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FOR LOUDSPEAKER OR HEADPHONE PLAYBACK, to inventors Walsh et al. U.S.
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STATEMENT RE: FEDERALLY SPONSORED RESEARCH/DEVELOPMENT

[0002]  Not Applicable

BACKGROUND
[0603] 1. Technical Field

[0004]  The present invention relates to processing audio signals, more particularly, to
processing audio signals reproducing sound on virtual channels.

[0005] 2. Description of the Related Art _

[0006] Audio plays a significant role in providing a content rich multimedia experience in
consumer electronics. The scalability and mobility of consumer electronic devices along
with the growth of wireless connectivity provides users with instant access to content. Figure
la illustrates a conventional audio reproduction system 10 for playback over headphones 12
or a loudspeaker 14 that is well understood by those skilled in the art.

[0007] A conventional audio reproduction system 10 receives digital or analog audio source
signal 16 from various audio or audio/video sources 18, such as a CD player, a TV tuner, a
handheld media player, or the like. The audio reproduction system 10 may be a home theater
receiver or an automotive audio system dedicated to the selection, processing, and routing of
broadcast audio and/or video signals. Alternatively, the audio reproduction system 10 and
one or several audio signal sources may be incorporated together in a consumer electronics

device, such as a portable media player, a TV set, a laptop computer, or the like.
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processi ng audi o signals reproduci ng sound on virtual channels. 1000512.
Description of the Related Art 100061 Audio plays a significant role in
providing a content rich nultinmedia experience in consuner electronics. The
scalability and nobility of consumer el ectronic devices along with the
grow h of wireless connectivity provides users with instant access to
content. Figure la illustrates a conventional audi o reproduction system 10
for playback over headphones 12 or a | oudspeaker 14 that is well understood
by those skilled in the art. 100071 A conventional audio reproduction
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froma television's aesthetic design by not including a center nounted
speaker. This conpromse nay |limt the overall sound quality of the

tel evision as speech and di al ogue are directed to the center speaker.
10012] To address these audio constraints, audio processing nethods are
commonl y used for reproduci ng two-channel or nulti-channel audio signals
over a pair of headphones or a pair of |oudspeakers. Such nethods include
conpel l'ing spatial enhancenent effects to inprove the audi o playback in
applications having narrowy spaced speakers. 100131 In U S. Pat. No.
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[601S] In U.S. Pat. No. 6,574,649, McGrath discloses an efficient convolution technique for
spatial enhancement. The time domain output adds various spatial effects to the input signals

using low processing power.

[6016] Conventional spatial audio enhancement effects include processing audio signals to
provide the perception that they are output from virtual speakers thereby having an outside
the head effect (in headphone playback), or beyond the loudspeaker arc effect (in
loudspeaker playback). Such “virtualization” processing is particularly effective for audio
signals containing a majority of lateral (or “hard-panned’) sounds. However, when audio
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[00171 Virtual audio effects are |ess conpelling for audio material that is
| ess aggressively m xed for two-channel or stereo signals. In this regard,
t he center-panned conponents dom nate the mx, resulting in mniml spatial
enhancenment. In an extrene case where the input signal is fully nmonophonic
(identical in the left and right audio source channels), no spatial effect
is heard at all when spatial enhancenent al gorithns are enabl ed. 100181
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center channel signal, thereby creating a phase-shifted center channel

signal. Subsequently, the phase-shifted center channel signal is subtracted
fromthe center channel signal prﬂﬂﬁi%fight out put. Afterwards, the
phase-shi fted center channel signal 1s added to the center channel signal
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the right and left side channel signals with a first virtualizer processor, thereby creating a
right virtualized channel signal and a left virtualized channel signal; processing the center
channel signal with a spatial extensor to produce distinct right and left outputs, thereby
expanding the center channel with a pseudo-stereo effect; and summing the right and left
outputs with the right and left virtualized channel signals to produce at Ieast one modified
side channel output.

[0022] The center channel signal is filtered by right and left all-pass filters producing right

and left phase shifted output signals. The right and left side channel signals are processed by
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100231 According to a second aspect of the present invention, a nethod is

i ncl uded for processing audi o signals conprising the steps of receiving at
| east one audi o signal having at |east a right side channel signal and a

| eft side channel signal; processing the right and | eft side channel
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and | eft side channel signals with a first virtualizer processor, thereby
creating a right virtualizeci channel signal and a | eft virtualized channel
signal; processing the center channel signal with a spatial extensor to
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to a magnitude of a signal component common to the right and left side channel signals,



00291 FIG 2 is a schematic diagramillustrating a virtual audi o processing
apparatus for playback over a frontal pair of |oudspeakers. [0030] FIG 3
is a block diagramof a virtual audi o processing system having three
paral | el processing blocks and a spatial extensor included in the center
channel processing bl ock. [0031] FIG 3a is a block diagramof a
front-channel virtualization processing block having HRTF filters with a
sum and difference transfer function and the generation of two output
signals. 100321 FIG 3b is a block diagram of a surround-channel

vi rtual i zat{eo75] Pleesrdns tothind pket Bote ﬂ@sd‘imﬁ:nflbrl mfesns Woiitie@ abalidiosighal
difference transfer function, and ?ener ati %J]% vgﬁ) £ut1 Si naI S 100|331 FI G
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ext ensi on [HigMAE 8 sightGide ¢hanélisizgal} amdanefamcudamieirsignalf abimeesnsd‘t\fartédeﬁmg thd 0034]
FIG 5ais a dia an1of t atial extension. n Iock
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signal, the spatial extensor processing the center channel signal to produce distinct right and

left output signals, thereby expanding the center channel with a pseudo-stereo effect; and a

mixer for summing the right and left output signals with the right and left virtualized channel

signals to produce at least one modified side channel output. The right and left side channel

signals are processed with the first virtualizer processor to create a different perceived spatial

location for at jeast one of the right side channel signal and left side channel signal. The

present invention is best understood by reference to the following detailed description when

read in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]  These and other features and advantages of the various embodiments disclosed
herein will be better understood with respect to the following description and drawings, in

which like numbers refer to like parts throughout, and in which:

[0027]) FIG. la is a schematic diapram illustrating a conventional audio reproduction

playback system for reproduction over headphones or loudspeakers.

[0028) FIG. 1b is a schematic drawing illustrating a laptop computer having two encased

speakers narrowly spaced apart.

[0029] FIG. 2 is a schematic diagram illustrating a virtual audio processing apparatus for

playback over a frontal pair of loudspeakers.

[0030] FIG. 3 is a block diagram of a virtual audio processing system having three parallel

processing blocks and a spatial extensor included in the center channel processing block.



[00371 FIG 5d is a block diagramof a spatial extension processing bl ock
havi ng one all-pass filter. 10038] FIG 6 is a block diagramof a virtual
audi o processi ng apparatus including a center channel extraction block for
extracting a center channel signal fromright and |l eft channel signals.
100391 FIG 7 is a block diagramof a center-channel extraction processing
bl ock perform ng sub-band analysis. 100401 FIG 8 is a block diagramof a
virtual audi o processing apparatus having a spatial extension and channel
virtualizer in the sanme processing bl ock. DETAI LED DESCRI PTI ON 100411 In

tHg e foll ow r{g}:!iwldn i3pts m(}ockrumousa ﬁm@hztmafwiafﬁaiah@n Plo€esSifd bIb&W ﬁabmg
wever, it er st,0od t ts_of, the invention
practi ced vﬂ*ﬁ& tﬂ‘efsh"é‘iiba §"l5’é51?‘# iilgfg’g'é"tceﬂaf' er fupctign gag “‘Frﬁg'feéﬂt?éé’?a‘%%ﬂtp%novm

circuits, stigeeddures, and techni ques have not been shown in order not to

obscure the understanding of this description. [0042] Elenents of one

enbodi nent {032 hEG. 3bdntibbaek nikagrdoe of mhmﬂ-ﬁ:mﬂy\riM|m:& q);océisrngvmce

sof tware or ere

el enent s ofhgﬁM%ﬁggghﬁg%kﬁﬁ 41 an8dg§E °F“ppn ngﬁ’ g@§§§ﬂ?ﬁ%ﬂ?vp¥he code

segnent s t osigealf. or m t he necessary tasks. The softmare may i ncl ude the

actual code to carry out the operations described in one enbodi nent of the

i nvention, UO03EE. hiata sshamatic aiagovm Blusreting ¢ audisorp séecttdf spaial Thensionogr am

or code senggésgmggdgog %Q{e%ﬂnohﬂweﬁt&rtﬂqmﬁﬁ& or machi ne accessi bl e nmedi um
uter

or transmt by a co ta signal odied in a carrier wave, or a

- si gnal moduljpsRf FRy, s§ .E%rdcﬁa.agmﬁeanﬁe &,faan%meﬁﬁa oeegﬁhglﬂibcﬂ&%m&g' fcessor
readabl e or acce55|b e medi unm machi ne readabl e or accessi bl e nmedi unt'

may i ncl ude @Ry chrsmgl signal heing @Bme%hyoaf réght gl passflier andgy left plh pass Eleri nf or mat i on.

cont conduct BI3SAT 68 Boekfesar far Mo THEriBr Y LRy Wit | aoh nonory. an
r asabl a fl di sket tical

i ok hor OGP se i bt ren S1iE PW%SPEEP&SF%EG&%W"@WW Bk et o

{ranen 861 ol O RGrERE B AR L e Bk Brocrin @R R BRI g o r <

air, electré@itergnetic, RF links, etc. The code segnents nay be downl oaded
via conputer networks such as the Internet, Intranet, etc. 10043] The
machi ne acc 938116 ﬁﬁoﬁUmknthggr@eO’énﬁmmle@duorprmsmgtapmmusmclnama sotare. The

machi ne accgsshd! t

machi ne, cause é‘?ﬁgtdgﬁ%wﬁgﬁ d{a‘g“? #’Hg? gﬁ%%g%ﬂgaﬁn%ﬁﬁgg@r [ %@?gﬁ laé{at"ﬁﬁe
fol | owi ng. SBelserm "data" here refers to any type of information that is
encoded for chi ne-readabl e pur poses Therefore, it may include program
code, dat a, lqré? FIGT 18 a blosk Aieerap of asenterachanns] extiactionipensessinailask Perfsmingyent i on
may be inpl ajEgah@ghaliissof tware. The software may have several nodul es

.coupl ed to one another. A software nodule is coupled to another nodule to

receive var [(aR0]eRIG. pas abRick diagraay GRUAIRUS, aufioi piécRistng Bbaras sy a batigener at e
or pass results gﬁg%t ed. var |labl eﬁF g.gl nters, Eéﬁ%’f& A software nodul e may

al so be a sBIFRE atng) vigpatizerin e sorme procepsiy with the operating
system 'tinning on the platform A software nodule may al so be a hardware

driver to configure, set up, initialize, send and receive data to and from
a hardware device DETAILED DESCRIPTION

{0041] In the following description, numerous specific details are set forth. However, it is
understood that embodiments of the invention may be practiced without these specific
details. In other instances, well-known circuits, structures, and techniques have not been

shown in order not to obscure the understanding of this description.



(0045) One enbodi nent of the invention nmay be described as a process which
is usually depicted as a flowhart, a flow diagram a structure diagram or
a bl ock diagram Although a bl ock diagram may descri be the operations as a
sequential process, many of the operations can be performed in parallel or
concurrently. In addition, the order of the operations may be re-arranged.
A process is termnated when its operations are conpleted. A process my
correspond to a nethod, a program a procedure, etc. [00461 FIG 2 is a
schematic diagramillustrating an environment in which one enbodi nent of
the inventi [9942ZjaBleentpohicic antibdimehe ooty iifeiitinhay BE inasentediy hasdbargudi 0
processi ng r at 26 confi ured to reSive Iea aud 0 source

si gnal 28. ﬁﬁrﬁ»@amﬁ‘%w@:&%@ gR%pation ti?%fﬁ(’fbe“gﬁ? %f“(?mﬁﬁ?dﬁeff’ WYehthgs a
mono si gnal elemeras pfvar enlnbmim&ént $)f gmaireséauﬁ%nﬁ&m fire rébﬁéhttally rtﬁ:b’odefseg'ﬁénts to

br oadcast). th i nc %; de, channel signals

Uty Rl PR G AGRREY G M shs i GSHER b Rl it BB b o LF,
RF. Alter napmioys destrébed indone esﬁoﬂnmmt&fgmanhveﬁt&nmy:ohﬁhm ailuldtds-oe Bianteds si gnal
(such as a n clude a.cen hannel Si /) and
four side chan dt?elaﬁ(gshllll‘gn 35?%%;{:?)09(: E(FFTRER %gf‘f ?t‘i’f‘)@ﬁ*ﬁ d°'f'8?°gF ayback
over a sur r a¥nassibloometiurh outdmpreittkdby acaneppter ti:lta sngnapamlbcelﬁddélda tdreiér wdve oaudi O

Spur e, 0Tk Q5% Bl T3, £ ki I HE ol B 3.7 "

processes adsessibiromediem’ éorghla!htsne&adablemr@chassﬂnlamdd:mnb ulap irichele gmainsd:(&ﬁa 30b
for playbac o sQur 28 ma
_ pl aybaci,pa6s eo HARR ﬁa&'(?{agsn g dﬂa&%% oﬁfa%rplep‘gf B BloResse? ﬁeag? I cﬁ y

be a mul ti -channe di gna nmance
| oudspeaker ichide anglectnanid cineyitt hesmidopdustee memu'cdowas atrm oslyamhwrgi(R(ﬂ\AIL a

| oud Kk LS (Left
Sur r oundy - Tiftors i el KOM EROND bibel Wik ERRRALTS (CBARARR 05, [ Ch
Surround), SMicplsdisucohed diskrnefiter apitamediug, 3' radio frrapenak RF) digloietc. Thei s
provi ded bycohte? da® X@ha nfa ?rﬂ:ﬂldQQﬁy 41#&3] ﬁ'lgttéaf?grggigrﬁtetomge Con {sgon n dn

contenpl at ed that aud| 0 ou EUt st gnal s I gure
si mul ati ng S a8 elepteamic rstwork chanpels.’ OPt“Fﬂbtﬁb@tﬁ)@akéﬁctm&l}mm.ﬂﬁbh@@em e'ﬂwas

‘nue, wher ecdgel n‘ielﬂ{% ity HR Qb wibadd® Vi cﬁﬁ%ﬁtﬁj Helviofs sﬁmw lﬁteﬁ'ﬂp hgrahcst &de

nunber of s vvoo er (of Low Frequenc ancenent) channe ternatlvely,

the audio o tT@l"g"ﬁ%ﬂf‘%a"Bﬁfa‘blemlmva!bbﬁ W'Ué@é%ﬁ' Frtigle pf mynyfasuro VB a pai r
of headphongfiGchire acdR08R Incliligh Mby fndRlle aeuai u{a: Wh@&ﬁ‘é&dsaﬁbya{) Hﬁélﬁﬁél &@@m@ as

vari ous Conver};tl onal processing neans shown) wh A I ncl ude a
digital si gRarhingtgpeduny he oprratiop éﬁﬁct"?fddf‘ @etfalio“aw iThe FeﬁB ﬁat%lrhf“b@fepﬂﬂ
interfaces afdtypebDinforMmbfhala i SicolidiefoP hAbAktereRfable PURREAR! ThdrdfBEER MaPY dat a
and of procesFl n rogr%m i nséructl ons.
ude grogram cade, data, file, etc

[0044} All or part of an embodiment of the invention may be implemented by software. The

software may have several modules coupled to one another. A software module is coupled to

another module to receive variables, parameters, arguments, pointers, etc. and/or to generate

or pass results, updated variables, pointers, etc. A software module may also be a software

driver or interface to interact with the operating system running on the platform. A software

module may also be a hardware driver to configure, set up, initialize, send and receive data to

and from a hardware device

[0045] One embodiment of the invention may be described as a process which is usually

depicied as a flowchart, a flow diagram, a structure diagram, or a block diagram. Although a

block diagram may describe the operations as a sequential process, many of the operations



100491 The audi o output signals 30a, 30b are directed to a pair of

| oudspeakers respectively labeled L and R FIG 2 depicts the intended

pl acenent of the |oudspeakers LS, IF, CF, RF, and RS for a five-channel
audi o input signal. In many practical applications, such as TV sets or

| apt op conputers, the physical spacing of the output |oudspeakers L and R
is narrower than the intended spacing of the LF and RF | oudspeakers. In
this case, the virtual audi o processing apparatus 26 is designed to produce
a stereo widening effect. The stereo wi dening effect provides the illusion
that the audinbepedortks in gafdllel @rdnddfréitly. Braddisibes, th‘:d@d&ra)mierotpuaﬂnonpaiap bof

| oudspeakers | ocate 03|t on er.cei ved t hat

sound enanarteegga’fgrcgn‘?‘v‘?'f’?e Lf® S eéirLWheﬂ'ogﬁ f’?eéa;g g ctoﬁr@?éfeﬁt End8HST BR4ti on of
t he speakerrregpoud rdmméthddompisgeakepromyrcbm posi ti oned at any | ocation on

Lhe Sat o hgiost Aeenit N g AT SRRROTLEe SUABULY, ..
any per cei vefdthp dsicttiomncan &Oﬁmcd:oﬁhaeﬁurmmnmammes auahual sulis pexcesigpal 28,
the virtual e LRkleR tnat
audi o channdl Mgiu“gr?efg'?@i‘f L %@E&Q Ple H% Eéfﬁgg&r{rﬁa%at %sgm ouglsp%g ers

| ocat ed r espged 2§ ednybeany |aod;o signat sucBfes aln®nasgntSr altvk-ebinsd signaldsuwhahannel

sionals Ol bELT) T9Wh) ARV chiBShE EA shARIBRUE chEAR gl

| oudspeakers T ocated respecti've
wel | - known £} RECHntended tﬁ@'s@ybécmwranmmﬁ?omd iewslapeakeasiLih \RFa pyterraticply,

transf or mat

nmeasur enent {gQ%ﬁd.& Qm'tf{%m ﬁsomb ﬁh g"lrll'%ngl ég}'igsrlﬁéh?% Ae'ggr“q%gog'ﬁ%@@ af1r ansfer
functi ons, mludmebnmelcm@l stgndr@‘f(léranmsrdmi@nr(eHMjs LSOy H R8I B¥8s to

t he frequen ggp‘q sed on
t he sound e%ﬁgétal n ?ﬂon‘%tdggﬁa%%% ngsagjbotrlgg@g&é zﬁgﬁgﬁ'ﬁ%ute ﬁ{tg\egg@gstl C
di f f ract i onsoxycs signa t2ﬁelwluid93tvél¢e$t adefreharnel signal EF(O@nd & right shangelsizarl RRr y
source fromany direction yields two assocjated HRTFs (one for each ear).
It is | rrporl('aﬁ'?' 1 Ths vipua audig: Pragsstings anpaselis mif erygetswualpéomeawam@ df using

t he HRTFs fﬁro&fé@ a8 loutplitsi FRB 308,298 For ﬂswaadb%f fhudipeARH dra@MPhdHet.z8d) HRTFs

are used. y, a theoretical a,pproachgl?gw SI cally or psychoacoustically

based, is i Solree 3gpal ¢f AgY hommb-Jrgnghil epgeddor ReRfQrmanrCOGENLAEY | zabl e
to a large SERIRPEakEE 14 fsenmamhaﬁd Rstoner] Q6thlak (i Qandasdl 53t esudipelidl Rayout

Cont ral at or APoRRRR IR atiribe uesbam INERars 488 SHaomdh Ll diny. O 1eeres

denot ed on {EefiePFdng, RIS(Ri gt Fank), RHIEght Spsound), smatSub{Ra*&erj OThetskupddrd €01 | ef t

or right physical Iouds aker ations; Hoge :,co at HRTE for the
ront 1ot § IGBBFRg ) OF Bovidst BE aRRL Bl a0f BRGImiaiRn. Ths [ear kR aerr
for thle frocdntch@id:ed?hat f'amﬁblbtfuylltﬁsigualé ?anmmehabnﬁ@wtf?ﬂmmgthﬁm{( source
contral ater E,.for . t on eft o t virtual |oudspea

ocat | ons: (VIR Plishorker [pom ergreepiRl of P RS 21 BF TR, o0 MR a

| oudspeaker (shtelthwt) ichemels and » i€ ol numhint of shbwdBiEF (droruow IFeeqgaancy @uhnicérma‘nt) or
right virtu ud cat j.ons HRTF f r fr.ont ce irtua

| oudspeaker TBIER | SICTEH el e AT By diEngli 0 208 e SRR SR e AOBAET g o
processi ng aeyzpapdit efheadphoneed2.a symmetrical rel ati onship between the

physi cal and virtual | oudspeaker |ayouts with respect to the listener's
frontal di r9848]dibe viuehaudiogyomsingiappdratussloctias yarions gonventiona peaeessing gneans

posi tioned t he
i o 1 maget Py gLk A ol il ER pedsNE <bincA0FG oG *’*4‘“’#
changes in e iperices @wismvmrv stooage dprsthe starage REtempavsbt pr?:@a-’rm& éﬁtﬁa?ﬂ ship. A
synnetrlcal vi ded by way of exanple and not limtation.
In this regé?§£§gége soﬁniéﬁ gd inthe art will understand that the
present invention may extend to asymetrical virtual | oudspeaker |ayouts

i ncluding an arbitrary nunber of virtual |oudspeakers positioned at any
percei ved | ocation on a sound stage. 100531 In an exenplary enbodi nent of
the present invention, the intended outfut speakers may be headphones 12.
In this case, the actual output |oudspeakers L and R are positioned at the
ears of the listener. The transfer function Ho, is the headphone transfer
function and the transfer function Hoe nmay be negl ect ed.



100541 Referring nowto FIG 3, a block diagramof the virtual audio
processi ng apparatus 26 is shown. The overall processing is deconposed into
three parallel processing bl ocks processing audi o source signal channels
28, whose outputs signals are sumed respectively to conpute the final

out put signal L(), R(1). Each audio source signal 28 is virtualized thereby
providing the illusion that each source channel signal LF(t), RF(t), LS(t),
RS(t), CF(z) is positioned at a different predeterm ned position in 3D
space. However, to provide the intended spatial effect, only one of the

side chan nefﬂﬂﬂ] e laddid- E&t?ﬂt:sl%g Boa, 30674k MirecRIGWD aipdir lbﬁﬁkldéb@eﬁier% Gesp@tively

virtualized. Various virtuallzation techniques_for surround |oudspeakers of

a 5. 1- chann@beledfsandR-oF18. k deRipts thp intgnded-plgcempny of thedoudsnepkerslS. LRCH. & ) ang
RS(t) channglgRefor a fittechansde! Sudid 1ﬂﬁﬂ dighil Xlnmy%cbtamaﬁﬁl@dtlloﬁs, Ell’cﬁG@l;V@ds SO as

to create virtual sources wth t HRTE corres er}% ﬁ JS)RrOX' mately 110
degrees fr ofh AP FORRItery theaPhypied! seacs of thrcouhiyt 5t v 3RS~ dF PHRS ur r ound
| oudspeaker ghn tHeGRerded EpRidgel Tike CRARDRE Md&ﬁdalﬁérs Z B hdncapy, AeERuangudib ock 34
processes the front- chann%gmlq gur ce, audi nal

sur r ound- c hBFAPRETING, APRALALYS] FHiegrh e 2PHY BiSbEe ‘s*é'elar'%ﬁ?@)g%es ‘ﬁehém
surround- ch@iuemihg effset ﬁ@vﬂébdllh@ ilFukign @lat malaﬁdié. Sighals LRB(dn)l RFTHemanertfexm ghannel

virtualization proc ck es ent.er - channel source
audi 0 si gnalirte# Py ¢ of {?’B%fgg"f‘ 8‘7‘ 'ﬁgi"ﬁg’ﬂﬁ ﬁﬁﬁeé’%@?’ 'to'flf’ﬂﬁ?vegﬁl%m”“d

cent er - chan&fdnaték gbma«hrtﬁbdpbﬂd&rsﬁ:bﬁﬁﬁﬁa htte iﬂteﬁttddrlaﬁnmagf thmqieakds aL ditgabal
..attenuation of 3 dB. For a.he e out t L ter n

“virtual i zat |o8f5P S‘EB%VskferFQS'B? ?Fﬁ‘y‘m CE'Bf'éyspﬁ“ gtstage CIP%E "5’5%51! 4 si gnal
CF(t), defi ambniplatddr thas b@dio fsunea kighald 28 fridy HOj:ﬂoces{sﬂD&?}:mEimieefrbmn'gmmlJW to

FI G 3a and, 3h bl ock di agram.depicting a preferred enbodi nent of the
front-chann'é’f'dﬁi?f"%mgﬁar"faf'icﬂge‘%”f)'g%rgsi ng bl ock 34 and of the

onbodi mant | TBTHE LAMLES AR RUAE AaR 50 R AR b hrod O aneliR BE ST
Wi th respecprodwes e nercsptmmelhhtsaddroodtamel dignals GFah. LSm@nbl&sﬁksmmmﬁ?m HFDI FF,

p e N ik LA o MRS
Hoc] ; HSsunsignafs €Es Lfgeland RFpbimay Hesciferceivgbiteemandte frgm. omiss@qwrﬁ lagated [ 0058]
Referring b&e&cﬁ&lﬁt sttionk € Eﬁ%ﬂ&FCRQQWI %bm. H@Jhe ZRMARD IO na el S

fol |l owed by @ spati a?oextensmn processi ng 0 (or spatial extensor,
descri bed |th%f¢ft hie appigingjttangfesmatipns tﬁr‘b@l@@d'ﬂgnﬁu&\élgﬂ?l%#d@ﬂ"ﬂ N AGFORY out put

signals fr Ome& rhiagth & %pﬁ??ﬂatldﬂ thheslogaﬁéakg%le)n aébhﬁlc%gfelaﬁﬁ&ﬁmg%ﬁt ereo

effect. A pseu O-stereo effect converts nono sig to a two-channel or

mul ti - channHeaddiglatesk Transfpn Hpnctionsd HRAY)- s‘b’ﬂé&ﬁf Frlptes ‘?Tﬁ‘ﬁ &egliegﬁhqu%ﬂf‘lg'ﬁé@ea

two- channel ¥ o fPihidt AFRARBR! that laRGGposed on the sound emanating from any sound source
and are attributed to acoustic diffraction around the listener’s head, It is contemplated that
every source from any direction yields two associated HRTFs (one for each ear). It is
important to note that most 3-D sound systems are incapable of using the HRTFs of the user;
in most cases, nonindividualized (generalized) HRTFs are used. Usually, a theoretical
approach, physically or psychoacoustically based, is used for deriving nonindividualized

HRTFs that are generalizable to a large segment of the population.

[0051] The ipsilateral HRTF represents the path taken to the ear nearest the source and the
contralateral HRTF represents the path taken to the farthest ear. The HRTFs denoted on FIG

2 are as follow:

10-



[0059] In frontal |oudspeaker playback, the resulting subjective effect is
the sense that the center-channel audio signal CF(t) emanates from an
extended region of space located in the -12- vicinity of the physical

| oudspeakers, as illustrated in FIG 4. The resulting signal CF(t) is thus
spread out or dispersed, thereby creating a nore natural sound perception.

I n headphone pl ayback, the resulting subjective effect is a nore natural
and externalized perception of the localization of the center-channel audio
signal. The subjective effect is an inproved frontal "out-of-head"
perception, therppypsithteaDARTR (br heTRATION ockighnblaeikalilsudogaktp feawnpl ayback.
100601 In FIG 3, the center-channel virtualization processing block 38 is a
si ngl e-i nput, siHglconealdtg@altHRTT foethe fohiUsft ortrighphlysicdd doudspeakenloestiond; 0 nodi fy
the process of FIG 3 by first applying the spatial extension processing to
t he i nput si gnalfdChHpdilaterabHBTE frethefppt left ngrighe pirezl-lokispealedr locatidnssal | zat | on
processing identically to each of the two output signals L and R of the
spati al extensi dfr proocalgeriidgRBF e the from0s ar rigbiwirtedl doudinseker locdtio®: 5a, a

bl ock di agram of a spatial extension processing block 40 is shown. The

sour ce signal CHst:)ipsiate”bHRTF fosths speqund Jeftcpr righfyirugllopdspeakerdepations) | | ¢

whi ch are processed by distinct all-pass filters APFL and APFR _An all -pass
filter is an el &t roRTateral HIRTF fopthe syrpundleft or pelyt visyaldpudseraker dopatiqng:,  put

changes the phasge tglationship bet n various fregquencies. Thus, an
all-pass filter aﬁaw JI itg‘g't &f%%ﬂﬁ@ﬁ%ﬂ&@%éﬁa@w?@ﬁ'&% farhe fYa8™h si gnal
and/ or varyl ro ti,on delay with frequency. All pass filters are
General Iy o e IBRECE R baoGsHe Atprpr BRI E el Bippin heed o
a process, the phgicahandi vimnahddulispaaket Rgtitd tvithl raspacs ioothe dibtetdn’'s foniaydietiorsi gnal
to i npl eneny,. 0 . filter. Th . al.s sed . n m xed
phase 11t ot R asE AR Rershoni e s FofieR eltEH i BRI o
response orspeskeunsh gl ¢hef dudivemagenisalirectionallyl elaheddt d isntontempiated bt shghe nt

i tud 0062 i . t . i . f
erod nent - Spnen 1 ppelpRnibad FlIEhd: AoROHE Loy Waidhelth 01 cnAGHAT O 20
al | - pass fitetationshiphis progfieddysvay of example anid nod imititiom fethisregaTdya peusen skilled oduci ng
a tine del gié 1319aﬁhﬁll%@érgténdfggmﬁ@lﬂré&grm%n%r{ {‘néye el ¢ @tﬂn?rletr &l Mudength N

i S express I'n sanpl es dendtes a posi or negative |l oop gain such
that its nolgndspeater lpyputs incl@ling an 4rbitrpy abmbered virtel lopdspeakensipasitianzd 8oy on

processi ng bl ogk, 163 oh 4ShHid&age di fferent digital delay length N for each
al | -pass fi trer Ag’lg?tomoth a efag‘i/ time duration between 3 and 5 ns.

Hovever, t hjo53)aR 48 efdmpldryBmBotimt O tHerddett ilveh SR A ihiende@ oliipli dpkdkes as the
time duration may be determ ned according to, varioqus paraneters,

may be hieadphones 12, In this case, the actual cutput loudspeakers L and R are positioned at

the ears of the listener. The transfer function Hy, is the headphone transfer function and the

transfer function Ha. may be neglected,

[0054] Referring now to FIG. 3, a block diagram of the virtual audio processing apparatus 26
is shown. The overall processing is decomposed into three parallel processing blocks
processing audio source signal channels 28, whose outputs signals are summed respectively
to compute the final output signal L(), R(1). Each audio source signal 28 is virtualized
thereby providing the illusion that each source channel signal LF(1), RF @), LS(1), RS(1), CF()
is positioned at a different predetermined position in 3D space. However, to provide the
intended spatial effect, only one of the side channel signals LF(1), RF(1), LS@1), RS(1) is
required to be virtualized. Varjous virtualization techniques for surround loudspeakers of a

5.1-channe! system are known in the art. In some systems, the L5() and RS(1) channels of
-14-



[0063] Referring nowto FIG 5c, a block diagram of a spatial extension
processi ng bl ock 40 according to an alternative enbodinment is shown. In
this enbodi ment, the difference between the L and R output signals of the
spatial extension processing block 40 is produced by addi ng and
subtracting, respectively, to the audio source signal CF(t) a del ayed copy
of itself. It is preferred that the copied CF(t) signal includes a tine
delay having a digital delay |length between 2 and 4 ns. For a given digital
delay Iength N, the degree of spatial extension is determ ned by the

scal i ng facherny s Rix MAEbSERANY fredeted §o am cgﬁib%l&ﬁ:ﬂdoﬁ@&s%di mg to the

mul tiplicatjon factor haV|ngtherat|o al b. IS preferre t ha ratio
a/b be conpiREEgoTEsPeming fparproximaly | if}deeress t‘at’m Hisieant o eith ﬁ@lftﬁ@ﬁ gnals L
and R can brc&RASHR fiRBuidQoudiieaikrd)Nat of the input signal CF(t) by
inposing the rule: a2 + b2 = c. It is contenplated that c is equal to a

predet er m n@US3]OTw! fidkt-chdnheli ﬁnﬁﬂtn@ét&hr;gﬁbe‘sslmgt blecki 34 (pqmadsest the affcntrclchnkei 5.

o ocess no. MRS S4ER araRy: R5hn i PP RoReL BB SRRy ent | on
i s shown. kaéprpé@ﬁb@ﬂﬁelsﬂ@oﬂhﬂ&hﬁm&lfsoﬁic&udﬁﬁmg!&} pﬂildl.ﬂ‘(d) GTF(@yThecﬁn&c-blﬁagnil he
delay unit 4

Vi" tl @fg% cee centrcg our utoSinpéﬁ)filter I's
_?_Epl i ﬁgsteos i c’t"t'f’ﬁ?"é?ﬁ”g g5t Big 555 SSENEH ?’tnecf 5 F'81° CHEhTie ?‘i gﬂg!n
The Figne. olR0thFS: SRAMEIoaRRAF byl MRELenls Rl kRO 0L Pockisg 1L 10)

- produci ng thxey hsﬂttdcmslgnﬂ attdvinationt ofoh dBof mehgpmmalouemt dhes panterghasudssi ng
bl ock 40 nm Wi e i put ,

oi ngl e out pAriapEB SRRl a0l ko e sBuBPSLUFCrE) WBh it

si ngl e-i nput@n?»ﬁcrﬁgb@nddffwﬁm}al | - pass networks may be applied in enbodinents
of the spatial extension blocks described in FIG 5a or FIG 5d. These

met hods i ncl998d Refesingmavgiod1Gs 34 audi3bya blpckdingram Pepiating g|peeferred gmbodiment

si ngl e- out pyf 4@ lroR@chandE LREISEN HrQResstiigPbRAL N £Hd oSk diRdhindeand@! ay
unit in an all-pass network filter with_another all-pass network. [0065]

Referring n¥iuslzatanprogssingidackap ieyhowa Fhnpressnt erhedimentassymes symmetiof

center- Channﬁlphyéléat B h&@&l 'l&ﬁsﬂ&&l&? %smmmsdw@e&uknxs@ﬁmrmw d@&tibe shown.
Thi s enbodi ment g{ge erred when the audi o sourc 28 does .not

i ncl ude a di E‘E:PB’FE" sinte HForma ifspves fgnEPoieFEpTpsenia %B%‘ﬁg"é‘?" Ernsfen dinclighsy act i on
processi ng Blfeld redfeciivelyi siserted prior to the front-channel virtualization
processi ng bl ock 34. The center-channel extraction processing block 44
recei ves the froHFqghaniel+ i QniHy PHLN; denoted LF(t), RF(t), and outputs
three signals LF', RF and CF. The audio signal CF is the extracted

cent er-channel alEy& si(dhat HeWh[id-Hdd+ contains the audi o signal

conmponent s that are common to the original left and right input signals LF
and RE (or ' centﬁﬁsyp@hé’d‘*)fiscmwmadd&b signal LE' contains the audio signal
conmponents that are |ocalized (or anned”) to the left in the original

t wo- channel i npuHStsﬂFgﬂéWs:(-Lfﬁ;]HE)? ’;%c]n larly, the audi o SI gnal RE' contains

t he audi o sign conmponents that are |ocalized right
in the i npuﬂo%§ ferf(“glbach'«’E)FIG'ﬁhg‘et"FH‘?fé’ %h‘é\"%"ﬁ'@“’“ gl’%f iywedg}y@ t hen
processed | @patameex&aﬁlsn Shg BIScK 40 (ohaiidl lektdibor, ausdheeduﬁ BRI Iﬁlh@@,r at us
26 of FIG 3. (ptional t he %tract ed cerf'lter chaI %I Enal aléi%
conbi ned adBf"E‘F‘U%& WW'?Wchadi“? LPWPY Stengls fromamies e’?'i‘ﬁ'j'ﬂ? P signal &y - so
that the sagRidig & pstud@siehe® efféch.C ASpiclidd- a@aﬁéﬁcu&n&&tsrmmoab signdlao ertpboyed
for proce55| gultl-ch nnel i nput s#g]?a S tha(tj | ude an!orrgg al

cent er - chanff naplti-chesels UK, Signak dhareby Srres ‘f—‘?ém?m HEBY SERH alPam of
an enbodi nemhamélothﬁltmmrg@aannel extraction processing block 44 is
shown. The audi o source channel signals LF(t) and RE(t) are processed by
opti onal sulpasahdn &mahl)/lsincsp@kagﬂ@bdﬁa;hﬂadultimisutﬁcwea:cﬁﬁqybi%h*t fepsesthayrtbed s into

bands. In oSBURRRPCRpi oA AR ARGR G BUEREA Relth T SRl ERIRT™Y o))

the center-channel extraction process id%*performed separately for each
frequency band, and a synthesis block may optionally be provided for
reconbi ni ng the sub-band out put signals corresponding to each of the three
out put channels LF(t), RE(s) and CF(t) into the full-band audi o signals
LF, RE and CF . In one enbodi nent, the center-channel extraction process
is performed by: CF kc * ( LF + RF); j0067] wherein kt. represents the
scaling coefficient for the LF signal, kR represents the scaling
coefficient for the RE signal, and kc represents the scaling coefficient
for the CF signal. In one enbodinent, the scaling coefficients let , kR
and kc are adaptively conputed by an adaptive dom nance detector block 48



M=1log f | LF+RPIIILF-RF12] 10068] Now referring to FIG 8, a bl ock

di agram of virtual audi o processing apparatus 26 according to an
alternative enbodi nent is shown. The spatial extension processing block 40
and the front-channel virtualization processing block 34 of FIG 3a are
conmbined in a single processing block. The spatial extension processing is
applied to the output of the filter HFsum which is derived fromthe sum of
t he audi o source channel signals LF(t) and RF(t). A delay or an all-pass
filter is applied to CF(t, thereby creating a phase-shifted center channel

si gnal . TheViﬂhﬁ? efaialphpml Radupeikers a3 nMetrated GG, 4. The RGBT Sghal CP'(?) F(t)
produci ng t g t out phase-shi fted c?nter channel

n
added to CF d’HE‘?’rﬁ’g‘P?’FFé’ 'Flérﬁw Fertipe e moreaturl pquad gsfesptioy- In Ea%ﬂ“tjﬁt and

left side cpapmek, thd @ﬂﬁdﬂfg sabjective O Retméry nHEﬁVEﬂqxteﬁmﬁie@%fé&:@nfof theer ed
di fference |%nal The flltq{ed di fferenc 5|% i s sunmmed mnt£ th
phase-shi ft E°(§ (et R cAET agnel, udio signa Sublgciive stiegh s AndmBERFhE

det ect or 48“amal-heudapdryepfish, theieby MiRaliRol @mnh dePdhdkdh hédpions plavbadiccor di ng
to the inter-channel simlarity index M Optionally, as in FIG 7, the

I nput si gnaf60)Fnt r;‘IGaBn,dthRE(mtgr-ohmnebartpaleatmnopm&mtg hlyckals isa bmgld-:mal ysi S

bl ock (not and e out S y Q
processed b§lnqmueﬁp%§sers£h%ﬁ) {‘%Qer &6 el nté) rggcg%b%?lﬁmglesér?gllzzg |31t q?'ﬂl | - band
si gnal s. 106ﬁ9ﬂji‘r¢1¢epmtml| exwhaomprem:ﬁg theheanput sigmal By (hapd then epphyingd @en@nd f or

pur poses of I:‘Jnhéﬁh{ﬁfda\‘gn gmée “igi’r“e"ﬁ“’% Ry omggw%& Lal&ﬂ%n?ﬁezﬁ{l)el ved

-invention only and aré pr cHlse of "prov |ng

to be the neptialexwhiibn proctssirgddicky under st ood description of the principles
and conceptual aspects of the present invention. In this regard, no attenpt
is made to $H06H New rafurtingiodIG Sar hblogh diagsam of mspatialiesiengion pronessingchieskld0t han i s

necessary ferspbhe Wﬂﬂt hefgggg d#@ﬁ'?{sﬁl wlgﬁaﬁgném%ut%&fgﬁaﬂ L RV@H{c?Q‘g | t he

description taken wt aw hgs apparent ‘to ose sk n the
art how t he PEsesssddly dl%m#@llwps&ftl\tem@l’@s afd APRwefvt plbpaspfilferpeansidsiranie fltgrn

practice. afl Mgesvmmfreﬁl&nﬁésaéc#m@ ib%i chang® FEIRRY ERlioRKiBORANR YaAbi O

signals conprising the steps
frequencies. Thus, an all-pass filter may provide a frequency dependent phase shift to a
signal and/or vary its propagation delay with frequency. All pass filters are generally used to
compensate for other undesired phase shifts that arise in a process, or for mixing with an
unshifted version of the original signal to implement a notch comb filter. They may also be
used to convert a mixed phase filter into a minimum phase filter with an equivalent
magnitude response or an unstable filter into a stable filter with an equivalent magnitude

response.

[0062] Referring now to FIG, 5b, a block diagram of an embodiment of an all-pass filter
processing block APF is shown, The all-pass filter APF includes a delay unit 42 denoted as
Z™, for introducing a time delay to the center channel signal CF(t). The digital delay fength
N is expressed in samples and g denotes a positive or negative loop gain such that its
magnitude |g| < 1.0. It is preferred for the spatial extension processing block 40 to include a
different digital delay length N for each all-pass filter APF, with a delay time duration
between 3 and 5 ms. However, this range of time duration is not intended to be limiting, as

the time duration may be determined according to various parameters.
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receiving at |east one audio signal having at | east a center channel

signal, a right side channel signal, and a | eft side channel signal
processing the right and |l eft side channel signals with a first virtualizer
processor, thereby creating a right virtualized channel signal and a |eft
virtualized channel signal; processing the center channel signal with a
spatial extensor to produce distinct right and | eft outputs, thereby
expandi ng the center channel with a pseudo-stereo effect, further

conprising the steps of: applying a delay or an all-pass filter to the
center ¢ hanmliS]SRQE}ﬁhg ndgy IHCVScCE SREN Niggran Bhﬁﬁﬁmﬂ EktEﬁsﬁﬁl ;ﬁ&:@§sﬁfg bideramel

si gnal ; gt racting the p E@e shifted ceni cha %nal fromthe
center chan?'?@? e gRaA" 8"}9}"566‘3 dimpent iy ghopmou{pihtis em d"& ence

phase- shi f t BaweankeL and RGP ssgngil af the QpaﬁlthxQEMrﬁ;Bm@BﬁWbcdeﬂgﬁﬁﬂodﬁc@d produce
the left 0“#,,}3 fine] scaling t nt ei‘ l{}i(aémnel ;ggqogf,}?@ f at | east
one coef fi creft®@f" ﬁ"%‘@f‘&gh{eﬁﬁgmﬁ Yo L 08 PYALY SRS Here ﬁa‘ﬁaﬁf ¥ 8hsi on:
ang ) lsu][méc!fg Ittthprefeh@lﬂhmaﬂﬂé lﬂlpied\MWd)l sigi inciugétta tithe de:lh?ﬂhhilﬁﬂla digag l&ellay 3' gnal :
and the le t t w,t the left virtu e gna t o uce at
| east one n%ﬁ@%‘l bg‘év °gh e éh‘gﬁ‘ﬁel IE‘ISLiat M a-l'f“a%#?@gé gﬂbﬁ’ S‘T ﬁqgéﬁ"anfp erein
the at | eastxtansiondoddtérmiriedrtly ths scdRgefattorse arklys. MTHet scgling Cfadiore aref gaéraed a and
b verifyi ngac%%rgﬁ\g?d the multiplication factor having the ratio a/b. It is preferred that the ratio a/b be

comprised within [0.0, 1.0]. The total power of the output signals L and R can be

constrained to match that of the input signal CF(1} by imposing the rule: &®+5%=¢. Itis

contemplated that ¢ is equal to a predetermined constant. It is preferred that ¢ is equal to

around 0.5,

10064] Referring now to FIG. 5d, a block diagram of a spatial extension processing block 40
according to an alternative embodiment of the invention is shown. The processing block of
FIG. Sc is modified by replacing the delay unit 42 with an ali-pass filter APF. A delay or an
all-pass filter is applied to CF(r), thereby creating a phase-shified center channel signal. The
phase-shifted center channel signal is subtracted from CF() producing the right output. The
phase-shifted center channel signal is added to CF(¥) producing the left output. Variations of
the spatial extension processing block 40 may be realized by replacing the APF with another
single-input, single-output al-pass network. Alternative methods for constructing single-
input, single-output ajl-pass networks may be applied in embodiments of the spatial
extension blocks described in FIG. 5a or FIG. 5d. These methods include cascading a
plurality of multiple single-input, single-output all-pass networks and/or replacing or

cascading any delay unit in an all-pass network filter with another all-pass network.

[0065) Referring now to FIG. 6, another embodiment of the front-channel and center-channel
virtualization processing included in apparatus 26 is shown. This embodiment is preferred
when the audio source signal 28 does not include a discrete center-channel signal CF{t). A
center-channel extraction processing block 44 is inserted prior to the front-channel
virtualization processing block 34. The center-channel extraction processing block 44
receives the front-channel signal pair, denoted LF(), RF(s}, and outputs three signals LF,
RF and CF’. The audio signal CF" is the extracted center-channel audio signal, which
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wherein c is equal to a predeterm ned constant value. 3. The nethod of
claim2, wherein the predeterm ned constant value is 0.5. 4. The nethod of
claiml, wherein the at |east one audio signal further conprises a right
surround side channel signal and a |left surround side channel signal. 5.
The nethod of claim4, wherein the right and | eft surround side channel
signals are processed by a second virtualizer processor, thereby creating a
right surround virtualized channel signal and a | eft surround virtualized
channel signal. 6. The nmethod of claim5, further conprising the step:

sunmi ng t hecontaittheatidpusignal tdinfoients thghire Sorhmon Rl theiofiginall lef QAd EiFR MM
signal, and_.th ft tput with t left surround _virtual|zed channel
Sional | to S ma RH G cotlbrmnged, e Blo e Litedrtath b i S
met hod of céomponchys thineareilatalizee (v fpanr@lt)zte rthle@Gia IBO brigindt [twokeRangel fingust HRTF
filter represe 1(sum, and, a.se d HRTF filter.represented as
H(D RO, wied &1 i 87 SR et SR RE e e pu Brsiepdl ompatyats
are localized (or “panned”) to the right in the input signal (LF, RF). The three signals LF",
RF* and CF are then processed in the same manner as in the virtual audio processing
apparatus 26 of FIG. 3. Optionally, the extracted center-channel signal CF' may be
combined additively with a discrete center-channel input signal CFt), so that the same
virtual audio processing apparatus 26 may also be employed for processing multi-channel

input signals that include an original center-channel signal.

[0066) Now referring to FIG. 7, a block diagram of an embodiment of the center-channel
extraction processing block 44 is shown. The audio source channel signals LF(t) and RF(1)
are processed by optional sub-band analysis stages 46a, 46b which decompose the signals
into a plurality of sub-band audio signals associated to different frequency bands. In
embodiments that include these sub-band analysis stages 46a, 46b, the center-channel
extraction process is performed separately for each frequency band, and a synthesis block
may optionally be provided for recombining the sub-band output signals corresponding to
each of the three output channels LF(t), RF(t) and CF(®) into the full-band audio signals LF",
RF and CF'. In one embodiment, the center-channel extraction process is performed by:

LF = kg *LF; RF" = kg*RF; CF = kc* (LF+RF),

[0067] wherein k. represents the scaling coefficient for the LF’ signal, kg represents the
scaling coefficient for the RF' signal, and k¢ represents the scaling coefficient for the CF"
signal. In one embodiment, the scaling coefficients k; , kg and k¢ are adaptively computed
by an adaptive dominance detector block 48 which continuously evaluates the degree of
inter-channel similarity M between the input channels, raises the value of k- when the inter-
channel similarity is high, and reduces the value of k¢ when the inter-channel similarity is
low. Concurrently, the adaptive dominance detector block reduces the values of &, and kg
when the inter~channel similarity is high and increases these values when the inter-channel
similarity is low. In one embodiment of the invention, the inter-channel similarity index M is
defined by:
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H(suny--[H, +Hc] /[ Ho, +Hoc]; H(DI FF) = [HrEl c]lI[HOrHoc]l; wherein H, is an

I psilateral HRTF for a left or right virtual |oudspeaker |ocation, 1-1, is
a contralateral HRTF for the left or right virtual |oudspeaker |ocation;
Hh is an ipsilateral HRTF for a left or right physical |oudspeaker

| ocation, F10, is a contralateral HRTF for the left or right physical

| oudspeaker | ocation. 8 The nethod of claim1l, wherein the summ ng step
produces at |east two nodified side channel output signals for playback

over headphones. 9. An audi o signal processing apparatus conprising: at
| east one audio signal having ayd ggs$iLa+@ePerrchgnhel signal, a right
side channel signal, and a left side channel signal; a processor for

recei ving t lpg068] BbW réfring & FIGigle brkRANGlamSofOviRlas audid) eropéseiag apmranR@cessi ng
the right and | eft side channe] signals with a first virtuali,zer, prgcessor,
t hereby cr e8FSCHENEL0 AR gfpmative ebadimenyis shoyh i he spayjalariension propesyine l?)?‘ﬁ‘t“ ali zed

channel si gaad the front-chagRbdirtadlizatioh PPsedsing Glock 8€6f MIGNYa dr8@ombiRédih acinglanel

ARG NIEE IR AT R e
pseudo- st er ¢IFsqf, futith;is idiwed fromttiesuipeftthedudexdoarns olianagl Bignals LA daldRFaar an
SURE M PR R R S
center chanmkinndlisignal The phasesshifiedodner cleinael Righalds gibarhetedofrgon AL erotibvingr | ght
A T T TR T
center chanmpetpussiThediffdnmecaf theright aidblas tside nieanod sighale are ptocedsedcy HEbeswi nes a
i aht out pupriines CERR R et T s s el B ST PR 0
with the | ebhifted céntrmlcharnel sipaain elhe siptiorel addpt v dodinaree aletektonds comtamuatydi f i ed
si de Channeladﬁkﬂ F?r%éto:lc’,greta of spatial extension according to the inter-channel similarity index M.

Optionally, as in FIG. 7, the input signals LF(1) and RF(t) may be pre-processed by a sub-

band analysis biock (not shown in FIG, 8) and the output signals L and R may be post

processed by a synthesis block to recombine sub-band signals into full-band signals.

10069] The particulars shown herein are by way of example and for purposes of

illustrative discussion of the embodiments of the present invention only and are presented in

the cause of providing what is believed to be the most useful and readily understoed

description of the principles and conceptual aspects of the present invention. In this regard,

no attempt is made to show particulars of the present invention in more detail than is

necessary for the fundamental understanding of the present invention, the description taken

with the drawings making apparent to those skilled in the art how the several forms of the

present invention may be embodied in practice.
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10. The audi o signal processing apparatus of claim9, wherein the audio
signal includes a right surround side channel signal and a | eft surround
si de channel signal

CLAIMS

What is claimed is:

1. A method for processing audio signals comprising the steps of:

receiving at least one audio signal having at least a center channel signal, a right side
channel signal, and a left side channel! signal;

processing the right and left side channel signals with a first virtualizer processor,
thereby creating a right virtualized channel signal and a left virtualized channel signal;

processing the center channel signal with a spatial extensor to produce distinct right
and left outputs, thereby expanding the center channel with a pseudo-stereo effect, further
comprising the steps of:

applying a delay or an all-pass filter to the center channel signal, thereby creating a
phase-shified center channel signal;

subtracting the phase-shifted center channel signal from the center channel signal to
produce the right output;

adding the phase-shified center channel signal to the center channel signal to produce
the left output; and scaling the center channel signal based on at least one coefficient which
determines a perceived amount of spatial extension; and

summing the right output with the right virtualized channel signal, and the left output
with the left virtualized channel signal, to produce at least one modified side channel

output.

2. The method of claim 1, wherein the at least one coefficient is determined by multiplication
factors a and b verifying
a’+b=c;

wherein ¢ is equal to a predetermined constant value.
3. The method of claim 2, wherein the predetermined constant value is 0.5.

4. The method of claim 1, wherein the at least one audio signal further comprises a right

surround side channel signal and a left surround side channel signal.

5. The method of claim 4, wherein the right and left surround side channel signals are
processed by a second virtualizer processor, thereby creating a right surround virtualized

channel signal and a left surround virtualized channel signal.

6. The method of claim 5, further comprising the step:
summing the right output with the right surround virtualized channel signal, and the

left output with the left surround virtualized channel signal, to preduce at least one
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modified side channel output.

7. The method of claim 1, wherein the virtualizer processor includes a first HRTF filter
represented as Hsung and a second HRTF filter represented as Hypyrr, wherein Hyspng and
Hpirry include the transfer functions:

Hsung=[HAHc)/[HoitHoc]:

Hepmr - [Hi-He)/[ Ho-Hocl:

wherein H; is an ipsilateral HRTF for a left or right virtual loudspeaker location, He is a
contralateral HRTF for the left or right virtual loudspeaker location; Hy; is an ipsilateral
HRTF for a left or right physical loudspeaker location, Hy, is a contralateral HRTF for the
left or right physical loudspeaker location.

8. The method of claim 1, wherein the summing step produces at least two modified side

channel output signals for playback over headphones.

9. An audio signal processing apparatus comprising;:

at least one audio signal having at least a center channel signal, a right side channel
signal, and a left side channel signal;

a processor for receiving the right and left side channel signals, the processor
processing the right and left side channel signals with a first virtualizer processor, thereby
creating a right virtualized channel signal and a left virtualized channel signal;

a spatial extensor for receiving the center channel signal, and processing the center
channel signal to produce distinct right and left output signals thereby expanding the
center channel with a pseudo-stereo effect; wherein the spatial extensor applies a delay or
an all-pass filter to the center channel signal thereby creating a phase-shifted center channel
signal, and subtracting the phase-shifted center channel signal from the center channel
signal to produce the right output; the spatial extensor adds the phase-shifted center
channel signal to the center channel signal to produce the left output and scales the center
channel signal based on at least one coefficient which determines a perceived amount of
spatial extension; and

a mixer for summing the right output with the right virtualized channel signal, and the
left output with the left virtualized channel signal, to produce at least one modified side

channel output.

10. The audio signal processing apparatus of claim 9, wherein the audio signal includes a

right surround side channel signal and a left surround side channel signal.
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