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components in the matrix output. Each
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elements and a feedback and comparison
arrangement generating a pair of control
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Cout control systemthat automatically causes the cancellation of undesired
matrix crosstalk conponents in the matrix output. Each adaptaecaydi o
matri x arrangenent includes a passive matrix that produces a pair of
passive matrix signals in response to two input signals. A

f eedback- de¥OvBHS®EONt rol system operates on each pair oPCPHSW{3I83 matri x
signals, urging the nagnitudes of pairsjof internediate signals toward
equality. Each control systemincludes variable gain elenents and a

f eedback and conparison arrangenent generating a pair of control signals
for controlling the variable gain g fproM\ddi tional control signals may
be derived fromthe two pairs of control sighals for use in obtaining
nore than four output signals fromthe adaptive matrix. 28 May 2004 WO

01/ 41504 PCT/ US00/ 32383 -1- DESCRI PTI ON_Met hod for Deriving at Least Three
Audi o Signals from Two Mefed fogRerdving ¥denst Threpdudin digpalyi el d  The
invention relates to audi o si grisim Pwodems Angdio Signalsarti cul ar, the invention
relates ts0 "nmultidirectional™ (or "nultichannel") audi o decodi ng using an

"adaptive" (or M"active") audio nat ‘i‘k&n‘i@iﬁ%fhthat derives three or nore

audi o signal streams (or 10 "signalsS™ or "channels") froma pair of audio
i nput si gnal st r eREEn{ention felu3ad alidi®ignal phatessigs Th parfibslar, thecinvéndon i s usef ul
for recovering audio signals in which each signal . ]
refates to "multidirectional” (or "multichannel") audio decoding using an "adaptive" (or
"active") audio matrix method that derives three or more audio signal streams (or
10 "signals" or "channels") from a pair of audio input signal streams {or "signals” or
"channels"). The invention is useful for recovering audio signals in which each signal
is associated with a direction and was combined into a fewer number of signals by an
encoding matrix. Although the invention is described in terms of such a deliberate
matrix encoding, it should be understood that the invention need not be used with any
15  particular matrix encoding and is also useful for generating pleasing directional effects

from material originally recorded for two-channel reproduction.

Background Art
Audio matrix encoding and decoding is well known in the prior art. For

20  example, in so-called "4-2-4" audio matrix encoding and decoding, four source signals,
typically associated with four cardinal directions (such as, for example, left, center,
right and surround or left front, right front, left back and right back) are amplitude-
phase matrix encoded into two signals. The two signals are transmitted or stored and
then decoded by an amplitude-phase matrix decoder in order to recover approximations

25  of the original four source signals. The decoded signals are approximations because
matrix decoders suffer the well-known disadvantage of crosstalk among the decoded
audio signals. Ideally, the decoded signals should be identical to the source signals,
with infinite separation among the signals. However, the inherent crosstalk in matrix

decoders results in only 3 dB separation between signals associated with adjacent



Is associated with a direction and was conbined into a fewer nunber of
signals by an encoding matrix. Al though the invention is desgmikeshsi n
terms of such a deliberate matrix encoding, it should be understood that
the inventi oWOHEISHE be used with any 15 particul ar nmat riBCTEAW8@238y and
I's al so useful for generating pleasing djrectional effects frommateri al
originally recorded for two-channel repf%)’duction. Background Art Audio
matri x encodi ng and decoding is well known in the prior art. For 20
exanpl e, in directibned Ardaddib’ naueixoinmatick theangirivg chathcdetiotichgio hour
source signals, .typically .,assqociated wi.th,four. cardinal directions (such
as, for exanpP¥ i§ EB?W“{:’&%‘E%?“ 35 JhPasHYCs R#BIHd or left front, right

front, left back mndosdeghtio bagkicahe am®! bteslem pbasero@idlkx ignewstetk i nto
two signals. The tV\D.SlgEa| s are transmtted or stored and thenpg_ecoded by

an anpl i t udeSPHAEESHl 19 KnA¥THE RS BTIRTGRM oadaridvely ¥pDF Ehe FECPEHS 25 of

the original mhaetk LBdr&ReristiRgl $n Ihperd%ocﬂﬁsq)rsbnagﬁaﬁ&i%napdaﬁ@ﬂ'gm& ons
because nmatrix decoders suffer the well-known di sadvant age .of crosstalk
anong t he de%%ged sigdiads apgmpEe clopedy (apprerungecdivetpwicgrieaakhne be

i dentical towkhekaewicexamgnal & sulhtdh iaREivRI katSiRPaESSAQN i ATRAID LIS,
signals. However, the_ inherent crosstalk in matrix decoders results in

onl'y 3 dB sebtt dt1%A draofeen dsrgibed iasHori Betentut (19 %3P dcahickealayt 2004
WD 01/ 41504 Al 3 REIpdeedi3838 e fefetld @CHERNIn A aldiddy Mt d X26(5'p aﬁgslbﬁh the

matrix characteristics do not vary is known in the art as a " Ive"
matrix. 1h ofidey & Awbeedie pakentsr dhatedrof PIpbsattalk itn manyi &f thesoder s,

it 05 known haudihtndr hatioRist otRerd@9Ld VB MakBEX <t NSO OliBlerd BRAEI X

characteristics in er to inprove separation anong | ecoded signals
and nore cl opdby agsppaentmtiachude peterde by gifisl pre@mé invsintoknwludingpl e of

such an acti mabL, | e t.t h I . P hg.d I esqy{ bed in
U. S. Patent g?%’%?%%‘,tgmcsl)’gngdaféént idiag"?%%’or I;pjgsr at’gégby%?ggg’rﬁegr?ge Eﬁ{edr einin
its entiretyd,1TRe41P6Easht efitthege cpatenta inualser imforpareteds byhaefeaemcgri or

3;208(2”8?5, G”Eé;r?éir?finti?seghtig@@?” bi ng various other types of adaptive matrix

Although prior art adaptive matrix decoders are intended to

reduce crosstalk in the reproduced signals and more closely replicate

the source signals, the prior art has done so in ways, many of which

being complex and cumbersome, that fail to recognize desirable

20 relationships among intermediate signals in the decoder that may be
used to simplify the decoder and to improve the decoder's accuracy.

Accordingly, the present invention is directed to methods and

apparatus that recognize and employ heretofore unappreciated

relationships among intermediate signals in adaptive matrix decoders.

25  Exploitation of these relationships allows wundesired crosstalk

components to be cancelled easily, particularly by using automatic

self-cancelling arrangements using negative feedback.

Disclosure of Invention

In accordance with a first aspect of the invention, there is

30 provided a method for deriving at least three audio output signals
from two input audio signals, comprising deriving four audio signals
from the two input audio signals, wherein the four audio signals are

derived with passive matrix that produces two pairs of audio signals



prior art patents include patents by the present inventor, including U.S.
Patents 5, 625,696; 5,644,640; 5,504,819; 5,428,687, and 5, 1%2M¥2004Each of
these patents is also incorporated by reference 15 herein in its entirety.
Al t hough pri¥P %i504ddptive matrix decoders are intended t @CTEYHERS3
crosstalk in the reproduced srgnals and pore cIoser replrcate t he source
signals, the prior art
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Di scl osure of Invention In accordance with a first aspect of the invention,

there is 30HfoAdedserondt hBH ™Y olther |aft/Hghtt apdaseenten/sirrand o PairSput

signal s frq%%wwerwa@ﬂereeara%%am SRUHALd %r'h@gelﬁeﬂh'evﬂlﬂgmft@&hrs gEeho
signals fromthe two input audi o signa wherein the folur audi o signals
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signals, a fi air errve audir o si rep res nt1ng directions
lying on a fﬁhﬁsl?fta)utﬁu'( sigohl beu)' He@fﬁseﬂaﬂé a ﬁrﬁrﬁlrect@rndﬁmgpndhd agisefond
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axi s (such as "center surro nal s second axes
bei ng subst aprait dthe lefifrightl paio) tdfoirgaehediotee stgnads ee  prodnoeds thendiretich of

the pairs Ofmﬂﬁ{lf g%ﬂafiﬂglln% p%ﬁﬂééé af RaBf 99'&8&13 ﬁﬁl%?%{hvﬂle same polarity,

15 at least a component of each of the second pair (the center/surround pair)
of intermediate audio signals, producing a second output signal (such as
the right output signal Rgy) representing a second direction lying on the
axis of the pair of derived audio signals (the left/right pair) from which the
first pair (the left/right pair) of intermediate signals are produced, the

20 second output signal being produced at least by combining, with the
opposite polarity, at least a component of each of the second pair (the
center/surround pair) of intermediate audio signals, producing a third
output signal (such as the center output signal C,, or the surround output
signal Sqy¢) representing a first direction lying on the axis of the pair (the

25  center/surround pair) of derived audio signals from which the second pair
(the center/surround pair) of intermediate signals are produced, the third
output signal being produced at least by combining, with the same polarity
or the opposite polarity, at least a component of each of the first pair (the
Ieft/right pair) of intermediate audio signals, and, optionally, producing a

30 fourth output signal (such as the surround output signal S, if the third
output signal is the enter output signal Cgy, or Cou if the third output
signal is Sq,) representing a second direction lying on the axis of the pair
(center/surround) of derived audio signals from which the second pair
(center/surround) of intermediate signals are produced, the third output

35  signal being produced at least by combining, with the opposite polarity, if



first and second pairs (the left/right and center/surround pairs,
respectively) of internediate audi o signals wherein the magnijsuggsomf the
rel ative anplitudes of the audio signals in each pair of internediate audio
10 signals aM® UHyd Aloward equal ity, producing a first outBHUSPEHEE (such
as the left output signal Lout) representing a first direction lying on

the axis of _the.pair. of derived audiq s1gnals.(the left/righ pair) from
wht ch ¢ he t it BEOT B SEERALE PrOQIRCRY Epmbiminh b iE aDe PSIoERAICE %y o
produced, t hRadtibySdombanih wlithsthe Bathe boiafigy, Bf ©dukied oafput Sigsdl iDYrdaasdi by ng,
with the sane palarity, 15 at | eait .a conponent of each of e second pair
(the cent er/ SUMBBASHhHe)0PPEFits PRIH Bt latsh 2A0MmBonentyH fagh OE { AYT a

second out pugthéle@adht p&HIT itermédife hbdibsigdlisput signal Rout) representing a
second direction lying on the axis of the pair of derived audio signals

(the leftdright paieherdibRre Wppfeclahs refa%igﬁs;hil&aélﬁor(é e de&Sdelt rsig?@fs iP@af) Of

I nternmedi ate signals are produced, the second out put signal belng

produced at beagingtpwaahbequalingthewnddnithbes ofothp ditetneedimé andiv wignals iheash a
conponent of each of the second pair (the _center/surround pair) of
i nt er medi at P3| AT Btamgaiatesaudiy signalsnundesiced prpsstallitGomposeRipdn thesteqeded t he

center outpu ' I : [ t - 1SI | ,Sout) re senti ng
o T rot i § ool btaplify SR RURE R RRbial 00 T, B 0Bl
pair) of deriqugtyaidbders iodncHisvel SuBBlaiidl Chodshik SERNAHARI Such (frb&ssing is
center/surround pair) of internediate signals are produced, the third

out put slignateadiby ayl prefatehly dmatenentesit bibthecusetifimeggtiveneetibackersapemens ari ty
or the oppost':hte [[)ol arity, at |east_a cogpo ent .of e ﬁh of the first pair
(the | eft/riPgHfct jos5an5e Frompticsaneelialior ohupdssired giostiatk cap@onenss-i onal 1y,

productng 2 301 okl BtoR e 8@ ddpall Byihl SaSNERALRH,RHAU Slena!

Sout if the thir out put sirgnal 1s sig r* Cout

i f the thirdembddinient, a8 destkibed abowd, Jintegddigenignal are SReQed fidinf aiasgve | yi ng
on the axis of the pair (center/surround) of derived audio signals from
whi ch the sec@afid qparating Caenpasr pEinpposisenls afd these interdicdiate siggala b urged

promveech NEuhRL ML SRrcgnts, Dhaom o Y B oSBT
component of the intermediate signals are combined with passive matrix signals
(from the passive matrix operating on the input signals or otherwise) to produce
output signals. In an embodiment employing a second topology, pairs of the
intermediate signals are combined to output signals.
20 Other aspects of the present invention include the derivation of additional
control signals for producing additional output signals.
In accordance with another aspect of the present invention, there is provided
a method for deriving at least three audio signals, each associated with a direction,
from two input audio signals, comprising generating with a passive matrix in
25  response to the two input audio signals a plurality of passive matrix signals
including two pairs of passive matrix audio signals, a first pair of passive matrix
audio signals representing directions lying on a first axis and a second pair of
passive matrix audio signals representing directions lying on a second axis, the first
and second axes being substantially mutnally orthogonal to each other, processing
30  each of the pairs of passive matrix audio signals to produce respective first and

second pairs of intermediate audio signals such that the magnitudes of the relative



-4 the third output signal is produced by conbining with the sane polarity,
or at |east by conbining with the sane polarity, if the thirzktopest

signal is produced by conbining with the opposite polarity, at |east a
conponent of WoM#1F Adhe first pair (the left/right pair) RETVSPOSEHRdI at e
audi o signals. 5 The heretofore unappreci ated rel ati onshi ps anong the
decoded signals is that by urging towarsfi equality the magnitudes of the

i nt er medi at earplifudess bl Fidicsigadlp in Ra¢H paf of M int@ticdiate aulld QignbBNak s,
undesired crosstal k conponents in the decoded output signals are

subst ant i al | yreed gopward saualityhderpying e ppirdity of sannsilatiemsignals Siompthetpairs efual ity
in order to achi eve, substantial crpsstal k cancellation.. Such progessing is
10 readi 1y aietpRR 2o FanslesitEReny Ih ke Stociey By Reahack
arrangenent s GRANs i C : 10 WH3esi .
crosstal k co%%%tr?tt gégtT eei nveﬁef 1?%n I nc ﬁsggagﬁdﬁ%w&%trg&ﬁavi n%b%lgﬂllt%al ent

t opol ogi e5. ifrcassedlagion eighals; e rhncallaticte sighalb egpaxay eachipatdverrairdd sudib gnal s
are derived froma passive matrix operating on a pair of input signals and
t hose i nt er neignatsackithpidhe passiva ik audie ignell ivgihstantiglly pencsHeddy ket s
enbodying a fir 1 opol o a cancel | at.ion conponent .of .the inter iate
Slonal s aro cEaie TR wady FECRRY, Rl SepS FEROEH wleth a% o ble i r
operating ongirdifiohBihbr Hh BRIl dircefioPtprisvhieby HR REQMIGAIOHIRIMgflgnal s. In
an enbodi ment enpl oying a second topology, pairs of the interned ate
signal s are conbiAtkatta mafemet esibgdmhat of theGnharticaspheves ®mehdheatiy aadnt

i nvention include_the derivation of additional _control signals for

produci nif adefrespbivay highdpgree of giqastalk cpncelation wndse a Wisle vanshppheputsignatt of
t he present | IO, 2 1S .provide hod -f or_deri vi .. east
thres audr o SRS Wing (RS SRt redu fRDARY s ¥relitbh s Hising
audi o si gnal go u@@UEIrdofiplékigan Bicddonfd] pith hoth PExwRic Grd@bifd i the pAr a€sponse
to the two input audio signals a plurality of passive matrix signals

i ncl udi ng two paidtlesst passfeved smboedimeatidf thesinyaptfian achi¢ves suclphigh of
passive matrix,. audi o signals representi.ng.directi.ons lying on a first axis
and a secondP{Ermagee W’ﬁ’é%é‘?ﬁ@%ﬁ&?’ﬁ)@"éh‘df%“@f H%P’éo?%?‘g%‘gti ng directions
| ying on a second axis, the first and second axes being substantially

nmut ual Iy orthogonal to each other, processing 30 each of the pairs of
passive matrix audio signals to produce respective first and



second pairs of internediate audio signals such that the magnitudes of the
relative 28 May 2004 WO 01/41504 Al PCTI USOQO 32383 -4a a”@hh&%ﬂﬁﬁmpf t he
audi o signals in each pair of the internediate audi o signals ar urged
toward equality, deriving a plurality of cancellation signals fromthe
pairs of iWP&VHE# ate audio signals, producing at | east PERUSH/33IBput
signals by conbining each of at |east tfree passive matri x audi o signals
with two or nore of the plurality 5 if cancellation signals, the
cancel | ati on signals opposi ng each passive matrix audio signal such that

the passive matrix audi 0 si gnBiief DesstipGémof thaDriiwigecel | ed by the

cancel l ation signals when the input audio signals represent signals
associ ated with Kiguedtis afienctionsband schematicaliatiane of 4 priorrasipassiendesedipg t he

passive matrix audipo signal. At least a.preferred enbodi mrent of the
i nventi on acH‘ia‘é'E‘e‘Eeél ’r?é‘ggfff'ﬁ'ﬂfﬁg Qﬁaresi"ﬁ_”g@%cﬁ'pti bly high degree of
crosstal k cancel | iy iy deribnat blPsck sl dlagim b borsrfiifile maRRA L ONS,

using circuitry w no speclal requirenents for precision, and requiring
no unusud cascpleuséfyl inrunddrstaaiingt the prepent vektizinlin ehichhvardiblys@lddoersibnsn t he
prior art. At least a preferred enbodi ment of the invention achieves such
hi gh per f or plhpassiyg matrix pyputs agrsumgind withdhe unajtered passiye mpsiix’ GuiDYEs 18y ¢
circuits. 28.May 2004 WO 01/41504 PCTI USOQ 32383 Bri ef Description of the
Dr awi ngs Fi gﬂ’?e@}[f’m?l%m%fs‘funct i onal and schematic diagramof a prior art

passi ve _decodi ng pigRery i¥a tilishal it SRURIRI IR Er A REARERAGN GBS | OD.

Figure 2 is a functional and schematic diagramof a prior art active matrix
5 decoder ussfstem acoordingdo stegqmeiemdntdntorpfoe sherieft amd/BghtiVEIAS andwhe sim arglr i abl y
scal ed versigns of a passive matrix' outputs are sumred with the unaltered
passi ve Yat r flikferenes ¥GAS of Figure Jrand for ¥ i piber embodiments of shepreseAt 1 j onal and
schemati c diﬂt?érﬂfgn()f a feedback-derived control system according to the
present invention for the left and right VCAs and the sumand 10 :

di fference VCAs OfiglreQ@us & fuicBifhl Al schiémiiticl diagedrh Sowesoaciriapémerntf t he
present | nvention.
according to the present invention equivalent to the combination of Figures 2 and 3 in

which the output combiners generate the passive matrix output signal components in
15  response to the L, and R, input signals instead of receiving them from the passive matrix
from which the cancellation components are derived.

Figure 5 is a functional and schematic diagram according to the present
invention showing an arrangement equivalent to the combination of Figures 2 and 3 and
Figure 4, In the Figure 5 configuration, the signals that are to be maintained equal are

20  the signals applied to the output deriving combiners and to the feedback circuits for
control of the VCAS; the outputs of the feedback circuits include the passive matrix
compenents.

Figure 6 is a functional and schematic diagram according to the present
invention showing an arrangement equivalent to the arrangements of the combination of

25  Figures 2 and 3, Figure 4 and Figure 5, in which the variable-gain-circuit gain (1-g)
provided by a VCA and subtractor is replaced by a VCA whose gain varies in the
opposite direction of the VCAs in the VCA and subtractor configurations. In this

embodiment, the passive matrix components are implicit. In the other embodiments,



Figure 4 is a functional and schenatic di agram show ng an arrangenent
according to the present invention equivalent to the conbingg Ao4Fi gures
2 and 3 in which the output conbiners generate the passive matrix output
signal conmponents in 15 response to the 1, and R, input signals instead of
recei vi ng t\We//4184m t he passive matri x from whi ch the cBEEEFI042383N
conponents are derived. Figure 5 is a fugctional and schematic diagram
according to the present invention showi ng an arrangenent equivalent to
the conbination of Figures 2 and 3 and Figure 4. In the Figure 5

configurati Ofhe eShdnbompdnaits afeRxpeide nai ntai ned equal are 20 the
signals applied to the output deriving conbiners and to the feedback

circuits for conFigeie 7df an kdealiz@hgraphhploting thetleft arfd right ViCAegrinscys and 8. t s

i ncl ude the Sj Vv trix, onent s re is a functional and
schemati ¢ di E’ﬁy %E&%F "'560 tﬁ’é%’t“'é‘%&"ﬁf& gﬁ%‘\“&fﬁ“‘é”ﬂ? a’%b‘?

arr angenent 5‘5 @q&fs to the arrangenments of the conbination of 25
Figures 2 an Igure 4 and Figure 5, in which the variable-gain-circuit
gain (1-@ provi deguie)s i aidealived gruph ploging theisamrand diffeechcd YCA Jiits gilanbe gai n
varies in the posite direction of the VCAs in the VCA and subtractor
confi gurat i o&f tﬁ&ﬁ%ﬂlﬁefeémbﬁéﬁdeﬂ%@%@kwsw (reticalaxishegeinskihes are
inplicit. In_the other enbodjments, 28 May 2004 WO 01/41504 PCT/ U500/ 32383
_6 the passi PERgAnE gﬂE Sare explicit. Figure 7 is an idealized

graph, plotting tfg,/efi a@ﬂ[&l‘iﬂe@ Chofting R 16kyrigMGnd theQhyerfeli® LU/ R

f eedback-deri ved cgnt rol system ?Fag t1cal axis) agal nst the panning angle a
(hori zont al mdrlﬂifferéiw&ccgmbwﬂta’g& fana saiting inzeldcigthe piaxinpinoand mipintre sum and
di fference VCA gains & an g, of the sum difference feedback-derived
control Y¥yst ?S\fﬁﬁ?’ifﬁﬁﬁlgaélﬁ e -hddP iyelts (vRricalsxishngsishihg Panning 3gle % ont al
axis). Fi gurﬁ}0 ‘?31 Ldeal i zed graph, plotting the left fright and the
inverted eréhite control voltages for a scaling in which the

o TV TR0yl oo 1k ot 08 chs gouse
(vertical axis) against the panning angle a (horizontal axis).
Figure 11 is an idealized graph, plotting the lesser of the curves in Figure 9
15 (vertical axis) against the panning angle o (horizontal axis) for the case in which the
sum/difference voltage has been scaled by 0.8 prior to taking the lesser of the curves.
Figure 12 is an idealized graph, plotting the left back and right back VCA gains
g, and g, of the left-back/right-back feedback-derived control system (vertical axis)
against the panning angle a (horizontal axis).
20 Figure 13 is a functional and schematic diagram of a portion of an active matrix
decoder according to the present invention in which six outputs are obtained.
Figure 14 is a functional and schematic diagram showing the derivation of six
cancellation signals for use in a six output active matrix decoder such as that of Figure
13.

25 Figure 15 is a schematic circuit diagram showing a practical circuit embodying

aspects of the present invention.



Figure 10 is an idealized graph, plotting the | esser of the curves in
Figure 9 (vertical axis) against the panning angle a (horiggmnéy20@4is).
Figure 11 is an idealized graph, plotting the | esser of the curves in
Figure 9 15 (vertical axis) against the panning angle a (horizontal axis)
for the caswown4ssi ch the sum difference voltage has beeaTadg®iessby 0.8
prior to taking the | esser of the curvesy_ Figure 12 is an idealized graph,
plotting the | eft back and right back VCA gains g, and gb of the

| ef t - back/ri ght-back feedback-derived control system (vertical axis)

agai nst the panning angle @e&mgagﬁpg[ﬂ@g ;[éit'théﬂllghﬁe 13 is a functional
and schematic diagramof a portron of an active matrix decoder according
to the present inxgassiverlecodingimattix & shown fumoticnaly endéehanatiedlly ini Bjpure 114 is a
functional and schematic di agram show ng the derivation of six

cancel | at i onThe fpllawingreguatigaerelate the ontputs i Hadnpyts; Lyand R riphk tafdc aneirightich as
that of Fi guFogaa,J)S. 25 Figure 15 is a schematic circuit diagram show ng a
practical ci it enbodyi ng aspects of the present invention. 28 May 2004
WO 01/41504 PCT/ US00/ 3238, 7 Best Mde for Carryiggaogf the Invention A
passi ve decoding matrix i s shown functionally and schematically in Figure
1. The follow ng equ®,j®Rs relate the outputs to(EHgne2) nputs, L, and Rt
("left total”™ and "ri%gi total"): Lout=Lt (Egn. 1) 5R',=R, (Egn. 2) C,,, =
1/2 *(L,+R) (Eqn. 3) Gu="2ktR)- R )(Eqn. 4) (The®@3kynbol in these and
ot her equati ons througpog,t/z*w_i@ docunent i ndi cat eaaqqipdml tiplication.)

out

(The "*" symbol in these and other equations throughout this document indicates
10 multiplication.)

The center output is the sum of the inputs, and the surround output is the
difference between the inputs. Both have, in addition, a scaling; this scaling is
arbitrary, and is chosen to be 4 for the purpose of ease in explanation. Other scaling
values are possible. The C,, output is obtained by applying L, and R, with a scale

15  factor of + to a linear combiner 2. The S_, output is obtained by applying L, and R,
with scale factors of +% and -'%, respectively, to a linear combiner 4.

The passive matrix of Figure 1 thus produces two pairs of audio signals; the first
pairis L, and R_; the second pair is C,, and S,,,. In this example, the cardinal
directions of the passive matrix are designated "left,” “"center," "right," and "surround.”

20 Adjacent cardinal directions lie on mutually orthogonal axes, such that, for these
direction labels, left is adjacent to center and surround; surround is adjacent to left and
right, etc. It should be understood that the invention is applicable to any orthogonal 2:4
decoding matrix.

A passive matrix decoder derives n audio signals from m audio signals, where n

25  is greater than m, in accordance with an invariable relationship (for example, in Figure
1, C,, is always Y2*(R,,, + L,J). In contrast, an active matrix decoder derives n audio
signals in accordance with a variable relationship. One way to configure an active

matrix decoder is to combine signal-dependent signal components with the output



The center output is the sumof the inputs, and the surround output is the
di fference between the inputs. Both have, in addition, a scgghﬂ%yzddais
scaling is arbitrary, and is chosen to be 'h for the purpose of ease in
expl anation. Qther scaling values are possible. The C,,, output is
obt ai ned bywe@pmigidng L, and R, with a scale 15 factor of PETNS(E2383] i near
conbiner 2. The S,,,, output is obtainedgby applying L, and R wth scale
factors of +'h and -'h, respectively, to a |inear conbiner 4. The passive
matrix of Figure 1 thus produces two pairs of audio signals; the first
pair is LO,, siaifk éfa passivd MRS FOPExaRRE, ab Shdvd fuRcinaly and scHethaliditly igxanpl e,
the cardinal “directions of the passive matrix are désignated "leéft,"
“center," "rFighte 2, faurdVCAsi(vohageecotitrdzd Adjplifiems) 6, & fliandhi2,dleliering vagatily e on
mutual |y orthogonal  axes, such that, for these direction |labels, left is
adj acent to SersignsioL e Passive matfix ouiRHY aressugupedvifh the gnaligred passive r i ght |

g SR S U b P i SR .

orthogonal 2 ( ! passive fatr Fx deco rives n audio
si gnal s fsr omgmiasds 2 avd 9)ialiear¥bRbMert 14296, 1, GREH]. CBechild T VCAS hafecor dance
with an invariable relationship (for exanple, in Figure 1, C,,, is always

/*(R,,,, + Lthtij)nputsrdeciverd fromtthe laft, Bgit, ceatemand suxrodad audputs ofthe passive audi o

signals in accordance wiith a variable re]ationship. e to copfigure an
active mat rMTrietSPREHVELS their sURNAEbedeizante &p&ngeﬁlﬂcg]é-i(gﬁé?s“&" ?rp%“ent S

wi th the out A - | of a
passi ve mat ”9;5\ @ggdygégﬁg%ﬁs %%%%ﬁ%gfﬁgﬁkgﬁfﬁe%@ﬁﬁe%g léﬁah‘?ﬂ? 1y in
Figure 2, f oderive€o6tplid BhiiRgerossRiMt from! tReldisstBbisifidt Which thecanddlagdttsigrals
delivering variably scaled versions of the passive matrix outputs, are
summed w0t h aradedived|in ordsd tenbanice he matrix idecoden’ pdirestinah performandedyt wo i nput s
t hensel ves along with the two outputs of 5 conbiners 2 and 4) in |linear
conbi ners 143PRBSSIEGCIONIK-20. Because the VCAs have their inputs derived
fromthe left, ri r u ' matri X,
respectively, theliqé}%hglﬁﬁgh%ay e"?g{s‘?grclig%gg’ gﬂ%ﬁ'sgg%‘%gsﬁﬁegﬂt’)(ﬁgﬁ
positive). TitlHl preéedt. oBdchwutpai ig tied ombimdsn dfithe respertied pastivomatsixgrgdus and are
conbi ned with passively derived outputs having crosstalk fromthe

di rections fPBhihgIeNEM @Womlﬂmv& oyipytsare selagted and srajed e gravidedhier to

enhance ltShe gé%liréd c):(rogs Oga%[:e atigrll o?%el r%?pae!:ti eepra];s?\rerrn% xgu? og%ut, taking into

consideration that crosstalk components occur in outputs representing adjacent cardinal
directions. For example, a center signal has crosstalk in the passively decoded left and
right signals and a surround signal has crosstalk in the passively decoded left and right
signals. Accordingly, the left signal output should be combined with cancellation signal
20 components derived from the passively decoded center and surround signals, and
similarly for the other four outputs. The manner in which the signals are scaled,
polarized, and combined in Figure 2 provides the desired crosstalk suppression. By
varying the respective VCA gain in the range of zero to one (for the scaling example of
Figure 2), undesired crosstalk components in the passively decoded outputs may be
25  suppressed.
The arrangement of Figure 2 has the following equations:
L,.=Log*5*L+R)g*4*LR)  (Eqn. S)
R, =Rog*L+R)+g*%*L-R)  (Eqn. 6)



suppressing crosstal k. Note that, in the arrangenent of Figure 2, the paths
of the passive matrix are still present. Each output is theg ignat i on of
the respective passive matri x output plus the output of two VCAs. The VCA
outputs are selected and scaled to provide the 15 desired crosstalk

cancel | at i oMO0B415¢4he respective passive matrix out put, t 8LT/H§3AI8H
consideration that crosstal k conponents_gg¢cur in outputs representing

adj acent cardinal directions. For exanple, a center signal has crosstal k
in the passively decoded left and right signals and a surround signal has
crosstalk in the passigvek AR 1 i ght (Bg al s. Accordingly,
the left signal out putC/sh?g)g“‘igq?)%3 com’?}:lr%ed wth cancel ?jgtlon signal 20
conponents derived fr &p+hElpRywVetly+d2tar®ed cenfbgn. 8nd surround signal s,
and simlarly for_the other four outputs. The rranner in which the signals

are scaled, ~pol Hpldg Vehy @Cgms,péaerpnthp,agmggmgmp\y brethesprae glle r ed
crosstal k Su? E?é e Scﬁ?f g@iu\éi V4 és%?]aﬁ@egéﬁs,%e%%%éﬁtb@F%ﬁ%Zﬂ nge of

zero to one xanp esire rosstal k
conponentss Ifhetsmae m&gx@wnﬁ fROM B érktanBdtaliy. Aor enafiplesis anl VCRze
arrangenment of Figure has the foll ow ng equati ons:

Lout ~, =Lt - gch&i’@ir(sl_qfﬁﬂt) c* 1/2*(Lt-Rt)~ (Egn.5) R,,,=R go*' h*(4+R)+g

*Ih*(L,-R ) (Eqn. 41504 US00/ 32383 -9 S011= h*(Li

(Egn. 7) (Egn. 8) If%a‘l- é&ﬁh&%ﬁ‘gégd&ﬁ% ggT ero, the arrangenment woul d

be the sane as the q{SSJ_ﬁSOW |+ _f@brgpxge h kbval ues of all VCA gains,
9 . :

t he arrangenent of Figute e sa assive matrix apart from
a constant scali ng Fa, emmmnnsmbom otmdfzﬂmm of 0.1: L

=LC- 0. 05*(Lt|+RJ 05*(I- -R=0.9*.L R =R -0.05* +nR~+0. 05(L, R, ) =0. 9*1 ~
S -«%*(L‘-R‘) -0.05*L,+0. 05*R,=0.9*%*(L-R)
The result is the passive matrix scaled by a factor 0.9. Thus, it will be apparent
that the precise value of the quiescent VCA gain, described below, is not critical.
Consider an example. For the cardinal directions (left, right, center and
surround) only, the respective inputs are L, only, R, only, L, = R, (the same polarity),
-IS and L, = -R, (opposite polarity), and the corresponding desired outputs are L,,, only,
R, only, C,, only and S_, only. In each case, ideally, one output only should deliver
one signal, and the remaining ones should deliver nothing. |
By inspection, it is apparent that if the VCAs can be controlled so that the one
corresponding to the desired cardinal direction has a gain of 1 and the remaining ones
20  are much less than 1, then at all outputs except the desired one, the VCA signals will
cancel the unwanted outputs. As explained above, in the Figure 2 configuration, the
VCA outputs act to cancel crosstalk components in the adjacent cardinal directions (into
which the passive matrix has crosstalk).
Thus, for example, if both inputs are fed with equal in-phase signals, soR, = L,
25 = (say) 1, and if as aresult g, = 1 and g,, g, and g, are all zero or near zero, one gets:
L,,=1-1*A*(1+1) - 0*4*(1-1) = 0
R.=1-1¥4*(1+1) + 0*%*(1-1) =0
=¥%*(1+1) - 0*¥a*] - *4e*l =1

01.11



lh*(L,+R V. 05*1.,7-0.05*R, =0. 9*i h* (1, +JR~ 10

sa"-"h*(l.,-R)-0.05"L, +0. 05*R, =0. 9*" h* (L., -1t) The result bgmMdNdeassi ve
matrix scaled by a factor 0.9. Thus, it will be apparent that the precise
val ue of the quiescent VCA gain, described below, is not critical.

Consi der arWWeXH#i¥e. For the cardinal directions (left, PCHHBI/SRBAter and

surround) only, the respective inputs arg.L, only, R only, L, = R (the
sanme polarity), 15 and Lti = -R, (opposite polarity), and the corresponding
desired outputs are Lou, only, R,., only, Cam only and So,,, only. In

each case, ideally, onrge Qiikpuiy qasisp@elpkdegi ver one signal, and the
remai ni ng ones should deliver ‘nothing. By inspection, it is apparent that
if the VCAs can bEhecuniy owiputésifrem thehdesiredh€,,,0 e similar cadmitadina iwildy sttow thatghelesi r ed
cardinal direction _has a gain of 1 and the remaining ones .20 are nuch | ess

than 1, thensame appliesdothsase dhacugrl oy frgagne of the ather tiee qardinalidygetions.y; | |
cancel the unwantgd S ' | -igure 2
configuration, t h@qua%%gtgt %&ﬁ%8%Fﬁﬁa%ng%n%gﬁ\é%?tys%t%ﬁ@%onponent s in the
adj acent gardinal dirqgt & oL, GHRYA-g )W LRALRY*QAHS| Ve @ahrd)x has

crosstal k). Thus, for exanple, if both inputs are fed with equal in-phase

signals, so R L, 25G, %) (g an®*Ri*(kg)a result gEgr. 1and g,, g, and
g, are all zero or near zero gets; ~1-1*~h*( 1+ - 0*1h*(1-1) =
0 R~ "=1-1*~h*(i +1) +%a=#*&*%5%@"@'&5¢&9ﬁ@( 1) - 1&2)1 -0 hrl =1
28 May 2004 WO 01/415Q4 Pl WaQH 323831530 S, u, =1 h*( 0*' h*1 +
0*1/2*1 = 0 The only %g‘tp%'}hl @Cﬁ 0%1 ?h(g.l %I%si red C. A Si il Egr cal cul ation

wi || show that thm this afféngafieht, eschioutpubi tha@enbifatian 6f wuoasignan! L f amR gne of
the other three cardinal directions. 5 Equations 5, 6, 7 and 8 can be

written Bjui bethamwolvg thessumoandalifferende of therinput sigrals andithggains efithe s apd o)
g' * (ZI:LP* L= (1 aﬂ}erc:{x L Eﬁs*(t%% -Vq}ﬁzs vghl%gg inp%tg)are cfgnvgd H;S]Itﬁe+c%‘%:e{' %ﬁ(pgurfou;u;' " (L,
*(1-9,) (EQREELE)
directions, the pair of directions orthogonal to the left and right directions). C,, and S,
both involve the actual input signals and the gains of the left and right VCAs (the VCAs
whose respective inputs are derived from the left and right directions, the pair of
15  directions orthogonal to the center and surround directions).
Consider a non-cardinal direction, where R, is fed with the same signal as L,,
with the same polarity but attenuated. This condition represents a signal placed
somewhere between the left and center cardinal directions, and should therefore deliver
outputs from L, and C_,, with little or nothing from R, and S,.
20 For R, and S_,, this zero output can be achieved if the two terms are equal in
magnitude but opposite in polarity.
For R,
magnitude of [Y2*(L,+R)*(1-g)]
= magnitude of [“2*(L-R)*(1-g,)] (Eqn. 13)
25 For S, the corresponding relationship is
magnitude of [%2*L*(1-g)]
= magnitude of ["2*R.*(1-g))] (Eqn. 14)

A consideration of a signal panned (or, simply, positioned) between any two

the relationship for this cancellation is



S.,,,=lh*L *(1-g) -'h*R<*(1-gr) (Egn. 12) In this arrangenent, each out put
i s the conbination of two signals. L. and R 10 both invol veg s iem and
difference of the input signals and the gains of the sumand difference
VCAs (the VCAs whose inputs are derived fromthe center and surround
directi ons, WPHE48 r of directions orthogonal to the |ef PCHUSOHRIHL
directions). C.,,, and S,,,,, both inuqglve the actual input signals and
the gains of the left and right VCAs (the WAS whose respective inputs are
derived fromthe left and right directions, the pair of 15 directions

ort hogonal t gdjadest caedihg dirsctidns will RV theisihe twofetationdhgRs il ethewbas; car di nal
direction, where R, is fed with the sane signal as L, wth the sane
pol arity but when @nma&gnmﬂearemh@lmumdpm@é elaveen myatwgiagm@nt putputsd

somewher e be ween the. |eft d center c naI |rect| houl d
Shorof or e doMegag e flatiof i Wil frouce bROEES B8 DO g 1 om
R.,,,andS. mggo Rﬂpa . dif the
two terns are eq ar{a tg{thr?gcgm tl@%@g@péﬁﬁg&ﬁagﬁtg?ﬁﬂ%?tﬁ&gmﬁ‘,yt,?u" t he
rel ati onghi pdélﬂ'br fidthing.C anerdbrd sabstamiallBto aehigve thackesuld, tHelhdgnitudeRpf (he-tgp] =

magni tude of ['h*(L"- L (l-g9,)] (Egn. 13) 25 For SO d, the correspondl ng
rel ati onshi pter@smﬂjﬁhp @ree@fahmrf)ab%shpulé@emepqudfﬂqal@ ) Thig thu e14) A

consi deration,of | nned oned n t wo
56 My 2004 HEIed b ECRAE R E Bera BB AR of LB of SeVE MABRY o e
will reveal agcSaBativo reI atlonshl ps. In other words, when the i nput

signal s represent a sound panned between any two adj acent outputs, these

magni t ude rel ati onshi psagnitide of fE+R)(hgh] t he sound energes fromthe outputs

corresponding to those two adéacent cgrdi nal directions and that the other
two outpths 5 deliver mon#gnyde of{(laRREl-Bbst ant (B% yk 0 achi eve t hat
result, the nmagnitudes of the t ternms in each of the equations 9-12

shoul d be urged toward equality. This nmay be achieved by seeking to keep
equal the relative magmighitsiRor pl*@wo pairs of signals wthin

= magnitude of [R*(1-g)]. (Eqn. 16)
The desired relationships, shown in Equations 15 and 16 are the same as those
15  of Equations 13 and 14 but with the scaling omitted. The polarity with which the
signals are combined and their scaling may be taken care of when the respective outputs
are obtained as with the combiners 14, 16, 18 and 20 of Figure 2.

The invention is based on the discovery of these heretofore unappreciated equal

amplitude magnitude relationships, and, preferably, as described below, the use of self-
20  acting feedback control to maintain these relationships.

From the discussion above concerning cancellation of undesired crosstalk signal
componénts and from the requirements for the cardinal directions, it can be deduced
that for the scaling used in this explanation, the maximum gain for a VCA should be
unity. Under quiescent, undefined, or "unsteered” conditions, the VCAs should adopt a

25  small gain, providing effectively the passive matrix. When the gain of one VCA of a
pair needs to rise from its quiescent value towards unity, the other of the pair may
remain at the quiescent gain or may move in the opposite direction, One convenient

and practical relationship is to keep the product of the gains of the pair constant. Using



the active matrix: magnitude of [(L,+RJ*(1-gJ] 10 = nagnitude of
[(I..1-R*(1-9)], (Egn. 15) and magnitude of [1,,*(I-g~}]2&MmBPopyude of
W1l-g9)]. (Egn. 16) The desired rel ationshi ps, shown in Equation$s 15 and 16
are the sane as those 15 of Equations 13 and 14 but with the scaling
omtted. TheOpwiaMi ty with which the signals are conbi n@dT/EBW/32388 r
scaling may be taken care of when the rggpective outputs are obtained as
with the conbiners 14, 16, 18 and 20 of Figure 2. The invention is based on
t he di scovery of these heretofore unappreciated equal -anplitude nagnitude

rel ati onshi DeviGHACARIAIORE Blth o B AIRRET hRARNRA R cohll veRBeeD Inise 1 - 20

acting feedback control to maintain these relationships. From t he

di scussi on abappenscntoreticdllydf & aontwl veltage is appliedraeaiy Gut mtlos&tcav«omogteal

conponent s and fromthe reqw rements for the cardinal {ogctlons it can be
ﬁum

deduced t haPolpgy) torfhe wopfiapgin, shppther aligrpative iptodssn the the gaips of the gain

for a VCA sh fs l!gﬁ, Sered”
condi tions, ﬁ#e%%%gt ;tﬁfoéoﬁge"@g%{ve%‘éﬁ% 1rnp%§'|féﬁ{eh'a oV )Q{’rnlg ectively

t he passisve ek than b ﬂgtamog@d tntone VCA of a pair needs to rise from
its quiescent value fowards unity, the other of the pair may renmmin at the
qui escent gain or'I'hm,yforrﬁmpltn if the qoiegroat gain iailfaeammﬁcalmui@elﬁpbmm and
practical relationship.is to ke g roduct the gains of the pair
const ant . Uspﬁéwegm%gftﬁgggrs\mgg%% ejp progcts 132383 -12 anal og VCAs,
whose gain in dB is aglr ngayf tion of their control voltage, this
happens automatically “a control voltage is applied equally (but with
effective opposite pggtyp’to the two of a pair. Another alternative is
to keep the sumof the gains of the pair constant. O course, the

i nventi o may be Amtﬂhﬁﬂu%@rdagm@thylwemg%lﬁtw@re 5 rather than by

U119, 20l 09, C0TaeRt o el FAB b R Bt o
product suchgf Q3 for the left and right VCAs (6 and 12, respectively) of Flgure 2. Tt receives the
L, and R, input signals, processes them to derive intermediate L *(1-g)) and R*(1-g,)
signals, compares the magnitude of the intermediate signals, and generates an error
15  signal in response to any difference in magnitude, the error signal causing the VCAs to
reduce the difference in magnitude. One way to achieve such a result is to rectify the
intermediate signals to derive their magnitudes and apply the two magnitude signals to a
comparator whose output controls the gains of the VCAs with such a polarity that, for
example, an increase in the L, signal increases g, and decreases g,. Circuit values (or
20  their equivalents in digital or software implementations) are chosen so that when the
comparator output is zero, the quiescent amplifier gain is less than unity (e.g., 1/a).

I.n the analog domain, a practical way to implement the comparison function is to
convert the two magnitudes to the logarithm domain so that the comparator subtracts
them rather than determining their ratio, Many analog VCAs have gains proportional to

25  an exponent of the control signal, so that they inherently and conveniently take the
antilog of the control outputs of logarithmically-based comparator. In contrast,
however, if implemented digitally, it may be more convenient to divide the two

magnitudes and use the resultants as direct multipliers or divisors for the VCA



g,*g, = 1/a2, and &*'g, = Il/ax. 10 A typical value for "a" mght lie in the
range 10 to 20. Figure 3 shows, functionally and schemati cabg xayopgedback
derived control systemfor the left and right VCAs (6 and 12,
respectively) of Figure 2. It receives the 1., and Rt input signals,
processes tWwem/Mis4derive internediate L, *(l-g) and R *( 1rgr/yseosignal s,
conpares the nmagnitude of the internedigge signals, and generates an error
15 signal in response to any difference I n magnitude, the error signal
causing the VCAs to reduce the difference in magnitude. One way to achieve
such a resul goksonk0 rectify the internediate signals to derive their

magni t udes ang apply the two magnitude signals to a conparator whose

out put control s tMeregpedifically, dshhoMCASFipiire!3, sedh impupis lapplied\to theeleft™f or
exanple, an increase in the L, signal increases g, and decreases %
Circuit val u¥SA(Gandio one iippt ¢falingan mbiner 32 wihefettis applied yithgpscaling o

I npl enent ati Qns)..ar, sgn so.that. when the. ¢ apat or..ou | s zero,

t he qui escem?' qa il?eff g%gi?‘htp'i’tés ?@i’ﬁ%‘ﬁ%cﬂﬁqu(}?&%{%scﬂ‘r?a%(gfp'ﬁmpie anal og
domai n, & Pr ffrhinsdl sub@etdrPaddRE SRR of CHALIAG AL bnylid to'A GlIl-Vivel Ectiffer convert
the two magnitudés to the logarithmdomain so that the conparator subtracts

t hem r at her 2f€aThelRtisputiisnipplied toche rigatVEA 13/amd/toame inpyt & knehncombgaerns
proportional to 25 an exponent of_ the control signhal, so that they

i nherent |y afiwhergitdh peplied yith asealingof +a1ntT1F“0@€hg M2 eYPRLILPPRYE] SIS of
| ogari t hm C?%J%in?e?ag%ﬁloa%'i LR ét'rr]n{?s t?;%ﬁ'xhé g?g%tratc{%rg) ¥i%he od ut:ofgé@gﬁé;t ed

digitally, may” be nore corveni Wo ~ fragn nd use

the resul t ant@isa %liﬁdrtﬁﬁtfut[nd/h{ré RLifRr 280Thel ractifier B¢ dndr28tdifuiéGle Aplidy 2004 WO
01/ 41504 PCTI CIS00/ 32383 - 13 functions. More specifically, as shown in

Fi gure 310 t heespectively) gonoi-inventipp ieadiinvertingimnputs of axt opeGaiogalamplifier ¥he i nput of
SRS T ENTINE N SRR T
17102, B FRLGRIg bl Syl bl BTl R APPSR,
one input of ingud of VB 6QAEG/APOlariRGinvéisioeto the bain agptollag inpitlof ¥CAcHL.i ng of +
1. The right VCA 12 output is applied to the
The error signal indicates that the two signals, whose magnitudes are to be equalized,
15  differ in magnitude. This error signal is used to "steer" the VCASs in the correct
direction to reduce the difference in magnitude of the intermediate signals. The outputs
to the combiners 16 and 18 are taken from the VCA 6 and VCA 12 outputs. Thus, only
a component of each intermediate signal is applied to the output combiners, namely, -
Lg, and -Rg,.
20 For steady-state signal conditions, the difference in magnitude may be reduced
to a negligible amount by providing enough loop gain, However, it is not necessary to
reduce the differences in magnitude to zero or a negligible amount in order to achieve
substantial crosstalk cancellation. For example, a loop gain sufficient to reduce the dB
difference by a factor of 10 results, theoretically, in worst-case crosstalk better than 30
25  dBdown. For dynamic conditions, time constants in the feedback control arrangement
should be chosen to urge the magnitudes toward equality in a way that is essentially

inaudible at least for most signal conditions. Details of the choice of time constants in

the various configurations described are beyond the scope of the invention.



conbiner 26 with a scaling of -1 (thus formng a subtractor) and the out put
of conmbiner 26 is applied to a full-wave rectifier 28. Theag@gdyfjoar 24
and 28 outputs are applied, 10 respectively, to non-inverting and inverting
i nputs of an operational anplifier 30, operating as a differenti al
anplifier. WaeLgs i fier 30 output provides a control si G8USK3A388he nat ure
of an error signal that is applied withgyt inversion to the gain
controlling input of VCA 6 and with polarity inversion to the gain
controlling input of VCA 12. The error signal indicates that the two

si gnal s, whose ”Hﬂ@fe}élb‘i&‘?%ir@tﬁﬁpzfrﬂné?&s%ﬂ%bkﬁ%gr&ﬁeQb$Jt90dB_rbf vk ude. This
error signal is used to "steer” the VCAs in the correct direction to
reduce the dieedback andsad thatrtbkegMCAUgdins einnbhese abbee netyi dEhe \EC 4 gaibs maff maryout put s
to the conbiners 16 and 18 are taken fromthe VCA 6 and VCA 12 outputs.
Thus, only Homsapsseall veipe daceramplee Lige dnushdess e anity)Upapotut 88 t o t he

out put conbi per.s,. I - - . - si gnal
condi tions, '%#%@ﬁﬁ%g’ﬁ Jﬁalﬁfége%!ﬂﬁ%lggd%car%beé%e&@@g%@@@%@ﬁ%ﬂ%@sl i gi bl e
amount  bys pr gvingdementeoORghves 20ParliFS, "Dud VY fégatild febdbaflg thd\@FMB&RENY of O
reduce the differences in magnitude to zero or a negligible anount in order
to achi eve Eighethwill &t tackodd the aighals emtering the restifiers epprexiamatelyeequal. | oop gai n
sufficient to reduce the dB _difference by a factor of 10 results,

theoretical |y, i roWisRe oxagains Ayt siticah wihep fhey gresmafl, a1y otfer delalionsiip,

theoretical |y, i A :
Shoul o be. chiebfiEs sl GrRe bERL puk 4 Bl GRIATRhefe? Y e BLADOREET o

essential |y udityawidlidahs sahildrae®ptableresi®&t signal conditions. Details of the
choice of tine constants in the various configurations described are

beyond t¥We scope Die fedibackdesined emtrobsystemfop thesevey and/surrgmd &Yy (85md/ 32383

-14 Pref bly, ci t. h t | d bout, 20 ,dB of
negat i ve. T olispreily oY Fresese et B e A GRA 6 “The
VCA gai ns MByequaiel, &&9&3@%;5@ !Fﬁ‘gﬁi tHéir Qlﬁfﬂ%ﬂ@ﬁi@f@ﬁh& ant/2BBlying4gh | ess

than unity) up to, but not ~ exceedi unity tor the scaling exXanples
descri bed heogputs fromCOQIA @cind MCAV2 (tohdituting &rdoapgmmeof the edspdetigeir es 2, 4 and
5. Due to the negative feedback, the arrangenent of Figure 3 will act to
hol d t he si ginirmedipte signalytoqembinsest f4rand28. approxi natel y equal . Since the

exact gajshs are ngl Cf hibh G8ired G ossdicallefiafiBthdy beiMictd Wilae! Shiitle' ONShI P

variety of input signal conditions using circuitry with no special requirements for

precision while employing a simple control path that is integrated into the signal path.

The feedback-derived control system operates to process pairs of audio signals from the

passive matrix such that the magnitudes of the relative amplitudes of the intermediate
20  audio signals in each pair of intermediate audio signals are urged toward equality.

The feedback-derived control system shown in Figure 3 controls the gains of the
two VCAs 6 and 12 inversely to urge the inputs to the rectifiers 24 and 28 towards
equality. The degree to which these two terms are urged towards equality depends on
the characteristics of the rectifiers, the comparator 30 following them and of the

25  gain/control relationships of the VCAs. The greater the loop-gain, the closer the
equality, but an urging towards equality will occur irrespective of the characteristics of
these elements (provided of course the polarities of the signals are such as to reduce the

level differences). In practice the comparator may not have infinite gain but may be



that forces the gain of one of the pair to a snmall val ue whenever the other
rises towards unity will cause simlar acceptable results. 28@1ak04

f eedback-derived control systemfor the center and surround VCAS (8 and

10, respectively) of Figure 2 is substantially identical to the arrangenent
of Figure 3W0&H4158#escri bed, but receiving not L, and R BOT/UBW&RIB3Isum and
difference and applying its outputs fr.ge.VCA 6 and VCA 12 (constituting a
conmponent of the respective internediate signal) to combiners 14 and 20.
15 Thus, a high degree of crosstal k cancell ati on may be achi eved under a

wi de vari et yaldediaf B Wibtfac@®p 3ith GARE kiihons using circuitry with no special
requi rements for precision while enploying a sinple control path that is

i ntegrated into tlhtheseesifiers gratimear, tritds, fibthelb quiputd are dizsctlyc propertipnal yos them
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equality. Th@c%gggﬂb‘gg -egéeer'ilsfe COﬁ%?%diﬁﬁgf;g%%%ﬂé%ﬁF%tw%S%ghgﬂ@gnt rols

t he gai n$ of mhftudés\ehal/isAS tife levetlexbresied\if dBLA yubtactishgRrfofited aphet S to the
rectifiers 24 and 28 towards equality. The degree to which these two terns
are urged t otRMRITAtAIGORYLiiY auivelsainiadaking the Fbiooh Hiedapus Javels; ddisds beneficial
rectifiers, 1 arat or 30, fol | ow hem and .of {he 25 gain/control

el at 1 onsh pl iy RSP B en et i st S50y Jrvet N deeortEtly SR

equal i ty, DUttt il fihal AYREA a2 bRk inBRNE sighdl INBRCbitSselin ! e
characteristics of these elenents (provided of course the polarities of

t he signal s éB & =iledt nare hearlyduimar pérbeptioh eI meind fher @ines elsipgs Heingpaqaaitthee t he

conparator may not have infinite gain but may be 28 I\gh}y 2004 WD 01/ 41504
PCTI US00Y0323188p-gain issindependent of Igudngsss st heges tat the degres ofjurging towards) f ¢ he

e o I

i npu udes, rac t a’ function

of the signathe Yspatithific refifiérs Wile BaschofdpBaRNeSurathly, hitSthérafbrd Merewidltbefaner s
respond to the l'ogarithmof their input 5 magnifudes, that is to the |evel

expressed i ning@, thsholibbelew wihsh threurging tewhrds equility wilb ngrse. aiowevenpthe | s
equivalent to taking the ratio of the input levels. This,is beneficial in

that the residlt ishat geniral Grneisopyintained pver 3005 uare, 68 raneg wahoytdleneed for
depends @gnl yex%go}dﬂﬁrily high loop-gains for high input signal levels, with resultant potential

problems with stability of the loop.

Similarly, the VCAs 6 and 12 may have gains that are directly or inversely
proportional to their control voltages (that is, multipliers or dividers). This would have
the effect that when the gains were small, small absolute changes in control voltage

20  would cause large changes in gain expressed in dB. For example, consider a VCA with
a maximum gain of unity, as required in this feedback-derived control system
configuration, and a control voltage V. that varies from say 0 to 10 volts, so that the
gain can be expressed as A=0.1*V_.. When V_ is near its maximum, a 100 mV
{millivolt) change from say 9500 to 10000 mV delivers a gain change of

25  20*0g(10000/9900) or about 0.09 dB. When V. is much smaller, a 100 mV change
from say 100 to 200 mV delivers a gain change of 20*10g(200/100) or 6 dB. Asa
result, the effective loop-gain, and, hence, rate of response, would vary hugely

depending whether the control signal was large or small. Again, there can be problems



difference in signal expressed in dB. Considering the source signal |evels
expressed in dB to reflect nore nearly human perception, thgsg t hat
ot her things being equal the 10 |oop-gain is independent of |oudness, and
hence that the degree of urging towards equality is al so i ndependent of
absol ut e | O¥EAL4ISN4 At sone very |low |l evel, of course, tRETSWHRIBHhNM C
rectifiers will cease to operate accuratygly, and therefore there will be an
i nput threshold bel ow which the urging towards equality will cease.

However, the result is that control can be maintai ned over a 70 or nore dB
range W t houiyith g stdflity bPihe Idopext raordi narily high | oop-gains for high

I nput signal levels, wth resultant potential problens with stability of
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and a control voltage V, that varies fromsay O to 10 volts, so that the
gai n can be Hwspeisal agliage ipwishin ity range\\Such devicessarg seadily availgbleiagaialoglCs00 v

(mllivolt) ch e fromsay 9900 ta 10000 . delivers a.gain.change of 25
20+ | og( 10000FHbBEs e or 1 gBPRE ALy s Fny diedir P *a 100 my
change fromsa¥mdetioh® 200 nV delivers a gain change of 20*| 0og(200/100) or
6 dB. As a result, the effective | oop-gain, and, hence, rate of response,
woul d vary hugel yThegeeferreld argbodivaérh eiterdftve eapidys tdgadihgriatectifiers hmt ge or snmal | .
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wi t h t hel&t ap¥popenjially cantreliedoysiableigpis amplifration cdeliveringanoregingarlevnifymenpl oyi ng

VCAs whose gaih i.n dB is _..proportiqnal.to e.control..vol , expressed
ditreront . oghsdBids paaul POl R om et d SR R RS wp e

e upon € exponent

or antil og ofaibhef e Kid RputkinhRge. A small change 5 in control voltage such
as 100 mv will then give the same dB change in gain wherever the control

vol tage i s wi t hi rSin¢esin hamgreheaSng thedewieption afdgrectimads hyt capsidnit atithe as anal og
| Cs, and the characteristic, or_an approximation to it,, is easily achieved
in digital frequency, it is desirable to apply some frequency weighting to the signals entering the
15 réctiﬁers, so as to emphasize those frequencies that contribute most to the human sense
of direction and to de-emphasize those that might lead to inappropriate steering. Hence,
~ in practical embodiments, the rectifiers 24 and 28 in Figure 3 are preceded by filters
derived empirically, providing a response that attenuates low frequencies and very high
frequencies and provides a gently rising response over the middle of the audible range.
20 Note that these filters do not alter the frequency response of the output signals, they
merely alter the control signals and VCA gains in the feedback-derived control systems.
An arrangement equivalent to the combination of Figures 2 and 3 is shown
functionally and schematically in Figure 4. It differs from the combination of Figures 2
and 3 in that the output combiners generate passive matrix output signal components in
25  response to the L, and R, input signals instead of receiving them from the passive matrix
from which the cancellation components are derived. The arrangement provides the

same results as does the combination of Figures 2 and 3 provided that the summing

coefficients are essentially the same in the passive matrices. Figure 4 incorporates the



i npl ement ati ons. The preferred enbodi nent therefore enploys |logarithmc
rectifiers and 10 exponentially controlled variabl e gain ampg \MiCabion,
delivering nore nearly uniform urging towards equality (considéred in dB)
over a wide range of input levels and of ratios of the two input signals.
Since in huoMaAVHSE i ng the perception of direction is NOPCTHR3AI®E Wi th
frequency, it is desirable to apply song+f.requency weighting to the signals
entering the 15 rectifiers, so as to enphasize those frequencies that
contribute nost to the hunman sense of direction and to de-enphasize those

that mght | gagbacR atrffiRReAB dbwtiBedSih @6rneitbon WieNERure 3.n practi cal _
enbodi nents, the rectifiers 24 and 28 in Figure 3 are preceded by filters

derived enpi ri cal Mpre specificaiiynin Eigure 4pthede andBtinputt @ra applied firs o 4 pasgivenci es
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arrangement 82)aikd/@ldaB ingufof NEncaOEEMURRIr 130 Withfa SChlfglFst £ ThelleR VGA Shown
functionally and schematically in Figure 4. It differs fromthe conbination
of Fi gures 2outpytds applind tchacomihger 3dtvithta ssaling afet Shushonniag @ splitasioe Rt ri x

out put signal, conpopepts .in. 25 responsg.tq, the I, and R input.,sjgnals
“nstead of T BeBpUy RO e ARG TR o BN it AR e s VA

cancel | ation ‘%H)@ GRkd ; I‘?aﬁgg.@?(ﬂt r owi sane
results as d‘ggs t (rabﬁgg@tl)]%gatlon %‘?‘%ﬂ%afgéﬁg{h and -3 ng?l\cgéeggﬁr?adt]@ﬁ]e

sunmi ng  coebiitp@riieapplied tethe sembihéral6l with N&albw@f -1 fthud for@ing  subtravkdr).i ces.
Figure 4 incorporates the 28 May 2004 WO 01/ 41504 PCTI USO0/ 32383 17

f eedbacklOar r Zhgyeutpyts of epmbinarpdandoren e signan Li-a) mdRFd-2), revpectively,
specifically, Ji.n.Fjaur the L... and.R= inputs are lied first. to a
passive mat ‘i@Pfshda?gﬁfdﬁtgﬁ‘ﬁffetgé F&%Pﬁ%%ﬁéseasﬁﬁa& eggal ioﬁ?qp'ﬁr e_ﬁ‘ieb"utf‘“garf_ passi ve
matrix confi Ejifaidy! %achiﬁbé’ﬂﬁte #c?\?ﬂ{t/hgg\é"égggdi's fn%fe?dbﬁpark BFpiRasSh YRdbmRkri x "left”

output, is appliéd to the " 2 and to one input of a linear
conbi ner 34 virdukt sachsasashbwg iFigired arfihdesdribbd inGAn@fon thatepiith. The figedbackd to a

conbiner 34 with a scaling of -1 (thus formng a subtractor). The R
i nput, whi chcﬁ@ltﬁwmﬁ@sgﬁs@wm*$&“drﬁ4ght " output, is applied to the

"right™ \CA In addition, still referring to Figure 4, the "center"” output of the passive matrix
from combiner 2 is applied to the "center” VCA 36 and to one input of a linear
combiner 38 with a scaling of +1. The center VCA 36 output is applied to the
combiner 38 with a scaling of -1 (thus forming a subtractor). The "surround” output of
the passive matrix from combiner 4 is applied to the "surround" VCA 40 and to one

20  input of a linear combiner 42 with a scaling of +1. The surround VCA 40 output is
applied to the combiner 42 with a scaling of -1 (thus forming a subtractor). The outputs
of combiners 38 and 42 are the signals Y2*(L +R)*(1-g) and 2*(L-R)*(1-g,),
respectively, and it is desired to keep the magnitude of those signals equal or to urge
them toward equality. To achieve that result, those signals preferably are applied to a

25  feedback circuit such as shown in Figure 3 and described in connection therewith. The
feedback circuit then controls the gain of VCAs 38 and 42.

The output signals L

outy

C.w S..» and R, are produced by combiners 48, 50, 52

and 54. Each combiner receives the output of two VCAs (the VCA outputs constituting



44 and to one input of a linear conbiner 46 with a scaling of + 1. The
right VCA 44 output is applied to the conbiner 46 with a ssaMA%00k -1
(thus formng a subtractor). 10 The outputs of conbiners 34 and 46 are the
signals L,*(1-g) and R1*(1-g), respectively, and it is desired to keep the
magni t ude OFOPHHSY signal s equal or to urge them toward PEHHEI3RIBI To
achieve that result, those signals prefqgably are applied to a feedback
circuit such as shown in Figure 3 and described in connection therewth.
The feedback circuit then controls the gain of VCAs 32 and 44. 15 In

addi tion, stjkhmpdhkRt dtithCinfefinddidle/signats whdi€ magMnAidey are Solightiio lRfkepth@uipssi ve
matrix fromconbiner 2 is applied to the "center" VCA 36 and to one i nput
of a |linear toguavideeancdBtion $ipnah coupdnemts amf eitherd or bitfeinpetrsignals WEAs B6 out put i s
applied to the ~conbiner 38 with a scalin f - thus form

subt r act or ) . PreKide PasSIvE AN SIgRA FRIPPASENLE-h %%%Fi\ﬁéa(l’r}‘ameii&l"\‘?gaﬁ&g#bi ner 4 is

applied to t . ! . Of A re»conbi ner
42 with a sc |lﬁ%u’gpggggmg%é%1@#&?@?@&4#%%%%}@ Ofg‘b%lt?e (t:"B t he
combi ner 542 yénitlinet SOC@ld With #§calidg éft P UStofthe 8], REmBin&ASB, I'HIRY iPyt sighhleR, @it put s
of conbiners 38 and 42 are the signals 1h*(L, +R)*(1-g) and respectively,
and it is deagplied with alseading ofid- Irtadhe Ry ¢embiner Fo ydithgi sgaltngof elgGdp to urge

themtoward equality. To achieye t resul t,. thase_si I eferably are
applied to a‘® “?‘éédﬂ&‘c‘ﬁ‘ﬂbﬁ lil&f’é]%c}? iscg'ﬂmrﬁneﬁed%?g@ %ﬂ"%éﬁ:riybed
i n connecti oL, &; TR 1. f b <Ol ' : 1 ai n of

I\/CAs 38 anl:l %’fﬁ‘g@ﬁ’gﬂn&uﬁ‘&g%&’éﬁgﬁg‘ ‘E’g{i’}r%kgs?{‘&gy??hg%%ml%g,ﬁ,}‘g‘r?gg‘plroduced

by conbi ner scohthindr32. Fhe rightlvOA.44agdut Bapplicdevitly eqalingesf -Vhe Qicpmbined  t wo

VCAs (the VCA outputs constituting 28 May 2004 WO 01/41504 PCTI USQQ 32383

-18 a col¥pon&handowith mscaling ef trikiiot.e camlgner 52. e senterYaAIequtpubisappligight to

be kept equal t o.proyide cancel.l ati,on.signal .conpo s angd either or

bot h i nput sWQh§|S§€1’3§° gl t_f'(}‘“'ﬁ?"& ?ﬁae4 ﬁﬂgé"l‘_@é’ %i"lgir%'gﬁgﬁrfa!w %%ro#;:nts. Mor e

speci fical | yqud Hﬁmk.ﬂgpvmsat@aﬁ]lkuﬂsapbﬁed PPk s&ﬂﬂwh B L3CRCANE Al withla t O the
sca

L,,,, conbiner 48, wth a ing of +h to the C, ,, 5" conbi ner 50, and

W th a scal i sugling oft++ih té B tV@ASdut , conbi ner 52. The input signal R is
applied with a scali of + 1 to the Rconbiner 54, with a s_caligganf +' h

to C, conbiner 5@,‘”“218%1“‘%?4 fhatoin yangus pgest the figures, for examplgiin Righres he |eft

VCA 32 Ot pua, iit %my initially appear that cancellation signals do not oppose the passive matrix
signals (for example, some of the cancellation signals are applied to combiners with the
same polarity as the passive matrix signal is applied). However, in operation, when a
cancellation signal becomes significant it will have a polarity that does oppose the
passive matrix signal,

20 Another arrangement equivalent to the combination of Figures 2 and 3 and to
Figure 4 is shown functionally and schematically in Figure 5 . In the Figure 5
conﬁgufation, the signals that are to be maintained equal are the signals applied to the
output deriving combiners and to the feedback circuits for control of the VCAs. These
signals include passive matrix output signat components. In contrast, in the

25  arrangement of Figure 4 the signals applied to the output combiners from the feedback
circuits are the VCA output signals and exclude the passive matrix components. Thus,

in Figure 4 (and in the combination of Figures 2 and 3), passive matrix components

must be explicitly combined with the outputs of the feedback circuits, whereas in Figure



applied with a scaling of -1h to Ca,, conbiner 50 and also with a scaling
of -1h to S." conbiner 52. The right VCA 44 output is appl ﬁ@ﬂdﬁ@‘id%a
scaling of -"h to C conbiner 10 50 and with a scaling of +lh to"S.,,,
conbi ner 52. The center VCA 36 output is applied wth a scaling of -1 to

L.., conbi re@ongsénd with a scaling of -1 to R ,,,, conbPORUS®A2383 The
surround VCA 40 output is applied with _ggscaling of -1 to Lo,,, VCA 48 and
with a scaling of +1 to R,,, VCA54. It will be noted that in various

ones of the figures, for exanple in Figures 2 and 15 4, it may initially

appear that §apcRigutldron febdbact Sirdlts BRhud® MR Paive MutmassihpoRedtPidd afe Si gnal s
(for exanple, sone of the cancellation signals are applied to conbiners

with the sasuffigiedtan themselwest Hewilbals becnotertthdt in the gitgure 5 arranpementdbe However ,
i n operation, when a , cancell ation si glnal beconmes significant it wll have

a polarity tinarmedias sighpl oupuisathenthan fhg ¥ Giyeytputs (agflal whighconstifpis pnly
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confi gur &t i ONeverifBless] BeaFHigurt Bahd Figrd ® (dshg Wthth@tdiftsingion af Fipufes 2had 3) gnal s
applied to the output deriving conbiners and to the feedback circuits for

control of té¢mfig@atonshneepivalsng read sif theshmoingreskicieats asg acewraguths wutpyisgnal
conponents. |n ntrast, .in the 25 arrapgene f Figure.4 t sighal s
ol Ted to ¢ HemGaanS e es & fiw ot gad e coPPlagion et \ca
out put signal s f4nd exclude the passive matrix conponents. Thus, in Figure
4 (and in the conbination of Figures 2 and 3), passive matrix conmponents

must be explicitly FRgrdsnme foirtineintedia@tigndiss [1oF (LI-FR) M bedh IR (GR)eUrt S,
whereas in Figure 28 May 2004 WO 01/41504 PCTI US00/ 32383 - 19 5 the outputs
of the f¥edbadd%ileledls andbErtRIE(1tedd ip shesiquationsn®r 10« 1d @ng &% aserobtained byr e
sufficient in thenselves. It t hat, in the Fi e 5

il | b t
arrangenent PIRECSSING, thg eraﬁ‘%w% Pbﬁi?gﬁ*"%%l;?’gé‘?eﬁ a‘ﬁgﬁdho&sutgtf:figﬁdp%ge But put s
(each of whi gy EPRThitt Ue B Yalsart AIRQRELeilerd 18 oRpBERLILAHS i gnal )

are applied to ut put conbiners. 5 Nevertheless, the Figure 4 and
Fi gure 5 (al feadback tibcuith,casciesdribadabova irndonkecgiom @dth Figunel3 3he feedbeck gixctatsi ons
are equivalent, and, if the summing coefficients are accurate, the outputs

from Fi gure SesHaly eringdaheld dhe mpgnitadesiof temays plsignalsaqualy Hdededickat i on of
Figures ?5 circuits of Figure 3, as applied to the Figure 5 configuration, have their outputs to the

output combiners taken from the outputs of the combiners 22 and 26 rather than from
the VCAs 6 and 12.
Still referring to Figure 5, the connections among combiners 2 and 4, VCAs 32,
36, 40, and 44, and combiners 34, 38, 42 and 46 are the same as in the arrangement of
20  Figure 4. Also, in both the Figure 4 and Figure 5 arrangements, the outputs of the
combiners 34, 38, 42 and 46 preferably are applied to two feedback control circuits (the
outputs of combiners 34 and 46 to a first such circuit in order to generate control signals
for VCAs 32 and 44 and the outputs of combiners 38 and 42 to a second such circuit in
order to generate control signals for VCAs 36 and 40). In Figure 5 the output of
25  combiner 34, the L*(1-g) signal, is applied with a scaling of +1 to the C_, combiner
58 and with a scaling of +1 to the S, combiner 60. The output of combiner 46, the
R.*(1-g,) signal is applied with a scaling of +1 to the C,, combiner 58 and with a
scaling of -1 to the S_, combiner 60. The output of combiner 38, the '2*(L,+R)*(1-g)



and 3). In Figure 5, the four internediate signals, [' *(L,,+R)*(1-gj],

[I h*(Lk- *(1- 10 g,), ['fz*L1*(1-g)], and ['h*R *(1-g,)], iDg M 2Qyations
9, 10, 11 and 12 are obtained by processing the passive matrix outputs and
are then added or subtracted to derive the desired outputs. The signals

al so are fHOOWIHWe rectifiers and conparators of two fEBEHESYB2BBrcuits,
as descri bed above in connection with Eixgure 3, the feedback circuits
desirably acting to hold the nmagnitudes of the pairs of signals equal. The
feedback 15 circuits of Figure 3, as applied to the Figure 5 configuration,

have their oubpuitis absliell Rfthe QUL BoMbik? 5B WillaSschiige? £ 1 218 tolike RUlcBMbIen! the
conbiners 22 and 26 rather tfhan from the VCAs 6 and 12. Still referring to

Fi gure 5, th62 withaacdlingwf +dooitg atpubofithe soribiserdl24 the WeKE.-BX*(1-gd6igndlDjs and
44, and conmbiners 34, 38, 42 and 46 are the same as_in the arrapgengnt of
20 Figure 4. 2ppligdto ‘?‘ﬁ‘-’bcﬂoﬁ'b!'}?ésfr%‘ﬂr"e'*'hscéhﬁgF’ldgtﬂtﬂ?%mé’P?‘B’r’?ﬁ’é%W{‘g?' he

out puts of tg&iﬁ?gonbi ners 34,.38, 42 and 46 preferably are applied to two
f eedback conttol®circuits (the outputs of conmbiners 34 and 46 to a first

such ciraouit in ogflfd prior 8¢ A&ipaVE maPRidetidess] Uhddeontréllsigreleare’sknaaid44 and
t he out puts of conbiners 38 and 42 to a second such circuit in order to

gener at e confromltheingutal the inventig@AsefSBbly emply} a closedrliogm cant®l inwhicuthgut of 25

conbiner 34, the L.,*(1-q9,).signal, is applied with a,scali of +1 to the
C conbi ner  B82HH ewfgtﬁﬁ gg'é@d?‘%ﬂ@‘“%fheﬂ“mgg alr?@e"ﬁﬂ[?,g aﬂﬁi"ﬂal??égg%ﬂo‘"‘?ﬁe out put
of conbi ner , : (] ' | R | a d.Ag of + 1 to
the C conbi nglr(é %ﬁg%%ﬁh@ha@ggﬁxgogﬁ%‘iﬂt% #eSEe ts’efh%?gél e!aner 60. The
out put of cophicéIRkoB8E uriwagtel sighils forMbi-Cdrdimil dibclitig dd& bt \depend /od hb 04

PCT/ US00/ 32383 -20 signal, isappl i edtothelL . . , conbiner 56 with

a scal i nif of aceumateamatching efeharcisustiss néthe signal\gnd gongrol paths, ragd gre clased-¥a9p out put
of the conbi ner 42ti the 1h*(L1 ﬁ&*n%i@ﬁ signal., .i Sir aﬁ_gl ied to the L.,
conbi ner 56 9\?"_tﬁl5“ M STV iR g 8™ on 1 GSTRIEYE with a -1 _
~scaling. 5 Unli keId&ﬁl[yoﬁsi&rﬁ-mﬁ pifitaY BirdRY shbrcoAlBRAT eketp nidBRBRIcEQHEI"0!  Signal s
are generated fromthe 1nputs, the invention preferably enploys a
cl osed- 1 oop canfiznntionsrof\the iaventibee arerfpepfisct "Uid dise whsetthat asy smadesfep irdo theilng t he
out puts are neasured and fed back to provide e
and R, inputs with known relative amplitudes and polarity will yield signals from the
15  desired outputs and negligible signals from the others. "Known relative amplitudes and
polarity” means that the L, and R, inputs represent either a cardinal direction or a
position between adjacent cardinal directions.
Considering the equations 9, 10, 11 and 12 again, it will be seen that the overall
gain of each variable gain circuit incorporating a VCA is a subtractive arrangement in
20  the form (1-g). Each VCA gain can vary from a small value up to but not exceeding
“unity. Correspondingly, the variable-gain-circuit gain (1-g) can vary from very nearly
unity down to zero. Thus, Figure 5 can be redrawn as Fi.gure 6, where every VCA and
associated subtractor has been replaced by a VCA alone, whose gain varies in the
opposite direction to that of the VCAs in Figure 5. Thus every variable-gain-circuit
25  gain (1-g) (implemented, for example by a VCA having a gain "g" whose output is
subtracted from a passive matrix output as in Figures 2/3, 4 and 5) is replaced by a
corresponding variable-gain-circuit gain "h" (implemented, for example by a stand-

alone VCA having a gain "h" acting on a passive matrix output). If the characteristics



the adaptation. In particular, unlike prior art open-loop systens, the
desired cancel |l ation of unwanted signals for non-cardinal dbg | e does
not depend on an 10 accurate matching of characteristics of the~“signal and
control paths, and the closed-loop configurations greatly reduce the need
for precisiwaol/#s@¢4he circuitry. ldeally, aside from pracPCTEBSRIBUI t
shortcom ngs, "keep magnitudes equal" _eqnfigurations of the invention are
"perfect” in the sense that any source fed into the L% and R, inputs with
known rel ative anplitudes and polarity will yield signals fromthe 15

desired out pyt Ggii;ﬁ*t@gsr_eﬁ liheCiakile s Bhif A Bnd i R® fediBak ARG act 1o aMMRtaine| ati ve
anpl i tudes an polarity” neans that the L, and R, inputs represent either
a cardi nal dequelityibetweon the magoudeiof therequisiterpairslphsignals, therKiguralé di recti ons.
Consi dering the equatjons 9, 10, 11 and 12 again, it wl/| bt% seen that the
overal |  gai fPnéeuratiemisegsivalent do thaikiewe p corfisuration apd il deliyerthe/ans s o

subtractive gﬁrdrgglt | . f =) . leR; ry from
a small val u‘g‘{tﬁlggt o but afrllgg thé)% é%@gﬁdncghﬁﬁ\&fk‘y&’&E@&g‘%@?%ﬁ‘g‘?ﬁm’

vari abl esgai §-5;iah€ 6] ire @ahitalént t@)¢ach dthey.ary fromvery nearly wunity down to
zero. Thus, Figure 5 can be redrawn as Figure 6, where every VCA and
associ at ed subt r aklthengihths Figyan6 configacation fisequivelent and dunstionsexaetlyjie FAMGr | es
in the opposite directign to that of the VCAs in Figure 5. Thys, every
vari abl e- gai #-4} e pier ?ngtFP“&lﬂ%‘j ‘?‘E‘ﬁ PETNAMEg X ‘%:06 bR 8"@%‘/’“‘3’%

having a gaif: g:.. | t 1 agt: . ' [ ut put
as in Figur eiéa 1@%@(""2&92%%&@% |s°if E‘E)ﬁt%t%cfo E@E?o{t&?%@p@ﬁﬁ?ﬂ%ﬁoﬂ%é veR

vari abl e- gai gaiy g fallith si9al valids. 14 theigure Btoentiguraiionpthe kpirespbiyding eisteaatd al one
VCA having a gain "h" acting on a passive matrix output). If the

char act &i¥i st ¢anditipg opgays wmﬁw YOAMgEovh pETtp Usionaaee®, utityjorgiosgde ¥ " (1-g) "
Is the sane as gain ".h" d if the feedback,cirguits a to_maintain

equal ity bet V\e_ena]*‘aﬁgﬂ%ﬁ ltglﬁeﬁ_ 'Bf’mtsﬁﬁcxg‘@a&’i [E?tl_rgﬁpgﬁ'tp‘ét ngtthesgaéﬂ‘éﬁ 'E?mfhe
Figure 6 CORhiclW M REsdnfe KInM MBheiEnal B, IsBplidddbaelen QUK 6@HaaAE #1 and

w || deliver the same outputs. Indeed, all of the disclosed

confi gur at i ogen hitb prodocd thg intatnedinge signal- i Hyr Ghe 20ght" ofiput, of The massives, ar e

equi val ent to each other. Although the Figure 6 configuration is_equival ent

and funct i onga@Xaphich it the sme gthejnput signabRy draplistPguriatt’ offsh Mot e t hat
the pas SfsVe HszEnrgl an 1Y Eﬁo B%tdugeo RE %rterﬁl)é&la Cs%gtn!'ﬂthbe.t The "center” output of the

passive matrix froin combiner 2 is applied to a "center” VCA 66 having a gain h, to
produce an intermediate signal “2*(L,+R)*h.. The "surround” output of the passive
matrix from combiner 4 is applied to a "surround" VCA 68 having a gain h, to produce
an intermediate signal 14*(L-R)*h,. As explained above, the VCA gains h operate

20  inversely to the VCA gains g, so that the h gain characteristics are the same as the (1-g)
gain characteristics.

| Generation of control voltages
An analysis of the control signals developed in connection with the embodiments

described thus far is useful in better understanding the present invention and in

25  explaining how the teachings of the present invention may be applied to deriving five or
more audio signal streams, each associated with a direction, from a pair of audio input
signal streams.

In the following analysis, the results will be illustrated by considering an audio



is inmplicit. In the quiescent or unsteered condition of the prior
configurations, the VCA gains g fall to small values. |In tyenayowog 6
configuration, the correspondi ng unsteered 10 condition occurs when all the
VCA gains h rise to their maxinmum wunity or close to it. Referring to
Figure 6 noWeoygses fically, the "left" output of the pas®CVESHSRIIX, which
is also the sane as the input signal Lt22is applied to a "left" VCA 64
having a gain h, to produce the internediate signal 1~*h,. The "right"

out put of the passive matrix, which is also the same as the input signal
Rt, is applistrdeaha is' pangdd clock@ise acbuhd thedistener ia agircle, ktarting apthedearand he
intermedi ate signal Rt*h,. The "center" output of the passive matrix from
conbi ner 2 igoigghyipithedeft.renter frant; Bght apdhackdo thevesrg Eiegariable o it  mepsuiiuce an
i ntermedi ate_sjgna h*(Lt +Rt) *h, , . The "surroupnd” o ut of fhe passive
1§ 1 om SaNBRRs (h dteccest o he ipsgg Wi et TR Bitensi ) e betng S BES
to produce | ot Lat i ' i * | ai ve, the
VCA gains h %%eédgtlgb I nvazg%eiﬂgl@{ fé"'?hé’(’\l’/&%“gal %‘2“‘8?‘6%3& %(Ilghfﬁje? ﬂgleﬁggai n
char act essi st bg tiRrfoliéwigg expig@sions:t he (1-g) gain characteristics. Generation
of control voltages An analysis of the control signals devel oped in
connection wth the enbodi nents described thus far is useful in better

under standi ng the present invention and in 25 expl ai ning how t he teachi ngs
of the present invention nmay be \%r‘)pl i eE (a)-gtgji ving five or nore audio

signal streans, each associated w'tHhoed Mikggtilon, froma pai (EQS. 124§l 0

input signal streans. In the follow ng analysis, the results wll be
illustrated by considering an audi o 28 May 2004 WO 01/ 41504 PCTI USOQ' 32383
-22 sour%e that is panned cl ockwi se around the listener in a circle,
starting-at the rear and going via the left, center front, right and back
to the rear. The variable a is a neasure of the angle (in degrees) of the
image with respect to a listener, 0 degrees ing at the rear and 180
degrees at the center front. The I{tr;pgiﬁe[g bPdes L, and R amynt et@yted to
5 a by the follow ng expressions: 1) rL (a36®0)- Lt=cos

15 There is a one-to-one mapping between the parameter a and the ratio of the
magnitudes and the polarities of the input signals; use of a leads to more convenient
analysis. When a is 90 degrees, L, is finite and R, is zero, i.e., left only. When a is
180 degrees, L, and R, are equal with the same polarity (center front). When ais 0, L,
and R, are equal but with opposite polarities (center rear). As is explained further

20  below, particular values of interest occur when L, and R, differ by 5 dB and have
opposite polarity; this yields a values of 31 degrees either side of zero. In practice, the
left and right front loudspeakers are generally placed further forward than /- 90
degrees relative fo the center (for example, ‘+/- 30 to 45 degrees), so a does not
actually represent the angle with respect to the listener but is an arbitrary parameter to

25  illustrate panning, The figures to be described are arranged so that the middle of the
horizontal axis (#=180 degrees) represents center front and the left and right extremes
(a=0 and 360) represent the rear.

As discussed above in connection with the description of Figure 3, a convenient



360 10 (a - 90) Rt =sin 9 . 360 (Egn. 17B) 15 There is a one-to-one
mappi ng between the paraneter a and the ratio of the nagniby pd the
polarities of the input signals; use of a |eads to nore conveni ent

anal ysis. Wien a is 90 degrees, L, is finite and R is zero, i.e., left
only. When WOPE415M30 degrees, L, and R, are equal w th tRET/HaM3238d| arity
(center front). When ais 0, L, and R -amse equal but wth opposite
polarities (center rear). As is explained further 20 bel ow, particul ar
val ues of interest occur when L, and R, differ by 5 dB and have opposite
pol arity; thisnd/pradtidal elaiedshipbetiees hedais @€ 3 psir bhWCAS iinle feeliback-derivedn
practice, the left and right front |oudspeakers are generall \/’d'fl aced
further forwagehtiohsysteny holdatheiripigreat sonstankt Wi exponeniially canteglied VErASRA 59| e,

/- 30 to 45 . d t tual | t th | ith
:esp_ect ? oth _%?:iisglﬁé%@? %g?ﬂae ri'sgse %ﬁ%g'f‘ﬁf?'?cca#@“gélsgﬁg@f’g%a aﬁtg%ia?‘fgg&%fh\g?e
panni ng. The {Heq%e.ggg%%&éggnﬂ?éﬁgb&ﬁef% At 430 YRR il of figu@izddl e of the

hori zontal axis rees) represents center front and the left and

right extremes (abéhoting thabihut EigRlebeD ant R, seriap theRodlicb6fliis V¢ Aaguingeg, i n
connection with the description of Figure 3, a convenient (E&n. 17A) 28 May
2004 WO 01/ 4188ke, gl sbe’ 3pgasuming 3uiligignily siest leer-gainthat the Feshitint Beaingeen t he

ains of a pajr of VCAs in a feedback-derived, control system holds their
roduct conat R AL egamelee Do toecbak dS P ey PP IR AR (e
gain of one r{@qﬁc‘g?%nggd magf,egdgggg&%gg,:ﬁfog?g s%ﬁsfﬁéﬁ!_s happens automatically

when the sane cont sl gna the pair, as in the enbodi nent
of Figure 3. 5 Denoting the input signals by L4 and R4, setting the product

of the VCA gains g, and g, equal 1¢ and_assumi ng sufficiently great
| oop-gai nl® hat the resul tant uﬂgit ligp'gbo"ag{ft(ljgaeﬁ@al ity is conpl et@i“-tlﬁg

f eedback-derived control systemof Figure 3 adjusts the VCA gains so that
the foll ow ng equation is satisfied:

In addition,

gl-gr =--1-2- _ (Eqn. 19)
15 :
Clearly, in the first of these equations, the absolute magnitudes of L, and R, are
irrelevant. The result depends only on their ratio L/R,; call this X. Substituting g,
from the second equation into the first, one obtains a quadratic equation in g, that has
the solution (the other root of the quadratic does not represent a real system):

20

l—___1‘[){-212-212 +Ja2-0(2-a2-2-x-a2+az+4-ﬂ (Eqn. 20)
2 X-a?

'8

Plotting g, and g, against the panning angle a, one obtains Figure 7. As might
be expected, g, rises from a very low value at the rear to a maximum of unity when the
25  input represents left only (¢=90) and then falls back to a low value for the center front
(o=180). In the right half, g, remains very small, Similarly and symmetrically, g, is
small except in the middle of the right half of the pan, rising to unity when a is 270

degrees (right only).



10 JLtl(l-gl)=JrRel (l-gr) (Egqn. 18) In addition, 1 glgr=a2 (Egn. 19) 15 20
Clearly, in the first of these equations, the absol ute'nagnhg?[g&szdeﬁ L, and
R, are irrelevant. The result depends only on their ratio L,/P.",; call

this X. Substituting g, fromthe second equation into the first, one

obtai ns a qMadr#sedc equation in g, that has the sol uti oRCTAOBE/3dBRer r oot
~of the quadratic does not represent a regl. system: 1 [.X- a2- a2 +
az2(X2.a2-2X. a2+a2+4X) gl=2 X. ax (Egn. 20) Plotting g, and g, against the
panni ng angle a, one obtains Figure 7. As m ght be expected, g, rises from

a very | ow val ue e 4606 feQiffs atedfor tHEEYRITBHBALK-Uerivell cktfsl sysken.2The nput
represents left only (a=90) and then falls back to a | ow value for the

cent er front sun§/differs®0d feedback-derived gontrah system agts inemadtlyshesame meamaed, . Sinilarly
and symretrically, .g, LS snall except in the mddl e of the right half of
the pan, ri sY‘ﬁG“é@I%ﬁPf?%ﬁgdm gif @cea@grge%%shmgh{?lsm{%)égagﬁ ®ay 2004
WD 01/ 41504 o . 0 | £.51:.808 f 1, /R

f eedback- der ?%J%?ﬁ?é@%géigfeesﬁéuq;ﬁ?@%u%ﬁgf fr?'léif ga?ilé@ tﬁgel%géjlggder i ved
control syst elsewiete; while theadifférynce RRingRELIONMIP AL the réar.el di ng pl ots of sum gain
gc and difference gain % as shown in Figure 8. Again, as expected, the

sum gai n rises t df the feedbagk-denzedeantrel systewn Y CA f2ains fiengnd on thelespengal of dhes
el sewher e,

oL o e DT i S o o e ot e
logarithm of the gain. Thus, from the equations above, one can derive expressions for
the L/R, and sum/difference control voltages, namely, the output of the feedback-

10 derived control system's comparator, comparator 30 of Figure 3. Figure 9 shows the
left/right and the sum/difference control voltages, the latter inverted (i.e., effectively
difference/sum), in an embodiment where the maximum and minimum values of control
signals are -+ /-15 volts. Obviously, other scalings are possible.

The curves in Figure 9 cross at two points, one where the signals represent an

15  image somewhere to the left back of the listener and the other somewhere in the front
half. Due to the symmetries inherent in the curves, these crossing points are exactly
half-way between the o values corresponding to adjacent cardinal directions. In Figure
9, they occur at 45 and 225 degrees.

Prior art (e.g., U.S. patent 5,644,640 of the present inventor James W, Fosgate)

20  shows that it is possible to derive from two main control signals a further control signal
that is the greater (more positive) or lesser (less positive) of the two, although that prior
art derives the main control signals in a different manner and makes different use of the
resultant control signals. Figure 10 illustrates a signal equal to the lesser of the curves
in Figure 9. This derived control rises to a maximum when a is 45 degrees, that is, the

25  value where the original two curves crossed.

It may not be desirable for the maximum of the derived control signal to rise to
its maximum precisely at @=45. In practical embodiments, it is preferable for the

derived cardinal direction representing left back to be nearer to the back, that is, to have



control voltage, as in the preferred enbodi nent, then the control voltage

depends on the logarithmof the gain. Thus, fromthe equatb@Rgahpye, one
can derive expressions for the LIJRt and sum difference control “vol t ages,

nanely, the output of the feedback 10 derived control systen s conparator,
conpar at or 8Oew#1s@ gure 3. Figure 9 shows the | eft/ri ghPCHHE00{3AIS3

sum di fference control voltages, the |atgser inverted (i.e., effectively

di fference/sum, in an enbodi nrent where the maxi mum and m ni nrum val ues of

control signals are + 1-15 volts. Ooviously, other scalings are possible.

The curves i pyEu@aisTess iafi 35 Abgrbdd> TRiphcse pBSBoNBIHE makitnusi @Ades T epr esent
an 15 image somewhere to the Ieft back of the | i stener and the other

somewher e i nniohe By affsetting (:ddﬂmglbneutttncmﬂma consmutto) ascilingame ot both of the cur ves,

t hese crossing points are _exactly -way between the a val ues
cor r espondi nifYrghs apduandiffesspes ‘W&F‘°]oﬁ'%'\§EtSPé‘H’§the}rrF“Pie§ﬁﬁ°és atgrefeqred, occur at

45 2nd 225 deQLEsHn B aRR nh Sudle ot orAthE MasluOfiffh0 196 By eoont

i nventor Ja e to derrve’fromtwo

mai N conty ol Figu@Al shows thelshie bpdrMivn'=8 IFiguird DRkxcepthRdt theSsuntgiffgfened WitageTor €
positive) or l'esser (less positive) of the two, although that prior art

derives the hasiteer snated bl 08, grithl the rasulsthal the erasimunnew eccusat areMalegers. f er ent

use of the resultant co trol signals FJ ure 10 il | ates a nal equal
to the | esser of MWrsaqy %amelfi’f‘“g?’gﬁ?'ap"ém Wﬁ@vwl?fﬁ 'trl V‘?}Iw‘aﬁ@%s to a

maxi mum when, , fgﬁmy Heanfe I gi nal two
curves crosse eﬁ@téﬁ%ﬁ% &s&nd%n@oryh% Smt"pgr. the %m rr%’ (%?“’E)Egn%&er! ved
control si gnadntioPsigha Gart e derived Whose MREXinME 0bched i agirederdmined pogitiact i cal

enbodi ments, it is preferable for the derived cardinal direction
r epr esentd ngooregspondingido the right hackrad thetlistenere abndasired mpm@eteweﬁaw@rzs May

2004 WO 01/41504 P S0/ 32383 5. a val ue t ha | ess th degr ees.
The preci se B’ﬁ?‘f‘ﬁ%éf %‘%ﬁ%h&ﬁ} beo%’{/%ée %@Z&&qulg{rl? g]ddl ng or
subt racting a.eqaﬂﬁatcﬁptnwaleﬁrn@@?évbﬂao@wgu%1p0th of the Ieft/r|ght and
sum di fference control signals so that their curves cross at preferred

val ues of a, bef oFiguiedRishgwd the effeut of ppbyitg theseaterinal epntrebsigrialsago MAstinon.  For

i nstance, 5 Fi gure 11 shows the same operation_as Figure 10 except that the
sum di f f er ense @dnmgréhatﬁh%messwﬁmg&vw giyes@ gin %“L"Hl’-t hust pethig feft adat ¢ he

raxi mm {ow %gﬁt%éAs g1ve gmns t(ijnet%se%E unity at the left and right cardinal directions, so these
derived left back and right back VCA gains rise to unity when a signal is placed at
predetermined places (in this example, a=31 degrees either side of zero), but remain
very small for all other positions.
Similar results can be obtained with linearly controlied VCAs. The curves for
20 the main control voltages versus panning parameter « will be different, but will cross at
points that can be chosen by suitable scaling or offsetting, so further control voltages for
specific image positions other than the initial four cardinal directions can be derived by
a lesser-than operation. Clearly, it is also possible to invert the control signals and
derive new ones by taking the greater (more positive) rather than the lesser (more
25  negative).
The modification of the main control signals to move their crossing point before
taking the greater or lesser may alternatively consist of a non-linear operation instead of

or in addition to an offset or a scaling. It will be apparent that the modification allows



In exactly the sane manner, conparing the inverted left/right control with
the inverted sunfdifference and enploying simlar offsettinggfzySpagi ng, a
second new control signal can be derived whose maxi mum occurs I'n a
predeterm ned position 10 corresponding to the right back of the |istener,
at a desira¥oandsPr edeterm ned a (for instance, 360-31 oPCHEE0OBREeces, 31
degrees the other side of zero, symetriqal with the left back). It is a
| eft/right reversal of Figure 11. Figure 12 shows the effect of applying
these derived control signals to VCAs in such a manner that the nobst

posi tive val yg Ghetstfondf Bttty ontiel vélagesWidse AaxinfiSid £aimanshyldesirddaatio VCAS
give gains that rise to unity at the left and right cardinal directions, so
t hese deri vefihé efagniheekarddlativeydlarbime bf 1/@Ad Ra(thsinputssignals).uni ty when a
signal is placed at predeterm ned places (in this exanple, (x=31 degrees
either side of zero), but Adwdagtivematrixwith more than fourpwertsnosi t i ons.

ei th | SR B _
For 20 tho. mai n BB SRRy APl d vetyVEacks RO hAR itk oo, 20T veS

di fferents Dbimyhdded ¢ &BhSeldhwaited Sosstalialn these chRs it srerdoud possidll € scal i ng
or offsetting, so further control voltages for specific inmage positions

ot her than t tancéllation tekm$ derived aiacfiomay CAs,rand eachn¥CA apached dlowakipn gain, a

| esser-than operation. Clearly, it is_ also ssjhle.to invert the control
signal s and SeTally dnjty, fopf gures at ERg p ef‘}\‘é%ﬁ’é‘éit&ecf‘?ﬂﬁr"édﬁ%‘?s?‘?’&&g Pat her

than the les [ : b el | on_af )nam control
signals to n%@ém%oﬁq%?&@@%ﬁ%ogg?er{?ﬁl;%g‘gﬂggg‘efﬂ{,a |r{ Hgﬁeang?%afer or |esser
may al t er nat kpéRhywasssfesttin @e RndRQRatlal iRl padRiweh two sdjscet @fdinadr i n
addition to an offset or a scaling. It wll be apparent that the

nodi f i cald ondiz¢ctionssyielded\little 20 aathingf DY antBevotier thansbose Fepesponding tor{be
generation of fugrther control voltages whose maxima |ie at al nost any :
desired rati B%° acF'I‘fé:a’ffjé@ﬁ}P‘t'tB%'s and relative polarities of L, and R (the
i nput si gnals). Aﬂuiégﬁ&‘iﬁlt\!ﬁaa@%ﬂénd&iﬁ@a&m& SysteRRNyittPMbreARin i bSoihuddir es 2
and 4 showed that a passive trix may have ‘adaptive cancellation 5 terns
added to canhieduch baves)tthlsystemsis had Yperféat, " bhowmvanted aignals ey atilhbe sufficiently

possi bl e cancellation terns derived via four VCAs, and each VCA reached a
maxi mum gai n¢ancelied that the result is audibly unimpaired by crosstalk. See, for example, the six

15  output matrix of Figure 13. Figure 13, a functional and schematic diagram of a portion
of an active matrix according to the present invention, is a useful aid in expléining the
manner in which more than four outputs are obtained. Figure 14 shows the derivation
of six cancellation signals usable in Figure 13,

Referring first to Figure 13, there are six outputs: left front (L,,), center front

20 (C,, right front (R_), center back (or surround) (S,,), right back (RB,,,) and left back
(LB,,). For the three front and surround outputs, the initial passive matrix is the same
as that of the four-output system described above (a direct L, input, the combination of
L, plus R, scaled by one-half and applied to a linear combiner 80 to yield center front,
the combination of L, minus R, scaled by one-half and applied to a linear combiner 82 to

25  yield center Back, and a direct R, input). There are two additional back outputs, left
back and rear back, resulting from applying L, with a scaling of 1 and R, with a scaling
of -b to a linear combiner 84 and applying L, with a scaling of -b and R, with a scaling

of 1 to a linear combiner 86, corresponding to different combinations of the inputs in



generally unity, for a source at one of the four cardinal directions and
corresponding to a dom nant output from one of the four ou@g)maﬁz@bfpft,
center, right and rear). The systemwas perfect in the sense that a signal
panned between two adjacent cardinal 10 directions yielded little or

not hi ng fr oMPOL4ISek s ot her than those corresponding to tRET/UBMGE2]E] acent
cardinal outputs. This principle may be gxtended to active systens with
nore than four outputs. |In such cases, the systemis not "perfect,"” but
unwanted signals may still be sufficiently cancelled that the result is

audi bly uni maglofdafcdWiticthe Sqiatibls LB 8 Lf OF*RRURIRBS, = R)SbHl X Hete, ik pUt Matri x
of Figure 13. Figure 13, a functional and schematic diagram of a portion

of an acti ve positive coefficieot typicajlytlessttima Iy farsxample).8hit Note, the syremefeyethatiisai d i n
expl aining the manner in which nore than four, outguts re obtained. Figure

14 shows t he Nelessicpilite Hhe igyentignbut syould he g 4N @MaPECHFALEYFE™ n Fi gure 13.
Ref ' first t i . it Sj . . :
conter front 20 PATRHES, hughiof ndpfe i B the it AR Lombingrs

(S...)., r3gh{88%)a0kod, BB, 96 AndVBY rdceivé niukipke actibBcancellatibbtermontlinee 00, r ont and
surround outputs, the initial passive matrix is the same as that of the
f our - out put 40%t16h Hiss 403,040, HBol 14, (14641 18¢ 420 and; 123) jas required do pasiceldhe on of

L, plus R scaled by, one-half and applied a linear conbiner to yield
center front Pass't"ﬁé“a}c{rﬂ‘rﬂtﬂﬁ%i @?Fs?)fe"ﬂg ,gowsh?ftslﬁﬁnpgtﬁé?‘@‘ar cﬁ’)‘?‘r{;ob‘?%‘%?a‘%?heand
applied to ald : ' | ; | {i@aCt R

I nput). Ther (laA @?ﬁ‘%ﬁ?ﬁgﬁ#gﬁ (ggtfshﬁﬂ?@%ltcgﬂ} Rﬁgﬁggﬁd@lﬁar back,
resul ting framiappd mukiglidd by thé pdineofv@AS. NGs déscibadraor?, td V@Asacal i ng  of

-b to a linear conbiner 84 and applying L,, with a scaling of -b and R
with a sthl i geptrabied so that their gainsrisede wpitnfor agerdinabinpelsondiiphandase di f f er ent
conbi nations qgf the inputs.in,28 . 2004 WO 01/ 41504 PCTI USOO 32383 - 27
accordance Ws%tapﬂaglyésaﬁg?rif81h§th?_ré:,o!r\l/&ﬁflgnsr_s - b*R, and RBou, = R - b*Ll.

Here, b is a postid dafigaafidn GFimklre 1Y RACHM batdih8BrebtitAs, ﬂroviﬁarb,emngLe, .
ut wou

0.25. Note the symetry that is not essential to the invention |
be expected aml Rnig defiredtreletite magnitades ahdpélamfias ceatld of which dativid sultio t he

i trix t . th tput |i _ i 5 (88, 9Q, 92, 94, 96
o 98) 1 ecer BB 4 WPETRRDURIACEY1 Wi BBRRE P AESEnOh Uiy o
104, 1065 1080,c} 40k o, Bken Ak corkhfin rbASscifk o7l B8 Beifndco cancel

t he
adjacent cardinal directions, the outputs corresponding to those cardinal directions

should deliver signals but the remaining outputs should deliver little or nothing. Thus,
one expects that for each output, in addition to the passive matrix there will be several
cancellation terms (in practice, more than the two shown in Figure 13), each

20  corresponding to the undesired output for an input corresponding to each of the other
cardinal directions. In practice, the arrangement of Figure 13 may be modified to
eliminate the center back S,.. output (thus eliminating combiners 82 and 94) so that
center back is merely a pan half-way between left back and right back rather than a
sixth cardinal direction.

25 For either the six-output system of Figure 13 or its five-output alternative there
are six possible cancellation signals: the four derived via the two pairs of VCAs that
are parts of the left/right and sum/difference feedback-derived control systems and two

more derived via left back and right back VCAs controlled as described above (see also



passive matrix outputs. These ternms consist of the inputs and/or
conbinations of the inputs multiplied by the gains of VCAsy§Rpk %ogwn) or
conbi nations of the inputs and the inputs nultiplied by the gains of VCAs.
As descri bed above, the VCAs are 10 controlled so that their gains rise to
unity for aveav4dblal input condition and are substanti aPCYUSKE2BRr f Or

ot her conditions. The configuration of .bggure 13 has six cardi nal
directions, provided by inputs |I,, and R in defined relative nmagnitudes
and pol arities, each of which should result in signals fromthe

appropri ate gglpubdifihtior Pifd 14, UesdBBd babw): anelalmior &2 sof vegaalia i n the 15

other five outputs. For an input condition representing a signal panned
bet ween two acadjdamerwithcBigarie T, ldit aad g,irphd, Fighe Sfgf put andegydiféesgnse)dindg t o
those cardinal directions . should deliver signals but the remai pi ng outputs

d
shoul d del i vEigure; 121(e left bagloand grgrightihack). Theeansslistien senalsgre sypmed, Wil o ¢ put |
shou’ g o . e . " e Ut
ot o the philfe R efm{ il dhellfthfs oMfolibeel B GG chole 16 Hinifilde0n © = T8

to the undesjiva@tedrddsthik & dedéribedPulowcor r espondi ng to each of the other

cardinal directions. In practice, the arrangenment of Figure 13 may be

nmodi fied to el i rPnecardvestaé thegequited anskllagipr mixing cqefficignthios eachicardingl i ng
conbiners 82 and.94) sp that . center b s merely a pan hal f-way between
oft back an@PILNCOBBENE Dteiat sl A CEA ATE B AV U FRRIb > 25 For
either the sj.x; L JeaC, | fd il ac3hd ernati ve
there are S{ilﬁ&%ﬁﬁg@%ﬁéﬂ%@ﬁ(ﬁﬂmﬁgﬁAsgaéﬁgﬁé:td %rﬁtg df‘ﬁﬁfr"%%ri v?a via the two
pai rs of VCAcortdspdndingrcrdiial Hisectibn,tdng falbdvayrfraah tinignedirBurapidiyfak eecinzge

f eedback-derived control systens and two nore derived via |left back and
ri ght baldk Vmexes@w@ay+s ol | ed as descri bed above (see al so 28 May 2004 WD

01/ 41504 PCTI U50Q/[,32383. - 28 the enbodi t. of Figure 14 descri.be | ow) .
The gains of theoé'\uﬁ’ %&Kg‘ég?ee"} We cﬁs&?gﬁgﬁﬁguwtt%‘eﬂ rtg‘:?ns(%,rh]eesgﬁnggnd g,
right), Fi gugdadffioh$sor ¢ERté Trond), ﬁgkt)ﬁﬁ,r B5Hi Shck@ BéhterBalltndt 4 feal Ehrdindief t back
and g,,, right back). The cancellation signals are summed with the passive

mat ri x t er nedintioginctbe fif¢-outputtcase andleftdbakd or ot herw se chosen to mnim ze
5 unwanted crosstal k, as described below. One arrives at _the r?%ui red

cancel | ati on ni xi¢Rpsidgicinidetail dhy leftoyipute donfos Hiedivagutput modification of Figure
15 13, 1t contains the term from the passive matrix, L. To cancel the output when the

input is in the center, when L, = R, and g_ = 1, one needs the term -2%g *(L,+R}),
exactly as in the four-output system of Figures 2 or 4. To cancel when the input is at
center back or anywhere between center back and right front (therefore including right
back), one needs -Y2*g,*(L-R), again exactly as in the four-output system of Figures 2
20  or 4. To cancel when the input represents left back, one needs a signal from the left
back VCA whose gain g, varies as in Figure 12. This can clearly deliver a significant
cancellation signal only when the input lies in the region of left back. Since the left
back can be considered as somewhere between left front, represented by L, only, and
center back, represented by Y2*(L-R), it is to be expected that the left back VCA
25  should operate on a combination of those signals.
Various fixed combinations can be used, but by using a sum of the signals that
have already passed through the left and difference VCAs, i.e., g,*L, and Y2¥*g,*(L-R),

the combination varies in accordance with the position of signals panned in the region



out put by considering the input signals and VCA gains for every other
cardinal direction, renenbering that those VCA gains rise Q?Mﬁ;} 4gpq0nl y
for signals at the corresponding cardinal direction, and f way from
unity fairly rapidly as the inage 10 noves away. Thus, for instance, in

t he case ofW@RE4ls® t out put, one needs to consider the sPGREB/3ZBACI tions
for center front, right only, right baclkg.center back (not a real cardinal
direction in the five-output case) and |l eft back. Consider in detail the

| eft output, Lo", for the five-output nodification of Figure 15 13. It
contains theg ﬁ%f‘hétre%@ﬂ} he 1&@&%1(Vﬁoﬁafng'béuerleanczﬂm%arf&%ge%nmmaswhen the
input is in the center , , one needs the term

- ' [ 2*g. * (L, +Be)cardirak lefitHayk aselfi (Ndtéthaf auahis tefit tadk pesitinewhich cka beires 2 or 4.
To cancel when the input is at center back or anywhere between cent er back

and right freensidereri@s avesmedials betyermlpft-ang wear, btk g)and gnhave fayg values less
-1/ 2%g, *(L, t t t f Fi 2 20
( é??eap %g' ﬁfrﬁé%?eéxﬁ?c Ga&o*ﬂefgiﬂu lﬁ%g:““ system orf. Fl gures

or 4. To can esen ack, one needs a si gnal
fromthe 4§ eft back VCA whose ga| n g, varies as in Figure 12. This can
clearly deliver a significant cancellation signal only when the input lies
in the regi ob.pf [LAfA*HTIERBETE(LRY-A*gf (e, Bats, *'CAA.BY) consi ddiged2Rs
somewher e betvveen left front, represented by L, only, and center back,
represented by '/z*(L,-R), it is to be expected that the | eft back VCA 25

shoul'd operate o Tk usfﬂéleﬂgi {:a‘?.rbeoJenB&P 1ﬁ&a%9%¥?rowg§éc}n%§raabr%(ﬁﬁpe Have

conbi nati ons can u3|ng gnal's

al ready pass pfbcisé V@Agirisveheh afsbmamk iflitlef regiom eLthy (deback c&rdinaldifdetiomnd 1/ 2
*g,*(l.,,-R), the combination varies in accordance with the position of

si gnal s Bhnn&he temnt[hémrthgpmv@@amyemooﬁhmmmgsmmmrf‘mmmd 29 of,
but not exac " rovidi ng b can At | for those pans
ns well o i euirfee PERE BRUREieol oL FRE(see FBbae ) 1B} oy B

posi ti O“and S&H%ave 15%&&@&'}1&% e 0k Bider REGHFE thel dhitut it 1 ear

both g, |n|te values ess han “unity. Hence the ‘expected

equat i on f or signat L,. WAk bxphetnedabbve; teWd indybé (ndreRharil twogerdsstalR) candadiatin( @fni
"fi'g.*h*(4-R~) (Egqn. 2
( mp%:ts(tha% the two)(IOO and 102) shown in Figure 13,

15 The equation for R, is derived similarly, or by symmetry:
= [RJ}-2*g XL AR)+1%*g *(L-R)-2*x*g, *((8,*R-8,(LRY) (Eqn. 22)

The term [R] is the passive matrix term. The terms -Y2*g *(L,+Ry), 2*g,*(L-
20 R), and -a*x*g, *{((g,*R-2.*(L-R)) represent canceliation terms (see Figure 14) that
may be combined with R, in linear combiner 98 (Figure 13) in order to derive the output
audio signal R,. As explained above, there may be more than two crosstalk
cancellation term inputs than the two (120 and 122) shown in Figure 13.
The center front output, C_,, contains the passive matrix term %2*(L,+R), plus

25  the left and right cancellation terms as for the four-output system, -t2*g*L, and

_1& *gr*R‘l:

=@ +R)-2*g M L*- g MR (Eqn. 23)



The coefficient x can be derived enpirically or froma consideration of the
preci se VCA gains when a source is in the region of the |efbgRagiogardi nal
direction, 10 The term|[L,) is the passive matrix term The

terns' h*&*(L +RJ, -lh*g.*(I R), and 1h*x*gn¥((g, *4+g,*1h*(1,, R))

r epr esent amowsmi on terms (see Figure 14) that may bePCtosts3aisd with L,
in linear conbiner 88 (Figure 13) in ordgy to derive the output audio

signal L.,,,. As explained above, there nmay be nore than two crosstalk
cancel lation term inputs than the two (100 and 102) shown in Figure 13. 15
The equation for R ,,,, is derived simlarly, or by symmetry: R =

Cl-ih*g~*(++ h*g.*{--"h~"x*gr~' ~{{gr*-g.*() (Eqn. 22) The term[R/] is the
passi ve mat r Therk 6y 18 nebd fortekplitit candeligtion( termts¥oy the 161t back( denter BickRr, righnd
-1h*x*gt*((g9,*R -0, *(L"-R,)) represent cancellation terns (see Figure 14)
that may be bmimmewam ctiyely panﬁéatrvveerbkrﬁ.an@ngmsfrf(rtmgdh%bafs)(sqmu%der to

derive the out nal hove, there nmay be
nore t han ty\B’@FE% 835%%5%91’ %Oglﬁdt ?ﬁﬁ%?rﬁb@f@"%gﬂsﬁﬁ@af%r % and
122) show i g %%&%-—%‘E%}%&t%ﬁ Ox@fareEHdE Sifkellalibh terms F@hﬂ.su? he
passive matrix term ' h*(Lt plu§ 25 the left and right cancellation
LT 2(LERY ] T 2rg) r g he g B 23 5 oy 2004 WD 0L/ 41554

- + - *g * * r* * n

PCT/ US00/ 323Bginlisgargeambiner 20 (figyred mardf'é%pfimetﬂlecmwﬁ? FBnalt(é-nms for the

between | eft and Fgnt o abk b R pRebapuls Hobufiss oble 3phis R B3R
and al r eady F@ﬁ@&kﬂ&ﬂ&mﬁ&tew}u&f %4 1Deidarty thé réqﬁlré@&n&ﬂﬁﬁd)d/@nﬁﬁﬂ]bﬁéfcﬁet erm
The terns -1h*g,*4 and - represent cancellation terns (see Figure

14) thato mayg.’ﬂe. Epph 1‘1g1ntemtympnlpluwlsn‘:lrlg)()= elndlel:&meﬁamnmnbs niddfg iR hFer ascal ed
version of L, in_|linear_conbiner é e 13%{ in order to derive
t he out put a&‘?ﬂt% quan‘QPt wheredn = Retde — balBR Y ﬁ?‘%ﬁd@%‘*ﬁ om, the PAsYe passi ve
matrix, as s ab * ef ng, =
1, cl earl y t%’%rgg[aﬂ’i rﬂ'éga"c%e?\c@gﬁue? bgﬁﬁ? chﬁlq,r t#é) he??h{%dcﬂ%%iceﬂ%%or a
right only i wipitis g;gh@r*m%*g*uu( R ethe saineid thé feti ubadrfor Rg,, tﬁlﬁgﬂn’bﬂumzﬂ)r a

center front |ng wher e 1, = R and = 1, the unwant ed output fromthe
passi ve fficient y, which may again be arrived at empmcally or calculated from the VCA

15  gains in the left or right back conditions. Thus,

= [Lt-b*R]-g 40, +b*grtR -(1-b)*g AL+ RO-y*g g R 4 *(L R) (Ean. 24)

Similarly,
20

RB,, = [Reb*L 1R +b¥g L1 B g AL +R) Y e L g L R)  (Bqa. 25)

With respect to equation 24, the term [Lt-b*R/] is the passive matrix term and

25  the terms -g*L,, +b*g*R,, -Y2*(1-b)*g.*(L,+R) and -y*grb*((gr*Rt-gs*'2*(Lt-Rt))
represent cancellation terms (see Figure 14) that may be combined with L-bR, in linear
combiner 92 (Figure 13) in order to derive the output audio signal LB,,,. As explained

above, there may be more than two crosstalk cancellation term inputs than the two (108



terns, L b*Rl, can be cancelled by (1-b)*g,.*"' h*(4+R). The right back
cancellation termis -g,,*(g,*R"h*g,*(L.., R)), the sane ngﬂez(;@rm used
for R,,, with an optim zed coefficient y, which nay again be arrived at
enpirically or calculated fromthe VCA 15 gains in the left or right back
condi ti ons. WORU4IS0420 | Ba" = [Lt-b*R | -g, *], +b*gr*R, - ( 1- bPERUBIMRB3It +Rt )
Y*g,e*(g,*R -g * h*(l1,-R)) (Eqn. 24) Sigyilarly, RBa" =

[R -b*Wg, *R, +b*g, *1. {1-b)*e' h*(I.t+R)-y*gro*(gi*l.,+g,*" *(L,-R)) (Egn.
25) Wth respect to equation 24, the term[Lt-b*RJ is the passive matrix
termand 254dE10h ShdWn mTFigre 1309, *Rt, -1h*(1-b) *& (L, +RJ and
-y*grb*((gr*Rt-gs*' h*(Lt-Rt)) represent cancellation terns (see Figure 14)
that may be conbi Waili redpedt to equation 23, the [RebtL,] isdhepassive Barig ferguand the) i n
order to derive the oufput. audig.signal LB ,a. As explajned ove, there
may be nore FRERPIERHS '%%Igs@f \:X "é’éﬁé'gl*&ﬁgf-"dﬁbt iy Tﬂwﬁ&&?«%ﬁiﬁf s (108

28 May 2004 }@?r&éﬁt%&lﬁgﬂatﬁ)%érh{?g%é?@@%;?itﬁ% Sn?a[ﬂr%e%%ing@wfm B ifflhér 13-

Wth respect to equation he passive na term and

the conponegdmbing, 96 (Rigure 18) 41 eller to' defivelthb biig@ut audio, si - As explained
-y*8ro*((gl*L+g.*" h*(L R)) .represent cancellation terns &see Figure 14)
that nmay be @ahmybi thew manbe more than two arosstalle gancallationtirmanpusthprthgiwe (116 in

order to deriv out. audi o signal RBA. As explained above, there may
G e

be nore than®t ellation terminputs than the two (116 and

118) shown in Fi Gijriackide, hPERfciRR m&) Aee{l gﬁu&ﬁ’lﬁﬁtﬁ i&éoﬁﬁkxgstaﬁ’g‘rér (he Fhite

adj ustnments to conpensat'e for the finite p-gal ns a

i mper f ect i onkopigaink and emeltimpbrfataonswd dhecfoadback-derivad edrirol wisieats, dhich 0 not
deliver precisely equal signal_ |evels, and other conbinations of the six
cancel | aﬁ% onnotgielyai|psecisgly aqual sigpaldevels, andhetber qombinationsef thepix capeellalion se, be
extended to enboedi nents t’,avi ng nore than five or six outputs. Yet

addi ti onal cOAt %ﬁna%P%%%ng@an be derived by further application of the

scaling, offsettifgsOpriktiiles dahl o colsWREXIeAGedb eiBSdiindRis RRViRg MmOR that
signals from15 the left/right and sum difference feedback portions of the
f eedback- der fiveeor sivonutputs. Yet additional control signals can be derived by further application
of the scaling, offsetting or non-linear processing of the two main control signals from
15 the left/right and sum/difference feedback portions of the feedback-derived control
systems, permitting the generation of additional cancellation signals via VCAs whose
gains rise to maxima at other desired predetermined values of a. The synthesis process
of considering each output in the presence of signals at each of the other cardinal
directions in turn will yield appropriate terms and coefficients for generating additional
20  outputs.
Referring now to Figure 14, input signals Lt and Rt are applied to a passive
matrix 130 that produces a left matrix signal output from the L, input, a right matrix
signal output from the R, input, a center output from a linear combiner 132 whose input

is L, and R,, each with a scale factor of +%:, and a surround output from a linear

25  combiner 134 whose input is L, and R, with scale factors of +'2 and -'%, respectively.

The cardinal directions of the passive matrix are designated "left," "center,” "right,"
and "surround." Adjacent cardinal directions lie on mutually orthogonal axes, such

that, for these direction labels, left is adjacent to center and surround; surround is



systens, permitting the generation of additional cancellation signals via
VCAs whose gains rise to maxima at other desired predetermagghvajyes of
a. The synthesis process of considering each output in the presence of
signals at each of the other cardinal directions in turn wll yield
appropri at EVe8H#EMand coefficients for generating additi 86HUSCZRE83ut put s.
Referring now to Figure 14, input signalg.lt and Rt are applied to a
passive nmatrix 130 that produces a left matrix signal output fromthe L
input, a right matrix signal output fromthe R input, a center output
from a |i neaadjsiblonet andrghtheqage input is Lti and R, each with a scale
factor of + th, and a surround output froma |inear 25 conbi ner 134 whose
input is 4 and R, The left and eigls phssiveanasriv fignaly &re applied 'tha firsbpaieof variablg,  The
cardinal directipns of thfb,&assi ve matrix are desiq%nat ed "l . "center,”

TR oht L e st dan and 1Y Sra asociind btk Rt B o yiem 30 Treor T

ort hogonal a . | J o ef t s ) acent
to center an S6@%%&5@#%%@4;&;@:%%S%lgg%%ﬁpfgoqvg‘&éﬁ 32383
- 32 adj agent cikcnits @82 aRhHi4rang Bisocifted feedbikldefivedabfitrdl isgdidm PG Si ve matri x

signals are applied to a first pair of variable gain circuits 136 and 138
and associ at ed f cBatbdefk- visiable gain ciserit b6 ingludes a vbliage coniolled amplifierand
surround passi rix signals are applied tQ.a.secand pair. of varjable
gain 5 ci rcufYé‘th‘g%ﬂ‘fﬂ‘gf @@%&?Pg?@ﬁn?reﬁgbé‘i’ﬁ%?@@ﬁ '%ﬂ{!?frfl system
146. The "l efhyp ' | i | 1136 s dE6tha oVlil 248 of @Rt r ol | ed
amplifier ( t“%%%%ﬁeﬂgéﬁgxglglﬁﬁq%?onﬁgﬂalelgisnggft ggr%ihngg ‘1)50. The VCA
out put i s sulbdriabh gath cifcuinia (1hg) dnaftiie quiass of the vatiablegain grualt at thecombineer 150
so that the overall gain of the variable gain circuit is (1-g) and the

out put of0 t hautpul; pensiatingamingermediate sighal; isd1-edtei Toe VEA HGtytRut sighllst i t uti ng
an internediate.si.gnal . is.(1-9)*L . Jhe VCA 148 out put signal,

constituti ng@&s%%hg%?%%lgﬁqggflg%ﬂ’l 1? &'s g,*L., The "right" variable gain
circuit 138 incl ugigs rishy0lakiRge Eﬁﬁ'&k&ﬁi 1 BAnaids iafvoRige coMbeled dimglifi@vi ng a
gain gr and a |linear conbiner 154. The VCA output is subtracted fromthe
ri ght passi vévoa#) t3Xhayingragdain g) andatineae coribidersib4t [The ilreodpariabubtrgetedh of t he

15 variable gain circuit_ is (1-g) and the outgut- of the variable gain
circuit at t ?fgmctgq:,ﬁglhtdqasswe matrix Signal in combiner 154 so that the overall gain of the

15  variable gain circuit is (1-g,) and the output of the variable gain circuit at the combiner

oufput, constituting an intermediate signal, is (1-g,)*R,. The VCA 152 output signal
£.*R, constitutes a cancellation signal. The (1-g)*R, and {1-g)*L, intermediate signals
constitute a first pair of intermediate signals. It is desired that the relative magnitudes
of this first pair of intermediate signals be urged toward equality. This is accomplished
20 by the associated feedback-derived control system 140, described below.
The “"center” variable gain circuit 142 includes a voltage controlied amplifier
(VCA) 156 having a gain g_and a linear combiner 158. The VCA output is subtracted
from the center passive matrix signal in combiner 158 so that the overall gain of the
variable gain circuit is (1-g_) and the output of the variable gain circuit at the combiner
25  output, constituting an intermediate signal, is 2*(1-g)*(L,+R). The VCA 156 output
signal Y2*g *(L,+R,} constitutes a cancellation signal.
The "surround” variable gain circuit 144 includes a voltage controlled amplifier

(VCA) 160 having a gain g, and a linear combiner 162. The VCA output is subtracted



out put, constituting an internediate signal, is (1-g,)*R . The VCA 152
output signal gr*R constitutes a cancellation signal. Thex§Magm0bR and
(1-g,)*I, internediate signals constitute a first pair of intefnedi ate
signals. It is desired that the relative magnitudes of this first pair of
i nt er medi at¥O8VgAll s be urged toward equality. This is aBEHEfBHEd 20 by
t he associ ated feedback-derived control.3gystem 140, described bel ow. The
"center" variable gain circuit 142 includes a voltage controlled anplifier
(VCA) 156 having a gain gz and a |linear conbiner 158. The VCA output is

subtracted frbmnthé Sivroufid pakive affrixVseznaBin/coMmbibOT62 sol that iy dvier@lrgaintdt the t hat
the overall gain of the variable gain circuit is (1-g) and the output of

t he vari abl evagiable gainracirgbit isél-g)aad therdvtpue of the variabirgain eitwistat theicpmbinen
internediate signal, .is 'h*(l-gJs(L +R ). T ( 6,,.0uU t. .signal

e & (L Ry ouBfho panbtitlag 4h isrRHIS R 18 AR GE) e 105 VA s o o
gain circuit g 143G keyd ke f1L LY havi ng
a gain gr anﬂ&ng%lﬁi‘r@aﬁi‘ ?@ﬁ@%@?@%@%@%&%uﬁ% "lflsﬁ;l(}ﬂﬁ-r ctgﬁé May
2004 WO Gl/ 44 yqr R htdomediaid 3ighds consiutela seeonkd ipair ol imtenitiediaeaipnials e Intat r i x

signal in conbiner 162 so that the overall gain of the variable ggi n
circuit is (aseyesisedithatibe selatiygtmagnitudasofthisisetone pain phintarmediate sigpals

conmbi ner  out pu copstituti .an_inter i ate si le, 4SS, h*{1l-* RJ.
The vea 160 DR IRLRaly! i F Recompena by, et eed eechibrelpe oL, g
The ' h*(1- gJéé(s{ef‘anﬁB abdribdielowr 9] *(L1 R) internedi ate signals constitute a
second pair of Intefnediate signals. It is also desired that the relative

magni t udes of t hiFhesfeaiback-demived adntrohtystemeldD atseciated mdthshdfrst paigefd t owar d

equality, This is accomplished by the associ ated feedback-derived control
system 146, inesmedinie gignalp sudenfilters leinnd 166 Escriying thepiitpws ofcpatbiners 1

associated w t he first. pair_of 10 inter lLale. si e i lters
T5a and 166 PECIforgbRly DIbhriteedte A SHAES o GuBbaRod et 18 add | P
The respect i yR) fhid @ity and ?Mhﬁceﬁiﬁ&logﬁmxm%ﬁthbﬁ i, Bl fetifRl and fiBgand 170
that rectify and produce the logarrthmof their inputs. The rectified and
| ogged out poutputsiare agpliddi veith epipbtitegolaniies te aginearrdonibger 12 whose gatent,conmbi ner
172 whose output, ., constituti ?% a subtraction of |ts jnputé@ i?{ applied to
a non-i nver t FoRgHtHRg 2 sublraction pf its inpyts, is apRieq $o2 gppnyoriing ampRESSIAY (o the

magni t udgy COPRGLA 5 anfl 194 cditdhnd 3 tire magnitude comparator 30 of Figure 3).
Subtracting the logged signals provides a comparison function. As mentioned above,
this is a practical way to implement a comparison function in the analog domain. In this
case, VCAs 148 and 152 are of the type that inherently take the antilog of their control
inputs, thus taking the antilog of the control output of the logarithmically-based

20  comparator. The output of amplifier 174 constitutes a control signal for VCAs 148 and
152. As mentioned above, if implemented digitally, it may be more convenient to
divide tﬁe two magnitudes and use the resultants as direct multipliers for the VCA
functions. As noted above, the filters 164 and 166 may be derived empirically,
providing a response that attenuates low frequencies and very high frequencies and

25  provides a gently rising response over the middle of the audible range. These filters do
not alter the frequency response of the output signals, they merely alter the control
signals and VCA gains in the feedback-derived control systems.

The feedback-derived control system 146 associated with the second pair of



Subtracting the | ogged signals provides a conparison function. As nmentioned
above, this is a practical way to inplenent a conparison fyagidOmokn the
anal og domain. In this case, VCAs 148 and 152 are of the type that
i nherently take the antilog of their control inputs, thus taking the
antilog of WA8U#ESM r ol output of the |ogarithm cally-bas@6T/E800531par at or .
The output of anplifier 174 constitutes sgg.control signal for VCAs 148 and
152. As nentioned above, if inplenented digitally, it may be nore
convenient to divide the two magnitudes and use the resultants as direct
nul tipliers {gdrmefigte\fefals ineNmtes AifGs 175andat78 Fecdivitthe bitputs bf VEAS 134ndnd 166
may be derived enpirically, providing a response that attenuates | ow
frequenci es &6 respegtivhlygTherespentive fidter cutpitOhe ppplied de logacgidietsl 0 and 182
response over, the mddle of the audible range. These fi|Jters d not alter
the frequenciiatisifyiad PEﬂd“?"née &5?‘5\?]?‘ oftheirnguts.; {The reciified vdé?&s@ﬁ? OFRWS cont r ol
signal s and | | ek : :
feedback-der%A%gﬂgég%wo&éggtggﬁggﬁgslsociéeét%ei’g& \?\F%Qb ﬂ%@@ggﬁg"%g@ rn gof 28
May 2004 WO Q ddbichbiitsh dfGER/ingutdDisapphicll to-adibniimVetingRaiplitier FS6QdéVices 184 hadles
filters 176 and 178 receiving the outputs of VCAs 158 and 162,
respect i vel y186énsrespond de thevengnitidesomparnion 88 ofiFigurephl iThe feegbackglerivesk i fi er s
180 and 182 tha rectLt{Gy and produce the |l o aritEm of hl&ei inﬁ)ués The
rectified anﬁo"ltré’&)@’éﬁmo fpp@tes ip eéﬂbﬂ“@ﬂ“eﬁﬁg Fontrgh Systemel 4l Thei ol of o o
| i near conbi ; b ATeRY td i btraction of its
Il nputs, is aﬁ'ﬁf‘f’i"‘gq?o a ﬁ%‘%—gitd%\g'tétﬁ]?%gagbrr{olvitjf&‘?g?é%@Gfd(idevi ces 184 and 186
correspond to theAddigenal coheroCsigatsaaé derived o the goltm] Siknald bitfeedback-
f eedback-derived control system 146 operates in_ the same manner as control
system 14D. Rrived genstal systemsahdBiand 144, ThrecaspktignalipleeontiolyplemdiOds gnal for
VCAs 158 and_162 djti.onal .control..sjignals are derive [ o, h ontrol
Signal s of 1 BENEMASL3a3aRng S0k brrEh T Btthun e, HBENS Teb AR oL 8D o)
si gnal of copinsel si%h?éﬂn%psy‘_sﬁm RIBRY éﬁ)ﬂe&&ﬁr’s{ S sehrd :edagbrieal i ng,
of fset, inversion, etc. functions 188 and 190. The control signal of
control syst owerkif6, ¢te. fapgiione 192 mdf 194 s Fuanidns £88) 180,592 and 494 mby Setude
i nversion, etc. functions 192 and 194. Functions 188, 190, 192 and 194 may
i ncl ude  one®¥rorpRre of themprlarisoinyering, amplitide PHEFttings AMPlitydroscalinesandiorn g,
anpl i tudg scal i f - | I I | .tﬂﬁﬂ . Also
f?a ﬂ‘tLd fﬁ%ﬁﬁg g‘so%,sls%l?idg&pib%db%@g? KiBi? G&ordah& Qﬁﬁ &dsk n?%\(r&

in accordance W ons
the lesser or the greater of the outputs of functions 188 and 192 and of functions 190

and 194 are taken in by lesser or greater functions 196 and 198, respectively, in order
to produce additional control signals that are applied to a left back VCA 200 and a right
back VCA 202, respectively. In this case, the additional control signals are derived in

20  the manner described above in order to provide control signals suitable for generating a
left back cancellation signal and a right back cancellation signal. The input to left back
VCA 200 is obtained by additively combining the left and surround cancellation signals
in a linear combiner 204, The input to right back VCA 202 is obtained by subtractively
combining the right and surround cancellation signals in a linear combiner 204.

25  Alternatively and less preferably, the inputs to the VCAs 200 and 202 may be derived
from the left and surround passive matrix outputs and from the right and surround
passive matrix output, respectively. The output of left back VCA 200 is the left back
cancellation signal g, *'2*((g,*L,+g,(L-Rt)). The output of right back VCA 202 is the



the |l esser or the greater of the outputs of functions 188 and 192 and of
functions 190 and 194 are taken in by | esser or greater fupghignmey96 and
198, respectively, in order to produce additional control signals that are
applied to a left back VCA 200 and a right back VCA 202, respectively. In
this case, WO8/H8Wi ti onal control signals are derived i nPROUBHE2ANNer
descri bed above in order to provide contysQl signals suitable for generating
a |eft back cancellation signal and a right back cancellation signal. The
input to left back VCA 200 is obtained by additively conbining the |eft
and surroundg | kg loS+14 k i conbi ner 204. The input to
ri ght back Vr1 &%%%@E%%ngﬁggagv gu@%’%ﬂ?ﬁ%‘g&g} conbining the right and
surround cancel | aFigme 15iigaathemiatic eirduitriésgranc shobiinger pra@ital dicuitlembodyang vel y
and | ess preferabl the inputs to the VCAs 200 and 202 nmy be derived
fromthe | ef @Wwﬂgﬁﬁpﬁﬁ%w&%qw&%wwuﬁﬂ’@m are4p ghmg.o Wherandti ght  and

surround pagsi ls . I \vely. The output of |eft back VCA
200 is the | g}%tc\é%g’g%bgéééﬁg%fl#a ?%‘n‘ﬁ‘*@f@%‘rs’ gl h*((gl*L, +g, (L, Rt)). The

out put ofs ri ght bﬁcﬁi%éf@&\_s,%ﬁdﬂ" {sheTexfs IHBumeA qi4a 18W.Lrrbise GPEPETutBiEN 32383
-35 right back cancell ation signal g,,*1h*((g,*R +g, (L1 Rt)). Figure 15 is

a schemat i c opptiipedadice)geperalgivopise gpeaatpnalaniptifier iotendagi for bighddylitngnd aspect s
of the present invention. Resistor_valu shogwn are_in ohns. . Wer, ot
i ndi cat ed, cayHRPiegPLifiar aaplications; Peials P e dsYice 2rg Widely-ryptlable fseu%il%gm- i s

a Texas Instyg s' | - | R%:H hi gh i nput inpedance)
gener al purpglségﬁ'%%'ef\a%%g%ﬂﬁsm ??%drlfﬁ?ten e%}#or high-fidelity and audio
preanpl i fi er <apptp:akivatzomelddcd/frodictd/dmalog74.amde>wi del y avail able in

published literature. A data sheet may be found on the Internet at <
<http://Ww. ti. coSYERENX 4 Fizyrul isaawamoligictinggated cirruit ntendal foggmi® 120" i n

e 15 R b BBt R
l'ogarithmc  gini 5okhe ‘nbpﬁtt&ﬂbt%bn%s%gzﬁl?ﬂfé b‘&%ﬁfelé&e?ﬂ&é&or%@ﬁeﬂ&%ﬁd to the

| evel detectors depending on their gnitudes. Details of the device are
wi del y avai | abtheirinmagpitlaies.s Deghits bf tae dévicecare wiletledvailabifecintpublished titefaturad on t he
Internet at < <http:||ww. anal og. com pdf/ 1788 c.pdf> >. 15 The fol |l ow ng
tabl e rel at ed ot heet maybeifpundanstheibiermat At <r<bitn: ey easlas-omidi/ 7RG oAt >

15 The following table relates terms used in this document to the labels at the VCA

outputs and to the labels on the vertical bus of Figure 15.

Terms used Label at Label on
in the above output of VCA vertical bus
description of Figure 15 Figure 15

g*L, Left VCA LVCA

g*R, Right VCA RVCA

1a*g *(L +R) Front VCA FVCA

B*g *(L-R) Back VCA BVCA

g (g L tg* 2 L:-RY)) Left Back VCA LBVCA

g X (g Reg M *(L-RY) Right Back VCA RBVCA




outputs and to the |l abels on the vertical bus of Figure 15. Terns used
Label at Label on in the above output of VCA vertical bus degesipidganof
Figure 15Figure 15 g, *L, Left VCALVCA g, *R, R ght VCARVCA Front VCAFVCA
‘h*g, *(L. ~Back VCABVCA g, b*((g, *L, +g,*' / x*(L,-R })Left Back VCALBVCA
g,b*((g, *RWO¥aEe4 |1 R ))R ght Back VCARBVCA 28 May 2002CVES®B2®BI504
PCTYUS00/ 32383 -36 In Figure 15 the |abgls on the wires going to the
output matrix resistors are intended to convey the functions of the
signals, not their sources. Thus, for exanple, the top few wres |eading

to the left front : | ' . J.\{Q@,Ei LTThe
contribution fro#ﬁ%&gﬁ?’ﬁgg%ﬁ%&%&ﬁwﬁﬁg’%%rtyglrb,uatuglﬁgglﬁ(]:% t gmﬁnwant ed
out put for aimendédto dofiveyithefmttiohs bBtheaigaas, Hoethairgowbest oThusfoetxainipte, unwant ed
output for a left back source BK Cancel The signal to cancel the unwanted

out put for athgdeikfewowiresdeadimgcamedeft fronkouipwa prerag fellowsel t he unwant ed source
for a right back source

Label in Figure 15 Meaning

LT The contribution from the L, input

CF Cancel The signal to cancel the unwanted
output for a center front source

LB Cancel The signal to cancel the unwanted
output for a left back source

BK Cancel The signal to cancel the unwanted
output for a back source

RB Cancel The signal to cancel the unwanted
source for a right back source

LF GR Left front gain riding ~— to make a pan
across the front give a more constant
loudness

Note that in Figure 15, whatever the polarity of the VCA terms, the matrix itself
has provision for inversion of any terms (U2C, efc.). In addition, "servo" in Figure 15
refers to the feedback derived control system as described herein.
The present invention may be implemented using analog, hybrid analog/digital
10 and/or digital éignal processing in which functions are performed in software and/or
firmware. Analog terms such as VCA, rectifier etc. are intended to include their digital
equivalents. For example, in a digital embodiment, a VCA is realized by multiplication

or division.



LF GRLeft front gain riding - to nake a pan across the front give a nore
constant |oudness 5 Note that in Figure 15 whatever the po}@Malook the
VCA ternms, the matrix itself has provision for inversion of any terns
(U2C, etc.). In addition, "servo" in Figure 15 refers to the feedback
derived corWP81/41884st em as descri bed herein. The present PAVEMOBHE3 may be
| npl ement ed usi ng anal og, hybrid analog/digital 10 and/or digital signal
processing in which functions are perfo_rﬁe_d in software and/or firnmuare.
Anal og terms such as VCA, rectifier etc.” are intended to include their
digital equivalents. For exanple, in a digital enbodinent, a VCAis
realized by nmultiplication or divisi A May 2004 WO 01/ 41504

PCT/ US00/ 32353 -37 .| claim 1. method for deriving at |east three audio
out put signals fr %o I nput audio signals, conprising 5 deriving four

audi o signal's from gajy ?Weﬁ@i‘ﬂ?tatwhﬂeega{ugﬁﬁt{ufp&%@ﬁﬂﬂﬂmt@e intptfudigtudi 0

signals are derived wth a passfve matrix t uces two pairs of audio
signals in sigafdgreemptising Wwo audi o signals, a first pair of derived audio
signals representing directions lying on a first axis and a second pair of
derived audi o si gdfaivingrfeyrandiosignaly fram saidtwogpeut aydin gigass. vheedin the favt s, said
first and second .axes bei ng .substant.i al | yv. ual | 10 ort | each
ot her , " pr oco SR SRR Gped vt puv s 4 s 80 pRE H0eR Bt 4 e
respective fifglponstd t#66606 sipAdls, % Rkt fait STaeBelidalSiodirhIe répréiemin Wher ei n
the magni tudes of the relative anplitudes of the audio signals in each

pai r of i ntedirentiont kyingoaiadfirst ayisadng ageeond paie df deriyed aatlie sjgedls tepresdmingr oduci ng

a first output signal representing a first direction,| yigq%nqn t he i s of
the pair of QEPSHEBHIYHBANG SPgdaris, sadHshaiidgeand @xgsiheing sybiantiahly mytualiyredi at e

signal s fge o{lﬁ@g[%ﬁﬁ‘?geacﬁ%h%r,ﬂ rst output signal being produced at |east by
conbi ni ng, w e sane

processing each of said pairs of derived audio signals to produce respective first
and second pairs of intermediate audio signals wherein the magnitudes of the relative
amplitudes of the audio signals in each pair of intermediate audio signals are urged
toward equality,

15 producing a first output signal representing a first direction lying on the axis of
the pair of derived audio signals from which the first pair of intermediate signals are
produced, said first output signal being produced at least by combining, with the same
polarity, at least a component of each of said second pair of intermediate audio signals,

producing a second output signal representing a second direction lying on the

20  axis of the pair of derived audio signals from which the first pair of intermediate signals
are produced, said second output signal being produced at least by combining, with the
opposite polarity, at least a component of each of said second pair of intermediate audio
signals,

producing a third output signal representing a first direction lying on the axis of

25  the pair of derived audio signals from which the second pair of intermediate signals are

produced, said third output signal being produced at least by combining, with the same

polarity or the opposite polarity, at least a component of each of said first pair of



polarity, at |east a conponent of each of said second pair of internediate
audi o signals, producing a second output signal representingg Mmad
direction lying on the 20 axis of the pair of derived audio signals from
which the first pair of internmediate signals are produced, said second
out put si griPoBEEHg produced at | east by conbining, w t hPEHESOGRISdSI te
polarity, at |east a conponent of each of said second pair of internediate
audio signals, producing a third output,,signal representing a first
direction lying on the axis of 25 the ’r}gi'r of derived -audio signals from
whi ch the second pair of internmediate signals are produced, said third
out put si gnalntéreiedigteandid sigeals,cand] epiehallyy conbi ning, with the sanme polarity
or the opposite polarity, _ at |east a conponent of each of said first pair

of 28 May 2004 \ESdHcingasieurtipentpeisigsalepigsentinga soeppd dizsetion bying R} the &ignal s,

and, optiona -t PL L I reqr i . ond
direction | y%ﬁ?%ﬁéfﬁzﬁgg&sﬁd%’% %gjl;é% g‘%w&%ﬂ e%g‘rﬁ:!n\c}ggﬂgﬁgxﬁég}dg{ﬁ gtﬁ;gf@gl?r om

whi ch the segRfifodtRid, sill thiRf GtplR Sigadl Demmi Protiuted a0 lestilyQCdbafng, Withdhd hi r d

out put signal being produced at |east by conbining, with the 5 opposite

pol arity,5 i f opposite polarity o€ theubirddusputisignal ip producsd by lsgmbisirigi withhije wimeh t he sane
polarity, or at . least by conbining wth the sapne polarjty, if the third

but put 51 gnaPOREY; B R BYCEUEYHE HE Sae ROLR, B doibind 2ot Sgwllp, o

| east a conp - Qf :sal j ir | DEE j i

signals. 10 gfbﬁ@%g%&ectﬁﬁg@mgfmg@?ﬁ?ﬂf s{tﬁ%c’rlg?‘k’ ag?%a ucl nﬂ%ﬁ%‘:ﬂ%?&gﬁt

si gnal i ncl udies paieobintermelifte aali@sipedd. of each of said second pair of

internediate audio signals with a passive nmatrix audiq signal representing
said first direction, said conmponent constituting a cancellation signal

opposi ng,said passive trix.audj o, signal, 15 producing a second out put
signal i _O(S:I udes gngf{%i"g‘ﬁ“i\"@é% oingh?re%f each of said second pair of .
i ntermedi at e audi groficeaal Srs¥urbut SigRATRINRs BRthBihiYg 8 'BinBorkhOdtdach sfe@fdesent i ng
sai d second direction, said conponent constituting a cancellation signal
opposi ng sai secpmbpdivel intetmeddiateaaudicosignatpneith a passidemaniy aadiolsignd]l eptepantingi gnal
i ncl udes conbi ni_ng a conponent of each of said o . .
said first direction, said component constituting a cancellation signal opposing said
passive matrix audio signal,
15 producing a second outpui: signal includes combining a component of each of
said second pair of intermediate audio signals with a passive matrix audio signal
representing said second direction, said component constituting a cancellation signal
opposing said passive matrix audio signal,
producing a third output signal includes combining a component of each of said
20  first pair of intermediate audio signals with a passive matrix audio signal representing
said third direction, said component constituting a cancellation signal opposing said
passive matrix audio signal, and, optionally,
producing a fourth output signal includes combining a component of each of said
first pair of intermediate audio signals with a passive matrix audio signal representing

25  said fourth direction, said component constituting a cancellation signal opposing said

passive matrix audio signal.



20 first pair of intermediate audio signals with a passive matrix audi o
signal representing said third direction, said conponent cefigid tmhng a
cancel l ati on signal opposing said passive matrix audi o signal, and
optionally, producing a fourth output signal includes conblnlng a conponent
of each of W@PH415H| r st pair of internedi ate audi o signal BCWUBW/3238passi ve
matrix audi o signal representing 25 said fourth direction, said conponent
constituting a cancellation signal opposj,ng said passive nmatrix audio
signal, 28 May 2004 WO 01/41504 PCT/ US00132383 -39 3. The nethod of claim
2 wherein the matrix audio signals representing said first, second, third
and, optionally, 3.0%he¢ tmethod emlﬁw%whcreingh@mwislaydioaigealpr@m;mgbﬁﬁdsai d
passive matriix. 5 4. The nmet hod of 2 wherein the passive audi o
si gnal s repr B8brierand, ‘hérglaad’fqppgﬂaﬂysé%'ﬁh&“""i“r‘?f‘%d“&?ﬁﬂ“’?@u&ﬂ?‘?ﬂ" ,
respectively as@ivE mRfR duced ina plurality of linear conbiners that al.so
conbi ne the Basm ve matrix audio signals with ones of said conponents of
signals. 10 5. The nethod of claim1 wherein the respective output signals
are produced by conbining said pairs of internediate signals. 6. The

met hod of5 any one4. oﬁ‘h@tnaihnd;oilqlmm Hwh&eintthe BaSﬁvgma@xpudioémﬂngenrmﬁmues

f eedi ng back e pair i.nt iate,audio s al s fo roIIing
the rel ati vesat ‘ggrs&rf‘ﬁ?qnfju ud ‘ﬁ"’c“ﬁ‘g dl“S"slf?@E’trF?P@c‘B%{}r a’f‘}‘fpr 3 audl 0
signal s. dfﬁe%?é&h?d?ne?i i ﬁéo%%b%%@#ﬂsn@@h&rﬂ 981%% 29 Wit nkdsSsafaPpP! yi ng
each der| ve 10 SI gna to a respective vari a In circurt, wherein

the gain of esfgonemsdf dfdals. gain circuit associ ated vmth each pair of
derived audio signals is controlled in 20 response to the anplitudes of the
outputs of the variable gain circuits in the respective pair. 8. The

met hod ofq claim?7 re a ain cjircuit i.ncludes age
control 1'€d anpli 3" W?'ﬁ? V)&?‘? ﬁ%é}f*ha{gwﬁ r&glt e Ve ittt ﬁlgf"il%?ﬁre\ﬂr?qﬁwedé
subtractive &ﬁnﬁﬁﬂplsﬂgbmnimm@ﬁ,%dkaﬁé akariable-gain-circuit gainis (1-9),
and said cancellation Signals are taken fromthe outputs of said voltage
controlled anplifiers.
6. The method of any one of claims 1, 2 or 5 wherein said processing includes
feeding back each pair of intermediate audio signals for use in controlling the relative

15 amplitudes of the respective pair of intermediate audio signals.

7. The method of claim 6 wherein said processing includes applying each
derived audio signal to a respective variable gain circuit, wherein the gain of each
variable gain circuit associated with each pair of derived audio signals is controlled in

20  response to the amplitudes of the outputs of the variable gain circuits in the respective

pair.

8. The method of claim 7 wherein each variable gain circuit includes a voltage
controlled amplifier (VCA), having a gain g, in combination with a subtractive
25  combiner, the resulting variable-gain-circuit gain is (1-g), and said cancellation signals

are taken from the outputs of said voltage controlled amplifiers.



28 May 2004 WO 01/41504 PCT/USOQ 32383 -40 9. The nethod of claim?7
wherein each variable gain circuit conprises a voltage conbgakdyerhos
anplifier (VCA), having a gain g, the resulting variable-gain-circuit gain
is g, and said cancellation signals are taken fromthe outputs of said
vol t age corW@8V#set anplifiers. 5 10. The nethod of cl ai RCHUEMERBN t he
gain of each variable gain circuit is low for quiescent input signal
conditions, such that said signal outputs, are substantially the signals
produced by said passive matrix. 10 11." The nethod of claim 7 wherein the
gain of each variable gain circuit is high for quiescent input signal

condi tions, such 9h&he swihdd of gainl 7 ehtmin sciavaibleginnitcim comprises a veltapaal s
produced by said ssiye nmatrix. 12. The t hod.of claimJy wherei.n.the

o ns of + e coUralB PRPR |V iRV iE s g i FRNIGAE VAERC R TSSH 4045 dor i ved
audi o si gnal .ed . i : ctive
vari abl e gai g’ @fﬁf@@hﬁ%é&%lgﬁ?@%&dﬁ%% Wﬁf?‘#&g’% fcoﬁtﬁ(zit%
generates a emplifig@s. Si gnal that controls the gains of the variable gain
circuits. 13. The method of claim 12 wherein the respective nagnitude
conparato¥s 20 control the gains of the variable gain circuits associated

with the pairs of  derjved, audiq .signals, such.that, for,. sone i.npyt signal
conditions, an i n&&eib%“?ﬁo‘kjﬂéaﬂﬂ’gﬂ?"ﬁﬂﬂﬂ @?gqlmgfaea%ywpﬁa&mrbﬂggséﬂ%g& e
gain circuit g bk ; " L &’mﬁl.’ 1 of
t he vari abl ef%i‘aqtun Cl ?c Iﬁt{s1$¥§lvédr§]\g1ut9ﬁsg@?c#ﬁt?éé??ég&g%ﬁ%ﬂ?&sag%kd%i. T g%rfé;t hod of

cl ai m 13 whesighals ploduded byaaidipigivenginit.ude conparators control the gains of
the variable gain circuits associated with the pairs of derived audio
signals such that, for sone input signal conditions, an increase in the

i d f h 2004 141504, PCT/ USQQ/ 323 -41-, f
e bt ol oo £E AR rERSY e pheptdndaain ottt s b el argt iMbe 31 "
no change in ghfidadninphe $dn81 ARKIBAY, Sudhdhdt shild'sipdAlloutiRils AeMibHenddNg tharcr eased

out put .
signals produced by said passive matrix.

12. The method of clairn 7 wherein the gains of the variable gain circuits
15  associated with each pair of derived audio signals are controlled by applying the outputs
of the respective variable gain circuits in the pair to a magnitude comparator that

generates a control signal that controls the gains of the variable gain circuits.

13. The method of claim 12 wherein the respective magnitude comparators
20  control the gains of the variable gain circuits associated with the pairs of derived audio
signals such that, for some input signal conditions, an increase in the magnitude of the
output of one variable gain circuit with respect to the other causes a decrease in the gain

of the variable gain circuit having the increased output.

25 14, The method of claim 13 wherein the respective magnitude comparators
control the gains of the variable gain circuits associated with the pairs of derived audio

signals such that, for some input signal conditions, an increase in the magnitude of the



15. The nethod of claim 13 wherein the respective magnitude conparators 5
control the gains of the variable gain circuits associated 8 Muytdve4pairs
of derived audio signals such that, for sone input signal conditions, an
increase in the magnitude of the output of one variable gain circuit with
respect to WReI/@gsHer al so causes the product of the gai RETAHRBAI3vari abl e
gain circuits to be substantially constant. 10 16. The nmethod of claim 12
wherein the respective magnitude conpar_ghors control the gains of the
variable gain circuits associated with the pairs of derived audio signals
such that, for some input signal conditions, an increase in the nmagnitude
of the out poutpusiof one: variable inguit withirespeqt to (hietokher alspeaysestsubstangaldi fer
causes an ingrease jn the. gain.of the variable in circuit having the
horeased outTBIES 1nhE g Sr b VmBR R At aphieY Dedhe Rl AL e pect | vo
magni t ude conparators control the gains of the variable gain circuits
associated with the pairs of derived audio signals such that, for sone

i nput si gnal condis. i Thtsmethéd oftfdima3avlierein the réspemive utigniaide towapargtaisput of one
variable gain circuit with respect to the other al so causes substantially
no 20 c haiggecqnﬁrok the gaias af Hhe variablegain eirmuids asspdiated with the paiss ofdeviverdyaudip

i ncreased out.put. 18. The nethod of claim 16 wherein.the respecti.ye

man tude. coliAsER el 36 SR Segl Rt GRS 1t P8 MRS U | <
associ at ed Withutlof 8nd FriablePaindGrchiy ath 29 to the GIRE Bls6 eubesthdiproddc@ bf SONME

i nput signal conditions, an increase in the magnitude of the 25 output of
one vari abl ethgaains of the watiabi¢ gdin ciesifietrt bet subdtdntialy banstasll so causes t he product
of the gains of the variable Ogain circuits to be substantially constant.
28 May 2004 WO 01/41504 PCTIUSOQO 32383 -42 19. The method of claim 12

wher ei n e gain i iahl. PN Gl ' ' . ' functions
of thei rltor(;ont r ol 1\%]((')I ag@%@‘%a@%"ﬁl}gﬁr@ﬂc e{hgg#%%rdgggggﬁggéﬁ?ﬁa?@%ai n and
the out put ofonBrdFihe tains 8Pthe varRdble il &itbuits asSockiid WRN the Paids sP@RvEdLSRlo
conparator via a rectifier that delivers an output signal proportional to
t he | ogari t hsignsfs suchs that fot son® im@ut sighad comstitiomd, of incrieaserin the magaitusieref ghech

rectifier is preceded b filter, having a response that attenuates |ow
frequenci es %‘ﬁﬂ“t\f’gf’w Yﬂ-"éhl%fgr'*@cﬁ‘fé%?“’é@ TEPRert Wi"ﬁ@%caélsesa“ increase in the

gain of the variable gain circuit having the increased output.

L€

15
17. The method of claim 16 wherein the respective magnitude comparators
control the gains of the variable gain circuits associated with the pairs of derived audio
signals such that, for some input signal conditions, an increase in the magnitude of the
output of one variable gain circuit with respect to the other also causes substantially no

20 change in the gain of the variable gain circuit not having the increased output.

18. The method of claim 16 wherein the respective magnitude comparators
control the gains of the variable gain circuits associated with the pairs of derived audio
signals such that, for some input signal conditions, an increase in the magnitude of the

25  output of one variable gain circuit with respect to the other also causes the product of

the gains of the vanable gain circuits to be substantially constant.



gently rising response over the mddle of the audible range. 10 21. The

met hod of claim 12 further conprising deriving one or nore gglgii>0pal
control signals fromthe two control signals that control the variable
gain circuits associated with each pair of passive matrix audio signals,
wherei n saiVooH#S® nore additional control signals are BEUESWSRIBFed by
nodi fyi ng one or both control signals and generating the | esser or greater
of a 15 unnodified control signal and a,godified control signal or of two
nodi fied control signals. 22. The nethod of claim 21 wherein one or both of

said control signals are nodified by polarity inverting, anplitude

of fsetting, anplitudBhesmethodef clais/1dwhatin the gainjof said wgnqb?ecs,aéwmgsm@
respective signal. 23.. Th t ho f.claim2l further conprisi one or
ror o add ¢ offRAAr ksl o Eencepirp st e, ek el SRR Y e AR
combi nati on gy &,wemgﬁt ot dhéh \aham@géjh Yir@fit is GFHe8 td £ aBRledk BOApaTattr vih AS
conbi nation of two passive matri X signals, wherein Sald one 25 or nore
addi ti onal ceeotifier|that idgliverssancauniuk signal @agpertionalao dredsganiths af is inpet. or nore

additional variable gain circuits such that the circuit's gain rises to a
maxi mum when said input signals represent a direction other than the

directions |ying aid fi and,second / .

PCT/ USD0132383 4D g’&?‘e‘ﬁ?&%‘ﬁ%&é‘ﬂg?éﬁ?ﬁ&‘ SRR TSP g’ﬁ%ﬁ%ﬁb%n’éﬂé%’m?
cancel | ati ong sdsfiaé thabite@iés 10w |fefBensidt ShdRRy Bigh fFERiMcRIGHd hrovidés a/ari abl e
gain circuits wth a respective one of said one or nore additional control
signal s. 5 2dentlyhsingetdponke@verchamiddi3oftheadible mingé.east fi ve out put signals
are produced by conbining each of at |east five passive matrix audi o
signals with two or nore of said plurality of cancellation signals and

sai d onegr nore ﬁg%ﬁéﬁ%dx%%'ﬁllb%%pfééﬁfhat he cancellation signals

opposi ng each passive na 0 sl gha t the passive 10 matrix

audi o signal is sdeBgingnk ot precanitiohdl eentit) sighds Gramand tvat dontiolssigiail thatwhen
said input audio signals represent signals associated with directions
"ot her than t ¢antrg] the yatiahte gain circuits associated with each pair of passive matrix audio
signals, wherein said one or more additional control signals are each derived by
modifying one or both control signals and generating the lesser or greater of a
15 unmodified control signal and a modified control signal or of two modified control

signals.

22, The method of claim 21 wherein one or both of said control signals are
modified by polarity inverting, amplitude offsetting, amplitude scaling and/or non-

20  linearly processing the respective signal.

23. The method of claim 21 further comprising one or more additional variabie
gain circuits receiving as an input the combination of two of said plurality of
cancellation signals or the combination of two passive matrix signals, wherein said one

25  or more additional control signals control respective ones of said one or more additional
variable gain circuits such that the circuit's gain rises to a maximum when said input

signals represent a direction other than the directions lying on said first and second



represented by the passive matrix audio signal. 25. The nethod of claim 12
wherein the magnitude of the audio signals in a 15 first pag&aff2004

i nternedi ate audi o signals nay be represented by the nagnitude of

[(L,+R )*(1-g )], or, equivalently the magnitude of [(I.,+R)*(h)], and
the magni t YH@OW¥#15¢%(L -R)*(1-g,)], or equivalently, the nBgGHI$@E233 of

[(L,-R }*(hJ], 20 and the magni tude of the audio signals in the other pair
of internediate audio signals nay be rgpresented by the magnitude of
[L,*(1-g)], or, equivalently, the magnitude of [L,*(h)], and the nmagnitude
of '"[R *(1-g)], or, equivalently, the magnitude of 25 [*(h.)], where L,
and R, are o#&sS,@fr of audio signals produced by said passive matrix, L,+R

and L,-R, are the other pair of audio signal.s ptoduced id. sjve
ik (1oge) anginiedissapre ol aat ket AR Sl IR
gain of a vambablagiiem Qaﬁaitﬂ&%ﬁiﬁ ittt With b GekpRitivB ohd 8f dalddhe R'Mdsit of the
passive matrix, (1-g,) and h. are the gain of a variable gain circuit

associ at ed vadditionleohtrol-signalsout put of the passive matrix, (1-g) and h, are
the gain of a variable gain circuit associated with the 1, output of the
passi ve matrix, and (1-gr) and hr are the gain of a 5 variable gain circuit

associ ated w th the B nge%(gllugof cgaﬁrat%gsvh@%%sit\f&ismeré'@% é@e\ﬁlﬁ{gg}&g?erdg tion,

deriving at |east three au S, each assoc

fromtwo i npggmbinisl ach iof Rkt fiGOPARSIVS InBGix RAMIO 'sipinhld Hvithi tivb oR nidRSSH swi@ mat ri X
in response to said two input audio signals a 10 plurality of passive

mat ri x si gnapleralityoifgenceliationsigals red sid geswimare additional candiliotien signalss theg

first pair of g@ssive trix . audi o signals.represen iré ctions lying on

dire
a first axi sCoaFRIAtop SeialRPPRSIFE cach PRSYE MAIx AU Sieral SHER et HiE Dpssive
repr esent, ng. di. i l.yi L o - Secand axes
bei ng s%staﬁ%%%‘b%@tﬁﬁ%#@g%%%ﬁ%g tggc . %lt (lcan?s &}pl)%l%%léésﬁsglr%ﬁ g‘gch of
sai d pairs ofudiesgialtaepradent sigmalicissochited valhsdifedtighs @Hhes than the direction

represented by the passive matrix audio signal.

25. The rﬁethod of claim 12 wherein the magnitude of the audio signals in a
15 first pair of intermediate audio signals may be represented by
the magnitude of [(L 4+R)*(1-g)], or, equivalently the magnitude
of [(L,+RY*(hy], and
the magnitude of [(L-R)*(1-g)], or equivalently, the magnitude
of [(L-R)*(h)],
20  and the magnitude of the audio signals in the other pair of intermediate audio signals
may be represented by
the magnitude of [L,*(1-g)], or, equivalently, the magnitude of
[L.*(h)], and
the magnitude of [R.*(1-g )], or, equivalently, the magnitude of
25 R0,
where L, and R, are one pair of audio signals produced by said passive matrix, L,+R,

and L-R, are the other pair of audio signals produced by said passive matrix, (1-g.) and



15 respective first and second pairs of intermedi ate audio signals such
that the magnitudes of the relative anplitudes of the audigg 88803 in
each pair of internmediate audio signals are urged toward equal I'ty,
deriving a plurality of cancellation signals fromsaid pairs of

i nt er medi at\OAU#SY signals, 20 producing at |east threePEUUBWE32¥Bgnal s by
conbi ning each of at least three passive matrix audio signals with two or
nmore of said plurality of cancellation sjgnals, the cancellation signals
opposi ng each passive matri x audi o signal such that the passive matrix

audi o signal is substantially cancelled by the cancellation signals when
said i nput huate tegaiprfjasvariable gaia gircult agsagiated witide k-eR. aufRubolfife Bassivens

h h he, di ' 25 . d h L ' ' | .
S e ot iy (EE) R 3R e B R E R e R est Such 3Bl Bl 30 e B Dack”
each 28 May 2R oM phtRAARTILENEMIZSER gatrt aVAELIO baih R8RTEdi at e audi o

signals for use in controlling the relative anplitudes of the respective
pai r of i nt eassedated with thetiIQ ostpgtnaf]the pa@fve mkteix natd(ba )aihd b) ae the@aindfer ei n sai d
processing inc|udes, appl ying each 5 passive matrix signal in said two

pai rs of Jpas¥gripblergain qiicuit asspejated wiff the R, Quiput QfShepassiye Ml abl e gai n
circuit, each circuit including a voltage controlled anplifier (VCA,
having a gain g, in conbination with a subtractive conbi ner, wherein the

resulting vari ablee- §ehodi fo€drdvinigat Radt$hréd alilio Sphls; dhdh Lok with DN
signals are taken fromthe outputs of said voltage controlled anplifiers.
10 29. The ndirdetidn,diom hwo inpandiocsigails, ¢dmprigingns of the variable gain

circuits associated with each pair of passive matrix. audi Q. Si | s are
Control l'ed by ape)FrAlte Witk 3 gatsiyamatmdy in REoTE do gud PYsingul dioienga an

ci rcui t syq0f Lo oo ' Or SREE b nt r ol
si gnal tlhogt @g{rﬁﬁp}éﬁsﬂ a;[;slil\(% ‘g%tﬁ%g&g?yt glgﬁ@ ria gogfg%%ﬂ%i rcul %‘gﬁ&%gﬁ%%g The
met hod of cl fAstpadPofaedivs Mmatiin @udiv tsiguils reptesérting Kasqivas iy onad fisbads gai n

circuit of each pair are applied to a nmagni tude conparator via a rectifier,
t he rectifi et second pair of passive matrix audio signals representing directions lying on a second
axis, said first and second axes being substantially mutually orthogonal to each other,
processing each of said pairs of passive matrix audio signals to produce

15 respective first and second pairs of intermediate audio signals such that the magnitudes
of the relative amplitudes of the audio signals in each pair of intermediate audio signals
are urged toward equality,

deriving a plurality of cancellation signals from said pairs of intermediate audio
signals,

20 producing at least three output signals by combining each of at least three
passive matrix audio signals with two or more of said plurality of cancellation signals,
the cancellation signals opposing each passive matrix audio signaf such that the passive
matrix audio signal is substantially cancelled by the cancellation signals when said input

audio signals represent signals associated with directions other than the direction

25  represented by the passive matrix audio signal.

27. The method of claim 26 wherein said processing includes feeding back each



del i ver signals proportional to the logarithmof their inputs, the
conparator has finite gain, and the VCA gains in dB are |ipgafay2p0qti ons
of their control voltages. 20 31. The nethod of claim 29 further conprising
deriving one or nore additional control signals fromthe two control

si gnal s t haW0o0HdRlr ol the variable gain circuits associ aPEHUMIIBE8Rach pair
of passive matrix audio signals, wherein said one or nore additional
control signals are each derived by 25 nmdifying one or both control
signals and generating the Iesser or greater of a unnodified control
signal and a nodified control nal or of two nodified control _ signals.
28 May 2004 paprintematiae g s fop swdn camrodling the, eelative pwgligdesaf fhem 31
wherei n one or t h of |d contraol signals are nodified by polarity
inverting, a gtﬁi%a"o?qgl SERSHRE U8 e scal i ng and/or non- Iinearly
processing the respective signal. 5 33. The method of claim31 further
conprising one or nore additional variable gain circuits receiving as an
i nput the combi na28. oTheafiethobofalaima7dvhiekein sdid processing tmhuled dpplyingeash gnal s or
t he conbi nation of two passive matrjx signals, wherein said one _or nore

aggu t] onaﬁ': CBEIVD) F“ag}"gﬁlﬁﬁbmcséﬁttWB PW%@mvw%égdl%ﬁlggﬂ$ t omsEPegtivenor e
10
2t mum vin Bl 4 el S b ERURSWTNED B oGriSuey Ll PuBR)D (1 BER (O

directions | yivigk Ppaisdl # chinbmhtic Wit £ sebidctivdcdmbings) higamneihd résdBingne or nore
addi tional cancellation signals by controlling said one or nore additional
vari abl e gai nanableegwt»srqmttgmﬁas (leg)rad tsaid carseléatiof sigadlslangrizken frompthe 15

addi tional control naI S The t hod of claim 33 wherein at |east
five output Q'i"B‘HéP% %Dlrﬁg%?ﬂPgeﬁeJ;}f"Pq%ﬁﬁbi ning each of at least five

passi ve {’@atrlx audio signals with two or nore of said plurality of
cancel l at1 on signals and said one or nore additional cancellation signals,
the 20 cancel | atizn BicOfehsd SRukomi23GvIRAGH thegaths vEtheRArdble gairtltiecuits gnal such

t hat the passive
associated with each pair of passive matrix audio signals are controlled by applying the

outputs of the respective variable gain circuits of each pair to a magnitude comparator

that generates a control signal that controls the gains of the variable gain circuits.

15
30. The method of claim 29 wherein the outputs of the respective variable gain
circuit of each pair are applied to a magnitude comparator via a rectifier, the rectifiers
deliver signals proportional to the logarithm of their inputs, the comparator has finite
gain, and the VCA gains in dB are linear functions of their control voltages.
20

31. The method of claim 29 further comprising
deriving one or more additional control signals from the two control signals that
control the variable gain circuits associated with each pair of passive matrix audio
signals, wherein said one or more additional control signals are each derived by
25  modifying one or both control signals and generating the lesser or greater of a
unmodified control signal and a modified control signal or of two modified control

signals.
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32, The method of claim 31 wherein one or both of said control signals are
modified by polarity inverting, amplitude offsetting, amplitude scaling and/or non-

linearly processing the respective signal,

33. The method of claim 31 further comprising one or more additional variable
gain circuits receiving as an input the combination of two of said plurality of
cancellation signals or the combination of two passive matrix signals, wherein said one
or more additional control signals control respective ones of said one or more additional
variable gain circuits such that the circuit's gain rises to a maximum when said input
signals represent a direction other than the directions lying on said first and second
axes, and

generating one or more additional cancellation signals by controlling said one or
more additional variable gain circuits with a respective one of said one or more

additional control signals.

34. The method of claim 33 wherein at least five output signals are produced by
combining each of at least five passive matrix audio signals with two or more of said
plurality of cancellation signals and said one or more additional cancellation signals, the
cancellation signals opposing each passive matrix audio signal such that the passive
matrix audio signal is substantially cancelled by the cancellation signals when said input
audio signals represent signals associated with directions other than the direction

represented by the passive matrix audio signal.

is substantially cancelled by the cancellation signals
audi o signals represent signals associatedagidy gioyect i ons
represented by the passive matrix audi'o signal.



