distortions, or cut-outs.
Similar to the echo MOS, a higher score (closer to 5) indicates fewer other degradations, whereas
a lower score (closer to 1) reflects higher annoyance to the listener. An AECMOS score of 3.5

and above is considered good.

3.5.3 Signal Interference Ratio Gain (SIR gain)

This can be used to measure the decoupling of the signals extracted by the MWF filters. It can be
defined from the power ratios of desired signal over interference signal, with the output ratio
divided by the input ratio. Equivalently, it can be defined by the power gain of the desired signal

from input to output, over the power gain of the interference signal from input to output. Here, for

15



the primary mic, the desired signal is the driver speech and the interference is passenger speech,

and vice versa for the secondary mic. So, the SIR gain SIR gain,p can be calculated as:

P
Gain, = 10 * loglo( Ao) (3.1)

PAl
P,, is the power of the output extracted signal A when only source A is present (active) and P, is

the power of the signal from source A at input microphone 1 (primary).

P
Gaing = 10 * 1og10( B") (3.2)

P B2
Py, 1s the power of the output extracted signal B when only source B is present (active) and Pg,
is the power of the signal from source B at input microphone 2 (secondary).

SIR gaingg = Gain, — Gaing (3.3)

3.5.4 Signal to Noise Ratio (SNR) Gain

The SNR gain is used to measure how much the background noise is attenuated by the system. It
is calculated from the ratio of signal power to noise power at the input and output of the system,
with the output ratio divided by the input ratio. Equivalently, it can be defined by the power gain
of the desired signal from input to output, over the power gain of the noise signal from input to

output. The noise power gain is given as:

P
Gaing,yise = 10 * loglo( NO) (3.4)
Pyi

Where Py, is the power of noise at the output when only noise is present, and Py; is the power of
noise at the input reference microphone i=1 or 2. The SNR gain SNR gain,g for the MWF

extracting source A (driver) is then:
SNR gaingg = Gaing — Gaing,y;se (3.5)
Similarly, an SNR gain can be defined for the MWF extracting source B (passenger).

3.5.5 DNSMOS

DNSMOS (Deep Noise Suppression Mean Opinion Score) is a non-intrusive perceptual objective
speech quality metric developed by Microsoft to evaluate noise suppressors. DNSMOS P.835 [37]
was developed based on P.835 [38] human ratings.
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To get the DNSMOS scores, an audio input sampled at 16 kHz is required. There is no need for a

clean or reference signal, making this entirely non-intrusive. It gives the following MOS scores:

e Speech quality (SIG): This score reflects the quality of the speech component in the audio
clip. The ratings vary from very poor (MOS=1) to excellent (MOS=5).

e Background noise quality (BAK): This score reflects the quality of the background noise
in the audio clip. These ratings also vary from very poor (MOS=1) to excellent (MOS=5).

e Overall quality (OVRL): This score represents the overall quality of the audio clip,
considering both speech and background noise. Similar to SIG and BAK, the ratings range

from very poor (MOS=1) to excellent (MOS=5)

All these scores are intended to align with human subjective evaluations on a scale from 1 to 5. A

DNSMOS score of 3.5 and above is considered good.

3.6 Different noises, their spectra, and characteristics
White noise is the most common noise used for testing signals and systems. It has a flat frequency

spectrum with equal power at all frequencies, making it useful to model random disturbances.

Hoth noise was developed by Daniel F. Hoth [39] to be used as a standard background noise model
derived from real-world measurements of room noise spectra. It was defined by pooling data from
multiple locations. The curve may be raised or lowered according to the sound level as the general
shape remains the same over different locations. Hoth noise is frequently used for speech quality
evaluations and the performance of communication systems. Hoth noise has high energy in the
lower frequency ranges and tapers off to higher frequencies. It is assumed to be relatively
stationary or slowly varying and can be used as steady-state noise for testing. To adapt the noise
to the modern wideband and super wideband telephone standards, which extend beyond 4 kHz,
extended noise profiles for Hoth noise were used. According to ITU-T P.800, the Hoth noise power
density spectrum is defined from 100 Hz to 8000 Hz with band edges aligned to IEC 61260 octave
and fractional-octave filters, and a -15 dB/octave slope is applied beyond 8000 Hz.

Any non-white noise signal with power spectrum density (PSD) varying as a function of noise is
referred to as colored noise. Even if this can be a good real-world representation of room noise
and can be used as a baseline, in cars it should be noted that wind noise can be quite different,

being non-stationary and possibly imbalanced at different microphones (i.e., with different levels).
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Other types of non-white (colored) noises are red and pink noises, generated by processing i.i.d.,
zero-mean, additive white Gaussian noise [40]. This is carried out by applying DFT on the white
noise signal and manipulating the complex spectral coefficients to obtain the new spectrum of the
coloured noise. Signal conditioning of the coloured noise is performed in the time domain to ensure
zero mean and a standard deviation of 1. All colored noises with 1/f™ spectrum must be high pass
filtered to avoid infinite power at very low frequency. Also, a high-pass filter is required if we
want that, for a given global SNR, the noise content is significant at speech frequencies (i.e.,
otherwise most of the noise is just at irrelevant low frequencies and does not affect speech). Hence,

the colored noises are passed through a high pass filter with cut off frequency 50Hz before using

them.

For red noise, the PSD slope varies as a function of f% with a spectral slope rate of —6dB/oct or

—20dB/dec. For pink noise, the PSD slope varies as a function of % with a spectral slope rate of

—3dB/oct or —10dB/dec. These signals are stationary. Green noise can be generated to have a
PSD profile matching the human ear sensibility to sound loudness, and it is approximated by

inverting grey noise response [41] and modifying it to prevent increase of high frequency.
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Figure 3.3 Power Spectra of different noises used for testing
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We also do some tests with wind noise. As previously mentioned, wind noise can be non-stationary
and may not be balanced at the microphones. Wind noise is also highly unpredictable as it can
change with car speed, wind direction, weather or even vehicle shape. This variability makes it
hard to perform repeatable and replicable tests, so this can pose some challenges while testing.

Figures 3.4 and 3.5 show the power spectrum and the time domain plot of the wind noise used for
testing.
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Figure 3.4 Power Spectrum of wind noise used for testing
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Figure 3.5 Time domain wind noise signals at two microphones.
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Chapter 4 Microphone and Acoustic Echo Cancellers
Setups

Acoustic echo cancellation is one of the most important parts of communication systems. In a car,
this is quite relevant since there can be music playing through loudspeakers, or feedback from the
“far-end” speech played through loudspeakers. In both cases, these are undesirable components
picked up by the microphone(s). Most cars nowadays are equipped with a single mic/single array
mic whose purpose is mostly to pick up the driver speech. We consider a 2-mic system that will
help improve the quality of driver and passenger speech as each mic system will be
located/directed closer/towards each speech source. When there are two mics, there is an option of
using 2 AECs or 1 AEC. So, if the simple switching and mixing options are considered to generate

one resulting signal from the two mics signals, we can have 4 scenarios:

e Switching before a single AEC (Figure 4.1): In this case, switching is done between the
mics signals, depending on which active speaker is detected. This scenario has low
computational complexity. However, problems can arise while detecting the speaker in
cases of unbalanced noise, increased head movement by the speaker, time delay between
the mics, etc.

e Switching after two AECs (Figure 4.2): Each mic signal is passed to an AEC, and the
switching is done between the two signals from the AECs. This scenario calls for two
AECs, which significantly increases the computational complexity because of an
additional AEC. At any time, one extra AEC is working whose output is not used because
of the switching.

e Mixing/Adding before a single AEC (Figure 4.3): This keeps the computational complexity
of the system to a minimum as the signals just have to be added. The problems that can
arise are that the notch filtering effect when adding two signals with different propagation
time delays between the mics. Also, the noises at the two mics will be added as well, which
will double the noise level at the AEC (if the noise is balanced between mics).

e Adding after two AECs (Figure 4.4): Each mic signal is passed to an AEC, and the signals
are added after the AECs. Here as well, using two AECs significantly increases the

computational complexity. And as in the previous case, there can be a notch filtering effect.
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In our simulations, these scenarios can be chosen by changing the values of the variables in a
configuration file as shown in Table 4.1. Imm_enable, Imm_order, and Mode are the variables that

can be changed in the code to choose between different scenarios.

Table 4.1 Settings for different scenarios

Scenario | Imm_enable | Imm_order | Mode | Switching/adding action
1 1 1 1 Switching before AEC
2 1 2 1 Switching after 2 AECs
3 1 1 2 Adding before 1 AEC
4 1 2 2 Adding after 2 AECs

AEC »  Qutput

Figure 4.1 Switching before AEC

Mic 1 > AEC E—

Output

Ei EE

Mic 2 > AEC

Figure 4.2 Switching after AECs
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AEC » QOutput

-

Figure 4.3 Mixing/Adding before AEC
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Mic 1 AEC

E}—» Output

Mic 2

AEC

A 4
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Figure 4.4 Mixing/Adding after AECs

4.1 Switching

The smoothed power of the signals is used to make decisions for switching. A recursive moving

average is used for the signal powers. To determine the forgetting factor A, a time constant of

Trrames — 20 frames is used. So, the corresponding time constant 7 in ms is,

T = 20 frames X 8 = 160 ms

frame

Where 8 ms is the frame size.
A= (Trrames — 1)/ Trrames) = 0.95
Prici =AX Ppicy + (1 —2) X x4
Prics = A X Ppico + (1 —21) X x,
Prin = A X Ppin + (1 —=2) Xy
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where x4,x,,y are the power values for the current frames of the mic 1, mic 2 and Rin

(loudspeaker, “far-end”) signals.

When Py;,, < threshold, (the threshold is chosen to be 0.0008 in our specific case), i.e., when
there is no far-end signal, our system switches to the signal of the microphone with higher power.
If switching happens after the AECs, switching chooses between the signals at the output of 2
AECs.

4.2 Mixing/Adding

If only 1 AEC is used, the signals from the mic are added and fed to the AEC. This raises the
possibility of increased power from the far-end signal and noise signals. If 2 AECs are used, the
outputs from the AECs are summed, in which case, the far-end will already be suppressed.

Mixing/adding is carried out in the time domain.
4.3 Speech Signals

The speech signals used for several of our experiments are as shown in Figure 4.5. There is
intermittent speech segments of the driver and the passenger starting from time 4 seconds. The
first 4 seconds have only far end loudspeaker signal (to allow sufficient time for the AEC module
to converge) and the time segment 4-8 seconds has only driver and passenger (“near-end”) speech.
The last 4 seconds have both driver or passenger speech and far end loudspeaker signals. It can be
observed in Figure 4.5 that the same speech source was used for the driver and passenger speech.
This was used to reduce the fluctuations caused by different speech source material (e.g. specific
voice, or specific words) on some of the metrics used. It was possible to do this because the
scenarios of driver and passenger simultaneously talking was not considered in this case. Even
though a specific set of speech signals are used to compare metrics, the results are generalizable

to other speech signals since the system performance mostly depends on the acoustic paths.

The input signal at both left and right speakers (Rin) is the same, corresponding to a “mono” far-
end source (as in most voice calls). For the case of media playback, there can be stereo or
multichannel sources in the loudspeakers, and then a different multichannel AEC is used. But for
MWF we have assumed no loudspeaker signal (or we have assumed that some AEC was enabled
at all microphones, such that only the mixture of near end sources remains after the AEC

processing). The simulated impulse responses have an inherent cross-side attenuation of 2 dB. This
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means that driver speech reaching the secondary microphone has an attenuation of 2 dB compared
the passenger speech, similarly passenger speech reaching the primary microphone has an
attenuation of 2dB compared to driver speech. In several of our experiments, an additional cross-
side attenuation factor will be added to the impulse responses for different test settings and this

will be mentioned for each case.
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Figure 4.5 Speech signals used for testing

4.4 Comparison of One-mic Performance with Two-mics Performance

In this chapter we wish to first demonstrate some effects such as the lower quality of passenger
speech pick-up when only a single primary mic is used, the notch filtering effect when
mixing/adding of two mic signals is used, and AEC performance degradation when two mic signal
switching is used before a single AEC module. For this, we compare the cases using one mic vs
two mics. The two mics are used in 4 setups, as mentioned before: switching before two AECs,
switching after a single AEC, adding after two AECs, and adding before a single AEC. It should
be noted again that using two AECs adds to the computational complexity. The cross-side
attenuation used in this experiment is 10 dB (2dB from the original simulated impulse responses

+ additional 8dB), from the feedback provided by the collaborating car manufacturer company.
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Tables 4.2-4.4 show the performance scores for different setups in terms of wPesq and AECMOS

echo scores.

The scores are calculated on the whole duration of the signals. The driver, passenger, and
loudspeakers sources are those shown in Figure 4.5, unless they are disabled. For the single mic
case in Table 4.2, the weaker score of 3.1968 for passenger speech compared to 3.9727 for driver

speech shows clearly that the single mic case leads to a degradation of quality for passenger speech.

Table 4.2 wPesq scores for single mic

Active sources Slngle
mic
Driver and loudspeakers 3.97
Passenger and loudspeakers | 3.30
Driver, passenger and
3.38
loudspeakers

Table 4.3 wPesq scores for 2 mics

Switching | Switching | Adding Adding
Active sources before 1 after 2 before 1 after 2
AEC AECs AEC AECs
Driver and loudspeakers 3.97 3.97 3.12 3.75
Passenger and 3.68 3.68 3.30 3.34
loudspeakers
DLy [PESSIETEr GG 3.69 4.04 2.91 3.66
loudspeakers

In Table 4.3, the overall reduced performance observed when mixing/adding signals from two
microphones (last two column) compared to the switching approach (first two columns of scores),
can be explained by the notch filtering effect. Switching when only the passenger is speaking
(Table 4.3) also achieves better performance than the single-microphone setup (Table 4.2), because
the secondary microphone is selected for the passenger's speech, thus the passenger speech is no

attenuated as in the primary microphone.

With the switching and mixing methods, it could be expected that the scores for driver speech

should be the same as the scores for passenger speech; however, we see in Table 4.3 that it is not
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the case. As can be seen from Figure 4.5, the far-end signal (played through loudspeakers and
mostly removed by the AEC module) is different in the 8-10 sec segment (during driver speech)
and in the 10-12 sec segment (during passenger speech). This leads to different wPESQ scores,

because wPESQ has signal-dependencies.

The last row of Tables 4.2-4.3 appears in grey, because they are less reliable. This is because they
correspond to the case with alternating driver & passenger speech, which causes time-varying
alignment issues between the reference source signals and microphone signals required by the

wPesq method, so the scores become less reliable.

The AECMOS echo scores can be used to detect the presence of remaining echoes in the AEC
processed signal. As such, they should detect the performance degradation caused by switching in
the case of alternating driver & passenger speech, because of the sudden echo path change caused
by switching. Table 4.4 shows the resulting AECMOS echo scores for the 2-mics configurations.
However, the expected negative impact of switching before a single AEC, compared to switching
after two AECs or compared to mixing/adding, was not observed in this experiment (i.e., the scores
in Table 4.4 don’t show any correlation with the expected behaviour). As we will further
demonstrate later, this is due to the fact that the simulated setup has perfectly symmetric impulse
responses (IRs) between loudspeakers on one side and microphones on the other side.
Consequently, when switching from the (primary) mic signal close to the driver to the (secondary)
mic signal close to the passenger, the expected sudden echo path change is absent, i.e., the echo
path remains the same because of the symmetry in the simulation. Therefore, all the scores found
in Table 4.4 actually represent a good performance (all above 4.2 scores, out of 4.5), with low
residual echo component after AEC. Later in this chapter, we will perform experiments without

the echo path symmetry in the simulations.
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Table 4.4 AECMOS echo scores for 2 mics

Switching Switching Adding Adding

Active sources before 1 after 2 before 1 after 2
AEC AECs AEC AECs
Driver and loudspeakers 4.40 4.40 4.24 4.37
Passenger and 4.41 4.41 437 4.41
loudspeakers
Driver, passenger and 4.47 4.48 436 4.52
loudspeakers

Figures 4.6-4.9- show the source signals, microphone signals and output signals for the 4 different
two-mics scenarios and with both near end sources (driver and passenger) enabled as well as far-
end source (loudspeaker). The input in the first subplot corresponds to the input at primary mic
and the input in second sublot refers to the input at the secondary mic. The output in the third
subplot is the output from the AEC. If the switch flag is high, then the primary mic is chosen, and
secondary mic is chosen otherwise. In these figures, a good performance is indicated in the bottom
subplot when the blue signal (output signal) in the interval 8-12 sec (with far-end signal attenuated

by AEC module) is the same as the blue signal in the interval 4-8 sec (without far-end signal).
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Figure 4.9 Adding after two AECs

In Figures 4.6-4.7 and for the rest of this thesis, ideal switching was used to determine if we have
mostly driver speech or passenger speech. This is done in order to decouple the effect of a practical
switching algorithm from the other aspects investigated in this thesis, and since the thesis does not

focus on developing a practical switching scheme. In a real-life scenario, a switching scheme based

30



on microphone levels could be used (either before a single AEC or after two AECs), to determine

which mic signal should be used. This can be done in various ways, including:

. Comparing the instantaneous or smoothed power of microphone signals;
. Comparing correlations between microphone signals and past switching output signal
samples.

4.4.1 Effect of symmetry of microphones on switching

As previously explained, by default for our simulated setup IRs are symmetric, and this is an
important factor to consider while switching. To see the impact of switching for the more realistic
case of asymmetric IRs and echo path changes, we changed the (X,y,z) position of the secondary
microphone from (1.65m, 1.4m, 1.7m) to (1.65m, 1.8m, 1.7m), which corresponds to moving the

microphone 40cm to the right.
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Figure 4.10 Switching before single AEC, symmetric simulated IRs
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Figure 4.11 Switching before single AEC, asymmetric simulated IRs

In Figure 4.11 showing the result of switching before single AEC with asymmetric simulated IRs,
we can see remaining transients from the far end signal in the circled portion (signal in blue, after
the speech source switch which occurs at 10 sec). Those transients are caused by the adaptation
required by the AEC module when it is active (in presence of far-end signal) and when a sudden

echo path change occurs. In contrast, if we compare with the result of switching before single AEC
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with symmetric simulated IRs in Figure 4.10 (i.e., same figure as the bottom subplot in Figure 4.6),
we see that the blue signal is much smaller in the circled portion (i.e., it corresponds more closely

to the output signal found after 6 sec when there is no far end signal).

The impact of the sudden echo path change while the AEC unit turned on at 10 sec is also reflected

in the AECMOS scores and wPESQ scores, where we can observe in Table 4.5 a clear performance

drop when asymmetric IRs are used.

Table 4.5 Performance for switching with and without symmetric IRs

wPesq AECMOS AECMOS

echo score degradation
score
switching symmetric IRs 3.6941 4.4739 4.0505
switching asymmetric IRs 1.9051 4.3049 3.8264
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Chapter 5 Multichannel Wiener Filter

Wiener filtering is used for linear estimation of a desired signal based on a reference or input
signal. The signals are treated as random processes, and the filter design is based on the statistics
obtained through ensemble averaging. Assuming that the random processes are also jointly

ergodic and wide sense stationary, the time and ensemble averages are asymptotically the same.

d(n)

+
y(n)
N » e(n)

X(n) ————> W(z) _>

Figure 5.1 Block diagram of Wiener filter

Wiener solutions can be extended to multichannel scenarios, i.e., multiple inputs. In our case, we

have two inputs, the primary mic signal and the secondary mic signal.

Consider that there are 2 inputs, x, (n) and x,(n) used to predict a desired signal d(n) producing

an error signal e(n)

N-1 N-1
e(n) =dn) — Z wyxi(n— k) — Z W Xo(n — k) (5.1)
k=0 k=0

In matrix form, it can be written as:
x1(n)

x;(n —.N +1)

x,(n) (5.2)

e(n) =d(n) — [W1,o rWin—1 Wz W2,N—1]

[x,(n— N+ 1)

Or in vector notation form:
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y(n) = whx(n)
e(n) =dn) —wix(n)

Where

w = [Wf,o Wf,N—1W;,0 W;,N—I]T = [Wl,o rWinN-1 Wz Wz,N—1]H

The mean square error (MSE) is given by:

MSE = §(W) = ¢ (0) = 0 = E[e(n)e” (n)]

= £ [(d0) - wX () (d(m) - wiX ()"

= E[d(n)d"(n)] — w’E[x(n)d"(n)] — E[x" (n)d(n)]w + wHE[x(n)x" (n)] w

p = E[x(n)d"(n)
R = E[x(n)x"(n)]
Ew) =02 —whp —w' + wlRw

¢ (w)

ow*

= 0yx1 =P — Oznx1 + RWype = Oy
Wopt = R_lp
The performance at the optimum is the minimum MSE, or MMSE:

MMSE = &(Wop) = &min = 02 —Dp"R™'p

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

At the optimum error, the error signal is uncorrelated/orthogonal to the input signals and to the

output signal.

These equations form the foundation on which the Wiener solution for multichannel scenarios,

i.e., multiple inputs, is developed. Even though it can be extended to any number of inputs, we

have two inputs for our system: the two microphone signals. We also have two sources to extract
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and mix/add: the driver source and the passenger source, and each of these sources requires a
different multichannel Wiener filter. This is further explained in the next section. The equations
for MWF are not new, although we will customize the way to estimate the statistics to fit our

application.

5.1 Frequency domain MWF to extract the source S, as received at the
primary microphone

- = = =y
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\
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Figure 5.2 Multichannel Wiener filter for two inputs and desired signal d

Consider the driver and passenger sources, syand sg, with background noise v. Then at the two

microphones 1 and 2, this can be written as:
x1(n) = $14(n) + 515(n) + v,(n) (5.15)
x2(n) = 530(n) + s25(n) + v, (n) (5.16)
Where the sources are uncorrelated to each other as well as the noise, i.e.,
E[sja(M)sip(m)] = 0; i,j = 1,2 (5.17)
E[si(mv(m)] =0; i,j =12k =AB (5.18)
In the frequency domain, the estimated source §4 at mic 1 from the MWF is :

$a(w) = w(0)x(w) = [wy(@Iw, (w)][x; (@)xz(@)]" (5.19)
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Where
w(w) = R (w)p(w) (5.20)

w(w) = [wy (@)w;(w)]"

RO= [0 bl s b 6
P(w) = [Px,a(@)  ¢r,a(@)]” = [¢gy, (@) Pgy, (W)]T (5.22)
(with ¢y (@) = E[y(w)x™(w)])
The elements of the R matrix are given by,
P2, (W) = Ps 55 (W) + Py 55 (@) + By, (w) (5.23)

¢x,-xi(w) can be estimated as a sum of components when single sources are active (only driver or

passenger, with noise) and subtracting noise-only statistics:

d)xjxi (w) = ((l)sjAsiB (w) + d)vjvl- (w)> + (¢SjBSiB (w) + ¢vjvi(w)) - ¢vjvi(w) (5.24).
The elements of p are given by,
¢xjd(w) = ¢s]-A51A (w) (5.25)

q,')xj 4 (w) can be estimated when only the source s, is active (driver with noise) and subtracting the

noise-only statistics:

d)xjd (w) = d)sjAslA (w) = (¢sjA51A (w) + ¢vjv1 ((U)) - ¢vjv1 (w) (5.26)
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5.2 Implementation of Adaptive Multichannel Wiener Filter

As illustrated in Figure 5.3, for mixing/adding microphone signals without notch filtering effect
(without switching), multichannel Wiener Filters (MWF) are implemented between the
microphones and a single Acoustic Echo Canceller module (AEC). The signals from the
microphones are directly fed into each MWF (one for each source, i.e., driver and passenger).
These filters independently extract each source while mitigating the effects of two-path
propagation (1.e., notch filtering effect). The MWFs keep adapting to update the filter coefficients
with respect to the changes in the statistics of the speech signals from the driver and passenger and

background noise.

Multichannel LTI filtering can introduce frequency dependent level changes but no non-linear
audible distortions (like musical noise or other types of artefacts introduced by single channel
Wiener filtering noise suppression based on time-varying frequency-dependent gains). [f the MWF
filters need to adapt (and therefore they are slowly time-variant and not LTI), the output signals
may include some audible effects from the non-constant filtering, but normally the adaptation to

the MWF coefficients is sufficiently slow and the output does not suffer from significant distortion.

S14
Mic 1 MWF A

Y
AN
Mic 2 MWF B —
S2B

Figure 5.3 Sum of outputs from two MWF filters (sum of driver and passenger signal
predictions), before single AEC module.
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5.2.1 Overlap-Add and Windowing

The computations for MWF are carried out in the frequency domain. This includes calculating the
convolutions in the frequency domain using Fourier transform multiplications. The overlap and
add method allows the signal to be divided onto small overlapping blocks, processing each block

separately. This helps with the real time processing of the signals.

One of the main concerns during windowing is the perfect reconstruction of the signal. This calls
for the Constant Overlap Add (COLA) constraint [42], which ensures that overlapping windowed
segments sum to a constant value during STFT and inverse STFT operations. This prevents

distortion and allows for perfect reconstruction.

A window function satisfies the COLA constraint if:

Z w(n — mR) = constant,Vn (7.6)
m

Where R is the overlap size and w(n) is the window. In MATLAB™, this can be checked using
the iscola() function. A Hanning window with option ‘periodic’ when the length is even and the
shift (or overlap) is 50% satisfies the COLA constraint and gives perfect reconstruction. Iscola()
can also be used to verify perfect reconstruction if a window is to be applied at both analysis and
synthesis (which is preferable, to minimized block processing effects in the output signal). Then
we use the function with option ‘wola’. The use of the iscola() function is illustrated below.

len=128;
shift = floor((len+1)/2);
overlap=len-shift;

win = hann(len,'symmetric');
[tf,m,maxDeviation] = iscola(win,overlap,'ola')
tf=0,m =0.9913, maxDeviation =0.0085

win = hann(len,'periodic');
[tf,m,maxDeviation] = iscola(win,overlap,'ola')
tf= 1,m= 1,maxDeviation = 2.2204e-16

win = sqrt(hann(len,'symmetric'));
[tf,m,maxDeviation] = iscola(win,overlap,'wola')
tf= 0,m= 0.9913, maxDeviation = 0.0085

win = sqrt(hann(len,'periodic'));
[tf,m,maxDeviation] = iscola(win,overlap,'wola')

tf=1, m=1, maxDeviation= 2.2204¢-16
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A result of tf=1, m=1 indicates that the window with specified length and overlap is COLA

compliant.

From Figure 5.4, it can be seen that even though both windows start at 0, the “symmetric” option
ends at 0 and the “periodic” option ends just before 0, avoiding duplication of the first point. This
shows that the end points don’t overlap for the periodic window. The effect of both windows
during overlap and add is shown in Figure 5.5, where with the periodic window the result is

perfectly flat in the middle portion (i.e., discarding transient effects at the beginning and the end).

Comparison of Hanning Windows (N = 16)
T T T

Amplitude
<
W
T

OI L L L L
0 2 4 6 8 10 12 14 16 18 20
Sample Index

Figure 5.4 Symmetric and Periodic Hanning windows
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Figure 5.5 OLA with symmetric and periodic Hanning windows

5.2.2 Regularization factor and moving average factor
While applying MWF, it is imperative to choose the parameters that affect the performance of
MWEF properly. The parameters to be adjusted are:

e J:regularization factor.

e A: moving average factor for the correlation coefficients.

It should be noted that these parameters can change with frame size and the frequency bands
considered. Generally, § values as small as 0.01 were found to be appropriate. For larger frame
sizes, larger § values were found to be required. Typically, the value of § should not exceed 1.0,
since the regularization is applied in a normalized fashion in (7.7) below. For instance, when &
=10.0, the regularization is 10 times the trace value in the original matrix. This leads to small
coefficients and small output values that need to be amplified. On the other hand, higher values
can be used at some frequencies if we know there is more concentration of noise power in those

frequencies, and less speech content.

We need the inverse of the correlation matrix to find the Wiener filter coefficients. This can give
errors if R is poorly conditioned because it is nearly singular or in the presence of large noise. This

calls for the regularization of the matrix with the regularization factor 6 chosen accordingly:
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. trace(R) =1
w = (R +1%6* —length(R)) p (5.7).

trace(R)

Here
> length(R)

is the average power of the input signals. This method scales the regularization

factor proportionally to the mic signals’ power. A smaller & is preferred in the case of low noise
and higher 6 when the noise is higher. The regularization factor in Wiener filtering is crucial for
achieving a balance between restoring the signal without instabilities and suppressing a large

amount of interference and noise.

A acts as the forgetting factor determining how much the old correlation values can affect the new
filter values. They can range from 0 (no history) to 1 (no forgetting). The A value determines how

many milliseconds of previous data are used, depending on the frame size.
The correlation factors are updated as shown
q-')AB =1 ¢AB + (1 - A)Afreq-* Conj(Bfreq) (58)

Since (7.8) is applied in the frequency domain on a frame by frame basis, the A value is also
affected by the frame size used (in sec). Therefore, it is important to map properly the time constant

1/(1 — 1) (in frames) to a corresponding desired value in seconds.
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Chapter 6 MWF and Notch Filtering Effect

In Chapter 5, it was seen that while adding the microphone signals before a single AEC or after
two AECs, the performance (speech quality) can be reduced due to the notch filtering effect. Notch
filtering effect occurs when two signals are out of phase at some frequencies, leading to destructive
interference and attenuation (or complete cancellation) of those frequencies. This can negatively
affect the quality of driver/passenger signals even when they have dedicated mics, since each mic
picks up the signal from a given source. This two-paths propagation can in principle be eliminated
by using a delay, so that the source signals picked up by each mic are time aligned, with no

interference at any frequency. However, this gives rise to the following issues:

e Ifthe resulting time aligned signals are mixed/added, the resulting signal can contain either
(or both) driver and passenger signals, and these two speech sources require different
delays to be time aligned. Therefore, the source for which the wrong delay is being used
will still suffer from notch filtering effect (worsened, because the resulting total delay will
be increased by the added delay, which leads to more notch locations in the frequency
spectrum).

e [ftwo different delays are used depending on which source is active (driver or passenger),
this requires some switching mechanism, and switching can cause the problem of sudden

echo path change which is detrimental to AEC performance.

Hence, we reached the solution of using a multichannel Wiener filter to remove two-path
propagation and the resulting notch filtering effect. The MWF is implemented in the frequency
domain, using Overlap-Add (OLA) with 50% overlap, with computations of the required
correlations derived from microphone signals (with mixture of sources and background noise)
rather than from ideal driver or passenger components at the microphones. This approach requires
accurate detection of instances when only the driver or only the passenger is active. In a first phase,
noise-free scenarios are considered, and scenarios with background noise are considered in the

next chapter.

As previously mentioned, the cross-side attenuation is the attenuation found in a mic signal from
a source on the opposite side, e.g., the attenuation to the driver signal while being received at the

secondary mic (on the passenger side). The simulated impulse responses here are symmetrical
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(because of symmetric loudspeaker and microphone locations in the simulated setup). Hence, both
driver and passenger source signals suffer from the same cross-side attenuation. When the cross-
side attenuation is higher, the effect of source signals from the opposite side reduces, which also
reduces the notch filtering effect (i.e., because of smaller echo when mixing/adding the signals of
both mics). Therefore, the worst case of the notch filtering effect is when there is the least cross-
side attenuation. The simulated IRs used here have around 2dB cross-side attenuation, to which
more cross-side attenuation can be added for testing. For testing, the original IRs are used without
any additional cross-side attenuation, as they are the ones most affected by the notch filtering
effect. This means the passenger's speech level is close to the driver's at the primary mic, and the
driver's speech level is close to the passenger's at the secondary mic. To compare the performance,

IRs with 8dB additional cross-side attenuation are also used with MWF.

To clearly understand the effect of MWF on the notch filtering effect, we used white noise as input,
as it has a flat frequency spectrum with equal power over all frequencies. We also used different
frame sizes to see how they can change the performance of MWF filters and the resulting

cancellation of two-path propagation.

6.1 Additional cross attenuation: 0dB

Notch filtering effect when combining mics

(freq domain OLA) source A to (mic 1+ mic 2), no MWF compensation
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Figure 6.1 Notch filtering effect for 100ms frame size and 0dB additional cross-side attenuation
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Notch filtering effect when combining mics
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Figure 6.2 Notch filtering effect for 20ms frame size and 0dB additional cross-side attenuation
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Figure 6.3 Notch filtering effect for 8ms frame size and 0dB additional cross-side attenuation

Figure 6.1 shows the result of adding the IRs from a source to the two mics (i.e., corresponding to
signal mixing/adding for that source) with and without MWEF. Without MWF, there are multiple
notches, with big ones near 1, 2, 4, 5 and 7 kHz frequencies. When the frame size is 100ms, almost
all the notches are removed for the MWF, giving the best results. This is because the MWF filter

size (in coefficients) is the same as the frame size (in samples), therefore large frame sizes mean
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longer MWF filters, which can better model the acoustic paths or their inverses. When the frame
size is 20ms (Figure 6.2), there are some residual notches with the big ones around 1, 4, and 5 kHz
frequencies. The performance for reducing notch filtering effect is further reduced when the frame
size is 8ms (Figure 6.3); many notches are still present even after the filtering by MWF. This shows

that a higher frame size is better in order to remove the notches from adding the IRs.
6.2 Additional cross-side attenuation: 8dB

Figures 6.4-6.5 show that there are hardly any deep notches when adding the simulated IRs with
8 dB additional attenuation. This is because the cross-side attenuation makes the opposite source's
speech level low compared to the main source, 1.e., the speech level of the passenger at the primary
mic is low, and the speech level of the driver is low at the secondary mic. Therefore, even though
there is improvement in the notch filtering effect with MWF, there is not a strong difference, and

the frame size has less impact on the removal of the notches.
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Figure 6.4 Notch filtering effect for 20ms frame size and 8dB cross-side attenuation
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Notch filtering effect when combining mics
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Figure 6.5 Notch filtering effect for 8ms frame size and 8dB additional cross-side attenuation.

It should be noted that in practical speech processing systems, frame size is typically chosen based
on latency requirements. While our results may mention a frame size of 100 ms, this does not
imply a recommendation to use such a size in real-time applications. In practice, shorter frame
sizes, typically ranging from 8 ms to 30 ms, are preferred to reduce algorithmic processing delay
and latency. The choice of frame size depends on the specific application and its latency
constraints, which is why real-time speech communication systems often adopt smaller frame

sizes. Thus, for our system, a frame size of 8ms was found to be apt for processing.
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Chapter 7 MWF and Noise Reduction

This chapter investigates the performance of summing the outputs of MWF filters in the presence

of speech sources (driver, passenger) and with background noise (white and colored noises).

7.1 Regularization factor and forgetting factor for different noises

The input SNR is fixed at 13dB and different regularization factors and forgetting factors are
applied to see which would be the best fit for any noise condition. The SIR and SNR gains are
calculated using the primary mic signal as input reference for the driver speech source and the
secondary mic signal as input reference signal for the passenger speech source. The DNSMOS

values are calculated on the sum of the output signals from the MWF.

The tables with the results are given in Appendix, section A.1. For white noise, Table A.1 shows
the performance of the MWF with different frame size, A and § values. When A is 0.96, which is
the lowest value considered, it requires a 6 of 1.0 to get a good performance i.e., where the
DNSMOS values for both signal and noise are above 3.0. I also give the best SNR gain of around
9.0 and SIR gain values near 14.0 and 16.0. Even if higher A is considered for a frame size of 8ms,
it requires a regularization factor of 1.0 for good performance. It can be seen that with higher frame
size, we need higher A values as well as a § value of at least 1.0 for acceptable metrics. Higher A
means that it needs a longer history to calculate the correlation coefficients. This is not desirable
as speech signal statistics are time-varying, and it will affect the performance. This can be seen

from the fact that overall the best performance is when the frame size is the smallest, i.e., 8ms.

When the red noise is used (Table A.2), and the frame size is 8ms, § has to be 1.0 for good
performance with DNSMOS values for signal and noise components above 3.0, even if higher A
values are used. As the frame size increases, there is a requirement for higher A values, and §
cannot go below 1.0. When the frame size is higher than 24ms, the DNMOS for noise cannot reach

a score of 3.0 anymore.

With pink noise, from Table A.3, there is less speech degradation at the output as indicated by
DNSMOS signal score. But when it comes to noise removal, it requires a smaller frame size of
8ms and A value of 0.96 and § value of 1.0, as indicated by SNR gain as well as DNSMOS noise

Score.
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Similarly, with green noise (Table A.4), noise removal becomes harder as the frame size increases.
It requires a 6 of 1.0 for a DNSMOS score of 3.0 and above. As higher frame sizes require higher
A values, it is evident that here as well, 8ms frame size with § =1.0 and 1 = 0.96 proves to be the

preferred choice.

Hoth noise shows a trend different from the above noises, as no acceptable output could be
obtained using a single § for the entire frequency range. It required a higher 6 for lower frequencies
to suppress noise and a § of 1.0 for higher frequencies to avoid distortion. Thus, the Table A.5
shows the results using different frame sizes and A values with a § of 100.0 for frequencies lower
than 312.5 Hz and 1.0 for higher frequencies. Here also, a frame size of 8ms shows the best

performance.

It is clear from these results that for stable performance it is most efficient to use a frame size of

8ms with 1 of 0.96 and § of 1 for all the noises (except for Hoth noise at low frequencies).

7.2 Active Speaker Detection

To compute the correlations required by the MWF filters, it is important to be able to detect when
the different sources are active (i.e., a classifier is required to detect the conditions: no source
(except background noise), only driver source, only passenger source, and both driver and

passenger sources active). This can be done in various ways, including:

. Comparing the instantaneous or smoothed power of microphone signals
. Comparing correlations between microphone signals and past MWF output signal samples.

For the experiments performed in this thesis and as stated in an earlier chapter, in order to decouple
the effect of active speaker detection from the performance achievable by MWF filtering, a perfect
classification assumption is made, i.e., perfect knowledge of when each of the driver and passenger
voice sources is active. Figure 7.1 shows the speech signals used for testing. From 0 to 20 seconds,
the MWF is allowed to train and the metrics are calculated starting from 20 seconds. The SIR and
SNR gains are calculated during the time segment 20-56 seconds and DNSMOS scores are

computed during the time segment 20-36 seconds
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Figure 7.1 Speech signals used for testing

7.3 MWF with different types and levels of noise

This section evaluates the performance of mixing/adding the MWF filters outputs under different
levels of noise. The types of noises used for testing are white, red, pink, green and Hoth noises.
The frame size is fixed at 8ms for best noise reduction. The moving average factor of A =0.96 and
regularization factor of § = 1.0. The only exception is Hoth noise, where a regularization factor
of 100.0 is used for frequencies lower than 312.5 Hz (and 1.0 for higher frequencies). The original
simulated IRs with 2dB cross-side attenuation are used, with no additional cross attenuation. The

input SNR is varied from 10dB to 0dB.

While comparing with the sum of mic signals simple method, it can be noted that the SNR gain
for this method is -1.0 dB and SIR gain is -1.26 dB. The SIR gain and SNR gain values with MWF
at different input SNRs are given in Tables A.6 to A.10 in the appendix section A.2. It can be seen
that using MWF provides significant improvements for the SIR gain and SNR gain scores. The
SIR gain ranges from 7 dB to 9 dB for white noise, and the SNR gain is around 10 dB. The SIR
gain for red and pink noises is similar to white noise, but the SNR gain is around 6 dB. For green

noise, SIR gain and SNR gain are always close to 8 dB or higher. The performance with Hoth
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noise is also good with SIR gain varying from 6 dB to 11 dB and SNR gain varying from 6 dB to
8 dB for different input SNRs.

Figures 7.2 and 7.3 provide the DNSMOS-signal and DNSMOS-noise scores, for the different
types of noise and noise levels (input SNR). In the case of white noise, there is good noise reduction
with an SNR gain of about 10dB in all cases. This is reflected in the DNSMOS values, where the
noise scores stay above 2.0 even when the input SNR is as low as 1 dB. There is a significant
improvement when compared with the sum of mics method (without MWF). But below 5dB SNR,

there is considerable noise in the output even though there is an improvement in speech quality.

Compared to pink and green noise, red noise performs better since the DNSMOS noise score is
higher than 2.0 even at input SNR close to zero. Pink noise has an SNR gain score similar to red
noise, but the DNSMOS signal score indicates better speech quality in the case of red noise. There
is only a slight improvement in the DNSMOS noise score for green and pink noise as input SNR
gets closer to zero. For Hoth noise, there is a decent improvement in the DNSMOS noise scores
and a significant improvement in the DNSMOS signal scores with MWF.

Comparison of DNSMOS signal scores
MWF output
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5
Input SNR

Mic Sum

DNSMOS SIG
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Figure 7.2 Comparing the performances of MWF and signal mixing (DNSMOS signal score)

50



Comparison of DNSMOS noise scores
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Figure 7.3 Comparing the performances of MWF and signal mixing (DNSMOS noise score)

The data tables used to generate the figures are given in the Appendix section A.2. It should be
noted that the simulation results depend more on the acoustic paths (and their static or time-varying
nature) than on the choice of audio source content. However, it is true that the absolute values of
the different metrics used would change with different audio source content (but the ranking of the
different scores for different conditions should not change). To show this, Figure 7.4 has been
generated with a different set of speech signals but with the same activity pattern. It shows how
there is consistent improvement in the DNSMOS signal and noise scores with MWF as compared
to direct mixing, especially with increase in input SNR. Compared to the corresponding curves for
white noise in Figures 7.2-7.3, we can see that the even though the absolute values of the scores

are different, the ranking of scores for different conditions does not change.
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Comparison of DNSMOS signal scores
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Figure 7.4 DNSMOS scores for different set of speech signals with white noise

7.4 MWF with wind noise

When testing with wind noise, it must be noted from Fig. 7.4 that the noise is highly nonstationary
in amplitude levels and also with time varying level imbalance between the two mics. The results
for wind noise can be found in Table A.11 from the Appendix and in Figure 7.5. Compared with
the SNR gain and SIR gain for the simple mic signals mixing method which are -1.0 dB and -1.26
dB, respectively, the SNR gain values in Table A.11 range from 1.5 to 2 dB for driver and 4.6 to
5.2 dB for passenger and the SIR gain values are all above 6 dB. So even though these gain values
are more modest than for the previous types of noise, the method of summing the MWF outputs is
still beneficial. In terms of DNSMOS scores in Figure 7.5, the MWF method shows some
improvement in the DNSMOS-noise scores, but a slight decrease in the DNSMOS-signal scores.
So again, the performance is weaker than for the previous types of noise considered, because of
the noise level and imbalance fluctuations. Therefore, for wind noise the MWF filters would need

more time to adapt in order to deliver the same performance as for other noises.

Under no noise conditions, the ideal solutions that the MWFs can reach are entirely based on the
acoustic transfer functions between the sources and the microphones. So, variations in source

signals (e.g. time fluctuations or the non-stationary nature of their PSD) don't affect the ideal

52



performance achievable by the MWFs, i.e., the ideal MWF filters are static. The ideal MWFs also
remain static when additive noise is present at the microphones and when the level of the different
sources relative to the noise remain the same, i.e., when the signal to noise ratios between the
desired source signals and additive noise remains the same. However, when either the levels of the
source signals change or the levels of the background additive noise changes (at either
microphone), the ideal MWF solution changes and the practical MWFs need to adapt to the new
conditions. This 1s what happens in the case of wind noise, whose level at each microphone is

highly non-stationary.
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Figure 7.5 Comparing the performances of MWF and signal mixing for wind noise (DNSMOS
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Chapter 8 MWF and Head Movement

A driver or a front seat passenger may have to turn or move their head during turns, lane changes,
or out of general human behaviour. This calls for the evaluation of performance of the MWF
system during such movements. The impulse response between a source and the microphones
changes as the head moves, and this affects the values of the MWF filters coefficients, which need

to adapt.

Our simulations assume point sources, i.€., the sources are non-directional. As a result, source
rotation does not impact the simulated outcomes. To model changes in the source-to-microphone
acoustic path, we chose to implement a translation of the source. The primary goal was not to
capture variations in signal level or energy at the microphones, but rather to replicate the changes
in the phase content across different frequencies that occur in the acoustic echo path when the
source position varies. This phase variation was the key aspect we aimed to reproduce in our

simulations.

In the configuration file used to generate the impulse responses, the positions of the speech/audio

sources are as given below:

Table 8.1 Positions of different signal sources in the car

Distance in front (m) | Distance from left door (m) | Distance from floor (m)
Driver 2.5 d 0.75
Passenger 2.5 1.4 0.75
Left speaker 2.2 0.15 0.3
Right speaker 2.2 1.85 0.3

The value of d used to generate the original (default) impulse responses is 0.6 m. During testing,

the value of d was changed to 0.5 and 0.45 to simulate head movement by 10 cm and 15 cm.

The speech used for testing are divided into 3 segments after training, as shown in Table 8.2 and

Figure 8.1.
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Table 8.2 Changes in d during different time segments

Segment 1 Segment 2 Segment 3
Time duration 20-36s 36-54s 54-68s
d (m) 0.6 0.5/0.45 0.6

Driver Speech
T

02—

01—

-0.1

-0.2 —

03 ! 1 | | 1
0 10 20 30 40 50 60
time in seconds

Passenger Speech
T \

02—

01—

-0.1 —

03 | 1 I | 1
0 10 20 30 40 50 60
time in seconds

Figure 8.1 Speech signals used for testing

From the previous chapters/testing, it was observed that an 8ms frame size gave the best noise
reduction for all noise types among the different frame sizes. For the frame size of 8ms, the
regularization factor (&) of 1.0 and the moving average factor (1) of 0.96 are fixed for testing. The
input SNR is varied from 10dB to 5dB to 1dB. This SNR is calculated based on the first segment
of speech where the original impulse response without head movement is used. The metrics used
for testing for this case are DNSMOS-signal (speech quality), DNSMOS-noise (background noise
reduction), SIR gain and SNR gain.

The noises used for the tests are: white, red, pink, green, and Hoth. As before, for Hoth noise the
regularization factor of 100.0 is used for frequencies less than 312.5 Hz and 1.0 for higher

frequencies.
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From the tables in Appendix section A.3, for white, coloured and Hoth noises, the pattern is
similar. There is an improvement in both DNSMOS scores in the sum of MWF outputs method
compared to the sum of 2 mic signals, even when there is head movement. This is more significant
with lower SNR. If the adaptation of MWF is stopped after 36 s, i.¢., the first speech segment, the
performance scores suffer, especially when the noise level is higher. This shows that there needs

to be continuous adaptation of MWF coefficients regardless of head movement.

8.1 Continuous vs paused adaptation of MWF

To see if we require continuous adaptation of MWF, we pause the adaptation after 36 seconds and
see the effects in the last two segments of speech. So, we have 3 segments of speech with 2 setups

(Table 8.3).

e  MWEF with continuous adaptation (MWF-AC)
e  MWEF with adaptation paused after 36 seconds (MWF-AS)

Table 8.3 Time segments during which MWF adapts and do not adapt
20-36 seconds 36-52 seconds 52-68 seconds

MWEF-AC Adapting Adapting+ head movement Adapting

MWEF-AS Adapting No Adapting +head movement | No Adapting

For each of the above cases, head displacements of 0.1m and 0.15m are considered by changing
the value of d to 0.5m and 0.45m from 0.6m. But it can be seen that there is only a minute difference

between their performances, meaning that a displacement of 0.1m or 0.15m has similar effect.

In the first segment, the MWF is adapting in both cases so that they start out with the same
performance. The second segment helps evaluate the MWF in situations with head movement and
assesses its performance with and without continuous adaptation. In the third segment, the head
reverts to the original position. This helps us evaluate whether the performance can go back to the

one from the first time segment, i.e., without adaptation.
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DNSMOS is calculated for 16-second time segments with both driver and passenger speech. SIR
and SNR gain are calculated for every 8 seconds of driver and passenger speech, separately in each

of the 16 second time segments.

Figures 8.2 to 8.13 show the performance for different types of noise with input SNRs of 1dB, 5dB
and 10dB for the above-mentioned cases. When the input SNR is high, there is less noise in the
beginning; hence, there is less noise for the MWF to remove. This means that the SNR gain would
be less for higher input SNR. Whereas DNSMOS evaluates perceptual speech quality, unlike raw
SNR. Even though the SNR gain might be higher for low input SNR cases, residual distortions
and artifacts from aggressive denoising can lower the perceptual quality. This can be noted in the
figures, where the SIR and SNR gain may be higher for lower cases of lower input SNR, but the
perceptual quality measured by DNSMOS is higher for higher input SNR for the same noise.
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&.1.1 White noise

Noise: White noise
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Figure 8.2 DNSMOS, SIR gain and SNR gain for MWF-AC for white noise
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Figure 8.3 DNSMOS, SIR gain and SNR gain for MWF-AS for white noise
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8.1.2 Red noise

Noise: Red noise
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Figure 8.4 DNSMOS, SIR gain and SNR gain values for MWF-AC for red noise
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Figure 8.5 DNSMOS, SIR gain and SNR gain for MWF-AS for red noise
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8.1.3 Pink noise

Noise: Pink noise
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Figure 8.6 DNSMOS, SIR gain and SNR gain values for MWF-AC for pink noise
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Figure 8.7 DNSMOS, SIR gain and SNR gain values for MWF-AS for pink noise
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8.1.4 Green noise

Noise: Green noise
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Figure 8.8 DNSMOS, SIR gain and SNR gain values for MWF-AC for green noise

Noise: Green noise

4 — . . 4 — , .
z E:
N m
©n @n3r 1
e o
E Sl ¢ E

w2

Z 9 21— o

1 L L T Ql L L

20-36 36-52 52-68 20-36 36-52 52-68

Time segments in seconds

SIR driver
W
SIR passenger
W

0 L il 0 I L L
20-28 36-44 52-60 28-36 44-52 60-68
Time segments in seconds Time segments in seconds
.
5 10— : ‘ 10— : :
2 . IR |
© B
g &
ED 6r §D 6 =S 1
zZ 40 o 4r SN
wn L ' L Z L L L
20-28 36-44 52-60 w1 28-36 44-52 60-68
Time segments in seconds Time segments in seconds
[—=—10dB, 0.5 ——10dB, 0.45 5dB, 0.5 ——5dB, 0.45 —~—1dB, 0.5 —— 1dB, 0.4

Figure 8.9 DNSMOS, SIR gain and SNR gain values for MWF-AS for green noise
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8.1.5 Hoth noise

Noise: Hoth noise
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Figure 8.10 DNSMOS, SIR gain and SNR gain values for MWF-AC for Hoth noise
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Figure 8.11 DNSMOS, SIR gain and SNR gain values for MWF-AS for Hoth noise
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From the figures, it can be seen that with white, red, pink, green, and Hoth noise, the MWF shows
similar trends. With continuous adaptation, the MWF holds steady performance for all the input
SNRs as well as d values. In the case of MWEF-AS, the performance falls once the adaptation is
stopped after 36 seconds, regardless of the input SNR or head movement. This fall in metrics,
especially perceptual quality, is further exacerbated by the increase in noise power. MWF

adaptation is thus found to be imperative for good performance.

8.2 Comparison of MWF with direct mic signals mixing
In order to see if it is computationally worth to have MWF rather than direct mixing, we compare

the performance when:

e  MWF continuously adapts (MWF-AC)
e MWEF stops adapting after 36 seconds (MWF-AS)
e No MWF (direct mic signal mixing) (MicSum).

To evaluate the performance, different noises with input SNRs 10db, 5dB and 1dB are used.
DNSMOS-signal and DNSMOS-noise scores are plotted in the figures to visualise how the
performance changes with different setups. For simulating the head movement, the value of d is
changed from 0.6m to 0.5m, i.e., a 0.1 m displacement is made during the time segment 36-52
seconds. Experiments were carried out with d=0.45m as well, and the DNSMOS values were close
to the ones with d=0.5m. The input SNR is calculated during 20-28 seconds for the driver and 28-
36 seconds for the passenger, because these are the time durations when the driver and passenger

are speaking, respectively.

The following figures compare the performances for the 3 mentioned cases with a head

displacement of 0.1m (d=0.5m) for each type of noise.

8.2.1 White noise

When there is adaptation (MWF-AC), the signal and noise DNSMOS values for all 3 input SNRs
are higher than for the sum of mic signals method. For 10dB input SNR, the signal score for MWF-
AS is comparable to MicSum, but the noise score is better with MWF-AS, even though there is no
adaptation. As the input SNR decreases, there is a stronger effect of noise on the performance, as
the noise and signal scores fall when adaptation is stopped. For 5dB input SNR, it might better to
directly mix the signal than have an MWF if there is no continuous adaptation (MWF-AS).
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Noise: White noise
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Figure 8.12 DNSMOS values for MWF-AC, MWF-AS, and MicSum for white noise

8.2.2 Red noise

For red noise with an input SNR of 10dB, the signal and noise scores slightly fall for MWF-AS
during the head movement as compared to MWF-AC and is able to pick up after the head moves
back to the original position. Even when the input SNR is 5dB and 1dB, and the signal and noise
scores for MWF-AS fall considerably after the adaptation is stopped, it is still better than MicSum.

This indicates that for red noise, the MWF outperforms MicSum regardless of adaptation.

8.2.3 Pink noise

For pink noise, irrespective of the input SNR, the signal and noise scores for MWF-AS is higher
than for MicSum, and MWF-AC is has higher scores than both. This shows that MWF makes a
difference in the performance in the presence of pink noise and continuous adaptation is required

for steady performance.
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Noise: Red noise
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Figure 8.13 DNSMOS values for MWF-AC, MWF-AS, and MicSum for red noise

Noise: Pink noise
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Figure 8.14 DNSMOS values for MWF-AC, MWF-AS, and MicSum for pink noise

8.2.4 Green noise
For green noise with input SNR 10dB, the signal score for MicSum is better than MWF-AS, even

when there is head movement, but the noise score is lower. With higher noise power, the
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performance of MicSum and MWEF-AS get closer but is much poorer than MWF-AC. This shows
that not only MWF, but continuous adaptation is also required with MWF for good performance

with green noise.

Noise: Green noise
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Figure 8.15 DNSMOS values for MWF-AC, MWF-AS, and MicSum for green noise

8.2.5 Hoth noise

The performance of the 3 setups with Hoth noise is shown in the Figure 8.18. In every case, it can
be seen that the presence of MWF increases the performance considerably. Furthermore, for good,
steady performance, continuous adaptation is required. MWF-AC easily outperforms the other
methods at any noise level. This is significant since Hoth noise gives a type of noise that is

generally present in communication systems.

8.3 Discussion

In summary, considering the performance of MWF for different types of noise, we can say that
introducing an MWF with continuous adaptation in the presence of two microphones (each
dedicated to driver and passenger) improves the speech quality compared to direct mixing of
signals. The extra processing required for the MWF filters may be justified since it allows to use

a single AEC module afterwards. There are other benefits, such as having access to individual
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extracted driver and passenger signals if interference cancellation (source separation) is to be

performed.
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Chapter 9 Conclusion and Future work

9.1 Conclusion

In this thesis, the simple mixing (adding) and switching methods to combine two microphone
signals into a single signal were first investigated, which showed drawbacks such as, the notch
filtering effects and increased noise in the mixed/added signal, and decreased AEC performance
when switching two microphone signals before a single AEC. To resolve these issues, we
investigated the use adaptive MWF filters to extract separate driver and passenger signals without
multi-path propagation effects before mixing them, thereby reducing notch filtering effects and
minimizing background noise. The effect of head movements of driver/passenger was also

investigated.

The MWF method proved effective in a simulated car environment, where each front microphone
is mostly dedicated to a front seat speaker, which makes the task of estimating the signal
correlations easier (i.e., it becomes easier to detect when each source is active and to estimate the
related correlations). The MWF method successfully removed notch filtering effects, particularly
with larger frame sizes. Through multichannel linear filtering, which is nearly LTI, the MWF
effectively reduced background noise with minimal distortion (unlike single channel speech
enhancement methods, which introduce more distortion). Since the number of simultaneously
active acoustic sources (talkers or loudspeakers) that MWF filters can extract is limited by the
number of microphones, MWFs can be disabled when signals are played through the loudspeaker
signals, or, alternatively and at higher cost, AEC could be performed on each microphone signal
to remove loudspeaker signal components, before the remaining driver and passenger source
signals are processed by the MWFs. The MWF filters can perform driver and passenger speech
extraction whether only one of them is talking or whether they are talking simultaneously. In the
latter case, since the MWF extracts the speech sources before mixing them, it can also be used for

interference cancellation (i.e., extracting one speech source and cancelling the competing

talker(s)).

Talker movements can potentially impact MWF performance, but in such cases the MWF has
shown to adapt quickly without divergence. The performance of MWF filtering can also be limited
by highly non-stationary background noise such as wind noise, with time-varying spectra and time-

varying signal level imbalance between microphones.
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9.2 Future work

Wind noise is one of the unpredictable, level-imbalanced time-varying noises that pose a challenge
to noise reduction in certain high-noise environments. Since MWF depends heavily on the
computed statistics of the signal, its performance can deteriorate in such situations. A possible
approach to solve this would be using deep learning with an ample amount of recorded wind noise

to train the noise suppressor.

It is essential to validate the proposed approach in real-world automotive environments. This
includes conducting experiments within actual vehicle cabins with real time audio sources to
account for the complex and variable acoustic conditions present in practical scenarios.
Additionally, system performance has to be evaluated under varying driving conditions, such as

different vehicle speeds and accompanying noise levels, including road, wind, and engine noise.

The different components of the speech/audio processing pipeline in cars, such as acoustic echo
canceller (AEC), acoustic echo suppressor (AES), noise suppression (NS), and the proposed
multichannel Wiener filters rely mostly on traditional filtering or noise suppression. Some
approaches have been proposed to replace them fully with deep learning methods that have the
potential to cope better with non-linearities and non-stationarities (e.g. if a model is already trained
to be robust to different types of environments and signal statistics). This includes the so-called
end-to-end (E2E) methods [43]. Other methods have been proposed based on hybrid approaches,
where the machine learning part is dedicated to performing some specific tasks in traditional signal
processing. For example, in AEC some methods have been proposed to take care of the control
unit and step size adjustment. For beamforming (or equivalently, MWF), some methods have been
proposed to perform the estimation of the noise covariance matrix, etc. The hybrid approach is

likely to lead to methods that have lower complexity and can be applied in the near future.
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Appendix A: Data Tables
A.1 Regularization factor and forgetting factor for the MWF filters

This section covers the data tables used to find the appropriate regularization factor § and
forgetting factor A for the MWF filters.

Each table is for a different type of noise. It goes through the different values of frame size, A and
4 , as defined before. In the case of Hoth noise, the § values are fixed at 100.0 for frequencies less
than 312.5 Hz and 1.0 for higher frequencies.

Table A.1 Effect of § and A values for white noise

Frame ) A SIR gain | SIR gain | SNR gain | SNR gain | DNSMOS | DNSMOS | DNSMOS
size driver passenger | driver passenger | overall signal noise
0.008 1 0.96 14.4 16.85 9.16 9.17 2.68 3.58 3.07
0.008 0.01 0.984 16.52 17.74 6.34 6.59 2.63 3.61 2.85
0.008 0.1 0.984 15.24 17.16 7.09 7.28 2.68 3.63 2.93
0.008 1 0.984 11.42 14.07 8.56 8.66 2.73 3.62 3.11
0.008 0.01 0.9886 | 15.86 17.07 6.07 6.36 2.61 3.60 2.81
0.008 0.1 0.9886 | 14.49 16.26 6.76 7.00 2.67 3.63 291
0.008 1 0.9886 | 10.56 12.82 8.19 8.34 2.73 3.63 3.11
0.008 0.01 0.9911 | 15.33 16.5 5.87 6.18 2.59 3.60 2.8
0.008 0.1 0.9911 | 13.86 15.45 6.51 6.78 2.66 3.63 2.9
0.008 1 0.9911 |9.83 11.65 7.86 8.09 2.72 3.63 3.1
0.024 1 0.9657 | 11.87 13.64 8.41 8.61 2.68 3.64 3.01
0.024 0.1 0.9733 | 16.3 17.61 6.6 6.86 2.58 3.63 2.75
0.024 1 0.9733 | 11.12 12.61 8.15 8.43 2.68 3.63 3.02
0.024 0.1 0.976 16.08 17.41 6.58 6.85 2.58 3.62 2.75
0.024 1 0.976 10.77 12.11 8.03 8.34 2.72 3.64 3.07
0.024 0.01 0.984 18.46 19.42 5.49 5.72 2.53 3.61 2.65
0.024 0.1 0.984 15.03 16.24 6.21 6.50 2.57 3.61 2.75
0.024 1 0.984 9.25 10.06 7.48 7.90 2.72 3.62 3.08
0.024 0.01 0.988 17.95 18.89 5.28 5.49 2.50 3.60 2.6
0.024 0.1 0.988 14.27 15.35 5.92 6.21 2.57 3.61 2.75
0.024 1 0.988 8.12 8.68 7.04 7.53 2.72 3.61 3.09
0.04 1 0.9733 | 9.54 10.04 7.44 7.95 2.65 3.57 3.05
0.04 1 0.98 8.48 8.86 7.09 7.62 2.66 3.58 3.01
0.064 1 0.9744 | 7.72 7.81 6.12 7.2 2.55 3.50 2.9
0.064 1 0.9872 | 5.66 5.82 5.64 6.30 2.72 3.60 3.09
0.08 1 0.984 5.67 5.72 5.59 6.31 2.6 3.53 2.99
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Table A.2 Effect of & and A values for red noise

Frame S A SIR gain | SIR gain | SNR gain | SNR gain | DNSMOS | DNSMOS | DNSMOS
size driver passenger | driver passenger | overall signal noise
0.008 0.01 0.96 18.09 18.92 3.93 4.19 2.56 3.53 2.81
0.008 0.1 0.96 17.26 18.66 4.72 5.13 2.65 3.55 2.97
0.008 1 0.96 14.59 16.8 6.27 7 2.71 3.44 3.29
0.008 0.01 0.984 16.13 17.39 3.50 3.89 2.52 3.53 2.70
0.008 0.1 0.984 14.83 16.68 4.31 4.83 2.57 3.55 2.82
0.008 1 0.984 11.43 13.94 5.89 6.77 2.77 3.45 3.35
0.008 0.01 0.9886 | 15.52 16.74 3.38 3.75 2.54 3.54 2.74
0.008 0.1 0.9886 | 14.10 15.79 4.18 4.66 2.59 3.54 2.85
0.008 1 0.9886 | 10.52 12.66 5.77 6.57 2.79 3.47 3.36
0.024 1 0.9657 | 11.95 13.57 8.48 8.85 2.59 3.40 3.12
0.024 0.1 0.9733 | 16.31 17.45 6.14 6.34 2.67 3.57 2.98
0.024 1 0.9733 | 11.17 12.52 8.46 8.88 2.62 342 3.14
0.024 0.01 0.976 19.56 20.19 4.57 4.70 2.48 3.49 2.69
0.024 0.1 0.976 16.07 17.23 6.17 6.36 2.64 3.56 2.93
0.024 1 0.976 10.80 12.02 8.43 8.85 2.59 3.39 3.12
0.024 0.01 0.984 18.94 19.9 4.62 4.77 2.45 3.46 2.64
0.024 0.1 0.984 15.03 16.11 5.98 6.19 2.54 3.51 2.8
0.024 1 0.984 9.25 9.96 8.20 8.62 2.48 3.30 2.97
0.024 0.01 0.988 18.45 19.37 4.49 4.64 2.44 3.43 2.65
0.024 0.1 0.988 14.27 15.23 5.75 5.96 2.5 3.45 2.77
0.024 1 0.988 8.10 8.59 7.93 8.36 2.38 3.24 2.83
0.064 1 0.9744 | 7.79 7.76 0.05 3.69 2.10 2.92 2.51
0.064 1 0.9872 | 5.64 5.78 7.11 7.54 2.05 2.87 243
0.08 1 0.984 5.69 5.73 6.06 6.75 2.63 3.54 2.85
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Table A.3 Effect of § and A values for pink noise

Frame S A SIR gain | SIR gain | SNR gain | SNR gain | DNSMOS | DNSMOS | DNSMOS
size driver passenger | driver passenger | overall signal noise
0.008 1 0.96 14.30 17 6.35 6.91 2.63 3.54 3.02
0.008 0.01 0.984 16.04 17.47 2.83 3.15 2.34 3.46 2.40
0.008 0.1 0.984 14.72 16.78 3.83 4.22 2.4 3.47 2.51
0.008 1 0.984 11.3 14.06 5.60 6.21 2.71 3.56 3.13
0.008 0.01 0.9886 | 15.43 16.82 2.54 2.86 2.30 3.44 2.33
0.008 0.1 0.9886 | 14.00 15.89 3.52 3.89 2.36 3.47 2.42
0.008 1 0.9886 | 10.43 12.77 5.31 5.88 2.66 3.54 3.09
0.024 1 0.952 12.59 14.49 6.56 7.2 2.36 3.32 2.65
0.024 1 0.9657 | 11.74 13.62 6.74 7.08 241 3.35 2.70
0.024 0.01 0.9733 | 18.81 19.82 3.22 3.28 2.27 3.40 2.34
0.024 0.1 0.9733 | 15.83 17.39 4.53 4.68 241 3.51 2.50
0.024 1 0.9733 | 10.99 12.58 6.47 6.85 2.44 34 2.73
0.024 0.01 0.976 18.67 19.79 3.17 3.24 2.29 3.43 2.36
0.024 0.1 0.976 15.67 17.15 4.41 4.57 2.4 3.50 2.50
0.024 1 0.976 10.64 12.07 6.35 6.73 2.46 3.44 2.76
0.024 0.01 0.984 18.04 19.28 2.81 2.93 2.28 3.43 2.30
0.024 0.1 0.984 14.64 15.98 3.92 4.11 2.37 3.48 2.46
0.024 1 0.984 9.13 10.01 5.81 6.23 2.46 3.44 2.76
0.024 0.01 0.988 17.54 18.71 2.55 2.67 2.27 3.42 2.31
0.024 0.1 0.988 13.91 15.08 3.58 3.77 2.35 3.47 243
0.024 1 0.988 8.00 8.63 5.39 5.85 2.36 3.36 2.61
0.04 1 0.9733 |94 9.98 5.97 6.47 241 3.38 2.70
0.04 1 0.98 8.34 8.8 5.63 6.12 2.15 3.1 2.32
0.04 0.1 0.984 13.73 14.98 3.49 3.65 2.27 3.4 2.33
0.04 1 0.984 7.52 7.9 5.31 5.82 2.14 3.1 2.34
0.064 0.1 0.9872 | 12.4 12.76 23 2.86 2.05 3.12 2.06
0.064 1 0.9872 | 5.57 5.77 4.42 5 2.03 3.03 2.2
0.08 1 0.984 5.59 5.65 4.38 5.02 2.06 3.05 2.22
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Table A.4 Effect of § and A values for green noise

Frame S A SIR gain | SIR gain | SNR gain | SNR gain | DNSMOS | DNSMOS | DNSMOS
size driver passenger | driver passenger | overall signal noise
0.008 0.01 0.96 18.69 19.38 5.58 5.86 2.4 3.45 2.59
0.008 0.1 0.96 17.71 19.13 6.48 6.84 2.56 3.51 2.88
0.008 1 0.96 14.54 17.00 8.05 8.57 2.78 3.59 3.23
0.008 0.01 0.984 16.54 17.91 4.90 5.72 2.39 3.46 2.57
0.008 0.1 0.984 15.18 17.19 5.72 6.67 2.54 3.52 2.82
0.008 1 0.984 11.43 14.08 7.15 8.43 2.67 3.59 3.05
0.008 0.01 0.9886 | 15.86 17.23 4.67 5.55 2.37 3.45 2.54
0.008 0.1 0.9886 | 14.42 16.28 5.44 6.46 2.48 3.5 2.71
0.008 1 0.9886 | 10.55 12.8 6.80 8.18 2.65 3.59 3
0.024 1 0.952 12.54 12.46 2.84 7.56 2.53 3.48 2.90
0.024 1 0.9657 | 11.85 13.59 7.29 8.65 2.66 3.57 3.05
0.024 0.1 0.9733 | 16.21 17.67 5.66 6.63 243 3.49 2.65
0.024 1 0.9733 | 11.09 12.55 7.02 8.43 2.67 3.59 3.05
0.024 0.01 0.976 19.17 20.17 4.60 5.32 2.23 3.37 2.37
0.024 0.1 0.976 15.97 17.43 5.57 6.54 2.42 3.49 2.62
0.024 1 0.976 10.73 12.05 6.89 8.31 2.66 3.59 3.04
0.024 0.01 0.984 18.45 19.8 4.30 4.96 2.22 3.38 2.34
0.024 0.1 0.984 14.93 16.24 5.12 6.03 2.34 3.47 2.49
0.024 1 0.984 9.20 109 6.32 7.77 2.6 3.56 2.93
0.024 0.01 0.988 17.9 19.21 4.00 4.59 2.20 3.36 23
0.024 0.1 0.988 14.18 15.34 4.77 5.59 2.35 3.46 2.53
0.024 1 0.988 8.07 8.63 5.88 7.32 2.63 3.56 2.95
0.04 1 0.9733 | 9.49 9.99 6.36 7.82 2.59 3.53 2.95
0.04 1 0.98 8.42 8.8 6 7.43 2.56 3.53 2.88
0.04 0.1 0.984 13.94 15.25 4.52 5.26 2.27 3.42 24
0.04 1 0.984 7.59 7.9 5.66 7.08 2.59 3.54 2.92
0.064 1 0.9744 | 7.71 7.74 4.89 6.88 241 3.42 2.66
0.064 1 0.9872 | 5.6 5.78 4.65 5.96 2.49 3.45 2.86
0.08 1 0.984 5.66 5.56 4.64 5.95 2.44 3.4 2.78
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Table A.5 Effect of A values for Hoth noise

Frame A SIR  gain | SIR gain | SNR gain | SNR gain | DNSMOS DNSMOS DNSMOS
size driver passenger driver passenger overall signal noise
0.008 0.96 14.53 16.11 7.23 7.56 2.66 3.51 3.11
0.008 0.984 10.82 13.03 6.34 6.85 2.68 3.56 3.1
0.024 0.96 12.33 14.22 7.50 8.12 2.44 341 2.8
0.024 0.984 9.20 10.01 6.54 6.93 2.33 3.32 2.62
0.04 0.984 7.58 7.9 6.09 6.47 1.71 2.52 1.75
0.064 0.984 6.23 6.36 5.49 5.93 1.48 2.11 1.47
0.08 0.984 5.97 4.76 5.29 5.52 1.34 1.84 1.34
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A.2 Performance metrics MWF with different types and levels of noise

This section includes the data tables containing the performance metrics for the method
mixing/adding the MWF outputs, with different types and levels of noise.

Table A.6 Performance metrics at different input SNRs for white noise

Input | SIR | SIR gain SNR | SNR gain DNSMOS: DNSMOS:
SNR | gain | passenger | gain | passenger | signal, noise signal, noise
(dB) | driver (dB) driver (dB) (MWF (sum of mic

(dB) (dB) extracted signals)

signal)

10 7.32 6.84 9.05 9.25 3.61 2.99 3.41 1.89
7 7.83 7.21 9.74 9.87 3.54 2.82 3.18 1.77
5 8.28 7.53 10.14 10.21 3.46 2.56 2.94 1.64
3 8.84 7.93 10.48 10.47 3.38 2.38 1.44 1.17
1 9.55 8.41 10.76 10.66 3.22 2.15 1.23 1.16
0 9.96 8.7 10.87 10.73 3.02 1.96 1.22 1.15

Table A.7 Performance metrics at different input SNRs for red noise

Input | SIR | SIR gain | SNR | SNR gain DNSMOS: DNSMOS:
SNR | gain | passenger | gain | passenger | signal, noise signal, noise
(dB) | driver (dB) driver (dB) (MWF (sum of mic

(dB) (dB) extracted signals)
signal)
10 7.02 6.60 4.9 5.21 3.42 3.10 2.99 1.86
7 7.48 6.77 542 5.73 3.5 2.98 1.43 1.19
5 7.91 6.96 5.78 6.11 3.48 2.8 1.22 1.17
3 8.47 7.26 6.13 6.47 3.23 2.50 1.19 1.17
1 9.19 7.71 6.45 6.80 3.13 241 1.253 | 1.17
0 9.62 8.00 6.58 6.94 3.23 2.45 1.19 1.15
Table A.8 Performance metrics at different input SNRs for pink noise

Input | SIR SIR gain | SNR | SNR gain DNSMOS: DNSMOS:
SNR | gain | passenger | gain | passenger | signal, noise signal, noise
(dB) | driver (dB) driver (dB) (MWF (sum of mic

(dB) (dB) extracted signals)
signal)
10 7.27 7.17 5.62 5.46 3.48 2.78 3.11 1.81
7 7.95 7.84 6.05 5.86 3.42 2.75 2.06 1.39
5 8.58 8.45 6.36 6.14 3.34 2.58 1.25 1.17
3 9.34 9.17 6.68 6.4 2.81 1.99 1.19 1.16
1 10.15 9.88 6.97 6.62 1.68 1.27 1.19 1.14
0 10.52 10.18 7.11 6.7 1.38 1.17 1.18 1.12
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Table A.9 Performance metrics at different input SNRs for green noise

Input | SIR SIR gain | SNR | SNR gain DNSMOS: DNSMOS:
SNR | gain | passenger | gain | passenger | signal, noise signal, noise
(dB) | driver (dB) driver (dB) (MWF (sum of mic

(dB) (dB) extracted signals)
signal)
10 7.95 7.76 8.06 7.85 3.58 3.19 3.37 2.2
7 8.68 8.35 8.59 8.33 3.42 2.83 2.63 1.67
5 9.31 8.82 8.92 8.64 3.33 2.62 1.89 1.36
3 10.07 9.38 9.23 8.92 3.15 2.3 1.59 1.26
1 10.99 10.06 9.51 9.18 2.75 1.93 1.22 1.12
0 11.48 10.46 9.63 9.29 248 1.73 1.20 1.12
Table A.10 Performance metrics at different input SNRs for hoth noise

Input | SIR | SIR gain | SNR | SNR gain DNSMOS: DNSMOS:
SNR | gain | passenger | gain | passenger | signal, noise signal, noise
(dB) | driver (dB) driver (dB) (MWF (sum of mic

(dB) (dB) extracted signals)
signal)
10 5.83 6.27 6.20 5.88 3.48 3.05 2.71 1.69
7 6.60 7.33 6.67 6.29 2.93 2.3 1.28 1.18
5 7.36 8.33 7.04 6.61 2.82 2.18 1.19 1.16
3 8.38 9.511 7.45 6.96 2.6 1.97 1.18 1.15
1 9.7 10.58 7.87 7.31 2.42 1.79 1.18 1.13
0 10.42 10.86 8.08 7.47 2.12 1.58 1.18 1.13
Table A.11 Performance metrics at different input SNRs for wind noise

Input | SIR | SIRgain | SNR | SNR gain DNSMOS: DNSMOS:
SNR | gain | passenger | gain | passenger signal, noise signal, noise
(dB) | driver (dB) driver (dB) (MWF (sum of mic

(dB) (dB) extracted signals)
signal)
10 6.53 6.48 2.06 5.19 3.39 3.66 3.53 3.48
7 6.62 6.44 1.96 5.2 3.30 3.52 3.54 2.90
5 6.68 6.39 1.87 5.13 3.25 3.24 3.53 2.75
3 6.74 6.31 1.77 4.98 3.25 3.040 | 3.53 2.62
1 6.79 6.20 1.64 4.76 3.27 291 3.4 2.43
0 6.81 6.15 1.57 4.61 3.27 2.89 3.32 2.30
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A.3 SIR gain and SNR gain values during head movement

This section gives the data tables for SIR gain and SNR gain values during head movement, for

both continuous MWF adaptation as well as paused MWF adaptation.

Table A.12 SIR gain, SNR gain values for white noise with head movement and continuous

adaptation

20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR

Input . . gain gain . . gain gain . . gain gain
d SNR gain gain N N gain gain N N gain gain N N

driver driver passeng | passeng driver driver passeng | passeng driver driver passeng | passeng

er er er er er er

0.5 10 6.92 9.13 6.8 9.13 6.90 9.21 6.81 9.19 7.82 92 6.25 9.23
0.45 10 6.92 9.13 6.8 9.13 6.94 9.22 7.02 9.18 8.37 9.19 6.25 9.23
0.5 5 7.68 10.14 7.44 10.25 7.47 10.35 736 10.38 8.61 10.24 6.43 10.35
0.45 5 7.68 10.14 7.44 10.25 7.50 10.33 7.54 10.36 9.17 10.24 6.43 10.35
0.5 1 8.82 10.70 8.2 10.89 8.25 10.9752 8.05 11.05 9.74 10.81 6.74 10.99
0.45 1 8.82 10.70 8.2 10.89 8.28 10.96 8.22 11.04 10.26 10.81 6.74 10.99

Table A.13 SIR gain, SNR gain values for white noise with head movement and paused
adaptation

20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR

Input . . gain gain . . gain gain . . gain gain
d SNR gain gamn assen, assen, gamn gamn assen, assen, gam gam assen; assen;

driver driver p &|P g driver driver p & | P g driver driver P &P &

er er er er er er

0.5 10 6.92 9.13 6.8 9.13 2.23 6.65 2.65 7.17 233 6.73 3.07 72
0.45 10 6.92 9.13 6.8 9.13 2.10 6.52 241 7.17 233 6.73 3.07 72
0.5 5 7.68 10.14 7.44 10.25 2.26 6.96 3.01 8.1 233 6.7 323 8.11
0.45 5 7.68 10.14 7.44 10.25 2.14 6.84 2.92 8.1 233 7 323 8.11
0.5 1 8.82 10.70 8.2 10.89 2.02 6.24 3.15 8.00 2.08 6.27 3.13 7.99
0.45 1 8.82 10.70 8.2 10.89 1.89 6.12 3.22 8.00 2.08 6.27 3.13 7.99
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Table A.14 SIR gain, SNR gain values for red noise with head movement and continuous

adaptation

20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
SIR SNR SI.R SN.R SIR SNR SIB SN.R SIR SNR SI.R SN.R
Input . . gain gain . . gain gain . . gain gain
d SNR gam gam assen assen gam gam assen assen samn samn assen assen

driver driver P &P & driver driver p &P & driver driver p P &

er er er er er er
0.5 10 6.53 4 6.84 5.38 6.72 4.05 6.37 6.47 7.8 4.46 6.51 6.63
0.45 10 6.53 4 6.84 5.38 6.75 4.00 6.6 6.45 8.25 4.46 6.51 6.63
0.5 5 6.99 433 7.47 5.52 7.01 4.53 6.76 7.46 8.49 4.93 6.8 7.71
0.45 5 6.99 433 7.47 5.52 7.02 448 6.92 7.45 8.89 4.93 6.8 7.71
0.5 1 7.69 445 8.19 5.1 7.30 4.8 7.48 7.97 9.41 5.18 7.2 8.33
0.45 1 7.69 445 8.19 5.1 7.3 4.75 7.55 7.96 9.73 5.18 7.2 8.33

Table A.15 SIR gain, SNR gain values for red noise with head movement and paused adaptation

20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
SIR SNR SI.R SN.R SIR SNR SI.R SN.R SIR SNR SI.R SN.R
Input . . gain gain . . gain gain . . gain gain
d SNR gam gam assen, assen, gam gam assen, assen, gam gam assen; assen;

driver driver p g|Pp g driver driver p g | P g driver driver P 1P &

er er er er er er
0.5 10 6.53 4 6.84 5.38 1.01 1.61 0.8 3.15 1.34 1.81 1.46 3.13
0.45 10 6.53 4 6.84 5.38 0.73 1.32 0.38 3.15 1.34 1.81 1.46 3.13
0.5 5 6.99 4.33 7.47 5.52 0.12 0.70 -0.01 0.90 0.53 0.94 0.69 0.98
0.45 5 6.99 4.33 7.47 5.52 -0.28 0.29 -0.43 0.90 0.53 0.94 0.69 0.98
0.5 1 7.69 4.45 8.19 5.1 -0.74 -0.77 -0.57 -1.67 -0.29 -0.52 0.13 -1.55
0.45 1 7.69 4.45 8.19 5.1 -1.25 -1.28 -0.98 -1.67 -0.29 -0.52 0.13 -1.55
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Table A.16 SIR gain, SNR gain values for pink noise with head movement and continuous

adaptation
20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec

SIR SNR SI.R SN.R SIR SNR SIB SN.R SIR SNR SI.R SN.R

Input . . gain gain . . gain gain . . gain gain
d SNR gam gam assen assen gam gam assen assen samn samn assen assen

driver driver P E1P & driver driver p &P & driver driver p P &

er er er er er er

0.5 10 7.78 5.67 6.77 5.60 7.62 5.54 6.96 5.58 8.10 5.56 7.65 5.53
0.45 10 7.78 5.67 6.77 5.60 7.65 5.52 7.11 5.56 8.63 5.56 7.65 5.53
0.5 5 9.32 6.45 7.60 6.3 8.79 6.35 8.1 6.34 9.81 6.31 9.52 6.21
0.45 5 9.32 6.45 7.60 6.3 8.81 6.33 8.194 6.33 10.36 6.31 9.52 6.21
0.5 1 10.64 7.06 8.35 6.86 9.72 7.01 9.58 6.95 12.40 6.93 12.21 6.75
0.45 1 10.64 7.06 8.35 6.86 9.71 6.99 9.38 6.94 12.95 6.93 12.21 6.75

Table A.17 SIR gain, SNR gain values for pink noise with head movement and paused
adaptation
20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
I ¢ SIR SNR SI.R SN.R SIR SNR SIR SNR SIR SNR SI.R SN.R
d Snlfl)ll; gain gain galr; gamn gain gain gamn gamn gain gain galr; galr;
driver driver passeng | passeng driver driver passeng | passeng driver driver passeng | passeng

er er er er er er

0.5 10 7.78 5.67 6.77 5.60 0.65 2.41 1.72 3.38 1.03 2.75 2.32 34
0.45 10 7.78 5.67 6.77 5.60 0.33 2.1 1.37 3.38 1.03 2.75 2.32 34
0.5 5 9.32 6.45 7.60 6.3 -0.95 1.83 1.12 3.42 -0.25 243 1.8 342
0.45 5 9.32 6.45 7.60 6.3 -1.5 1.29 0.72 3.42 -0.25 243 1.8 342
0.5 1 10.64 7.06 8.35 6.86 -2.6 0.41 0.22 2.24 -1.56 1.28 0.88 2.21
0.45 1 10.64 7.06 8.35 6.86 -3.38 -0.37 -0.27 2.24 -1.56 1.28 0.88 2.21
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Table A.18 SIR gain, SNR gain values for green noise with head movement and continuous

adaptation
20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
d Input
SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR
. . gam gam . . gam gam . . gam gam
gain gain N asseng gain gain passeng | passeng gamn gan passeng | passeng
driver driver passeng | p driver driver driver driver
er er er er er er
0.5 10 7.54 7.88 7.89 8.00 7.41 7.74 7.22 7.83 8.66 791 7.52 7.98
0.45 10 7.54 7.88 7.89 8.00 7.43 7.73 7.43 7.81 9.17 791 7.52 7.98
0.5 5 8.60 8.67 8.70 8.81 7.92 8.58 8.16 8.58 9.89 8.74 8.35 8.75
0.45 5 8.60 8.67 8.70 8.81 7.94 8.57 8.40 8.56 10.387 8.74 8.35 8.75
0.5 1 9.86 921 9.43 9.33 8.47 9.18 9.33 9.02 10.76 9.32 8.9 9.22
0.45 1 9.86 9.21 9.43 9.33 8.48 9.19 9.71 9.00 11.17 9.32 8.9 9.22
Table A.19 SIR gain, SNR gain values for green noise with head movement and paused
adaptation
20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
Inout SIR SNR Sli SN},‘: SIR SNR Sli}; SNi: SIR SNR Sli':l SNi':
d STEINI; gain gain ga N ga N gain gain ga N ga N gain gain ga N ga N
driver driver passeng | passeng driver driver passeng | passeng driver driver passeng | passeng
er er er er er er
0.5 10 7.54 7.88 7.89 8.00 2.39 5.65 232 5.81 2.66 5.96 32 5.83
0.45 10 7.54 7.88 7.89 8.00 2.26 5.52 2.14 5.81 2.66 5.96 32 5.83
0.5 5 8.60 8.67 8.70 8.81 1.92 5.44 233 527 221 5.77 3.11 533
0.45 5 8.60 8.67 8.70 8.81 1.79 531 2.26 527 221 5.77 3.11 533
0.5 1 9.86 921 9.43 9.33 0.85 4.03 237 3.95 1.09 431 2.76 4.04
0.45 1 9.86 921 9.43 9.33 0.72 3.9 2.53 3.95 1.09 431 2.76 4.04
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Table A.20 SIR gain, SNR gain values for Hoth noise with head movement and continuous

adaptation
20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
d Input
SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR
. . gam gam . . gam gam . . gam gam
gam gam asseng | passeng gam gam passeng | passeng sam samn passeng | passeng
driver driver p driver driver driver driver
er er er er er er
0.5 10 4.9 5.99 5.70 6.16 4.93 5.92 5.33 5.95 6.28 6.1 4.85 6.18
0.45 10 4.9 5.98 5.70 6.16 48 5.85 5.51 5.92 6.76 6.1 4.85 6.18
0.5 5 5.62 6.62 7.1 6.96 5.42 6.67 7.09 6.73 7.40 6.82 5.29 7.02
0.45 5 5.62 6.62 7.1 6.96 531 6.60 7.34 6.71 7.83 6.82 5.29 7.02
0.5 1 6.69 7.24 8.8 7.69 5.86 737 9.58 747 8.76 7.51 5.74 7.8
0.45 1 6.69 7.24 8.8 7.69 5.73 731 9.85 7.45 9.09 7.51 5.74 7.8
Table A.21 SIR gain, SNR gain values for Hoth noise with head movement and paused
adaptation
20-28 sec 28-36 sec 36-44 sec 44-52 sec 52-60 sec 60-68 sec
d Input
SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR SIR SNR
. . gain gain . . gain gain . . gain gain
gam gam n assen gain gain assen assen gam gam assen assen
driver driver passeng | p g driver driver p g P g driver driver p g|Pp g
er er er er er er
0.5 10 4.9 5.99 5.70 6.16 121 2.79 0.1 3.19 0.55 3.54 0.73 327
0.45 10 4.9 5.98 5.70 6.16 -1.84 2.17 0.51 3.19 0.55 3.54 0.73 327
0.5 5 5.62 6.62 7.1 6.96 -1.90 3.35 0.08 3.33 132 4.02 0.41 3.43
0.45 5 5.62 6.62 7.1 6.96 2.57 2.68 -0.04 3.33 132 4.02 0.41 3.43
0.5 1 6.69 7.24 8.8 7.69 2.58 3.60 0.15 2.64 221 4.07 0.11 2.75
0.45 1 6.69 7.24 8.8 7.69 3.20 2.99 0.27 2.64 221 4.07 0.11 2.7
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