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(54) Title: METHOD FOR DERIVING AT LEAST THREE AUDIO SIGNALS FROM TWO INPUT AUDIO SIGNALS

(57) Abstract: Various equivalent adaptive
audio matrix arrangements are disclosed,
each of which includes a feedback-derived
control system that automatically causes the
cancellation of undesired matrix crosstalk
components in the matrix output. Each
adaptive andio matrix arrangement includes
a passive matrix that produces a pair of
passive matrix signals in response to two
input signals. A feedback-derived control
system operates on each pair of passive
matrix signals, urging the magnitudes of
pairs of intermediate signals toward equality.
Each control system includes variable gain
elements and a feedback and comparison
arrangement generating a pair of control
“ 5 signals for controlling the vardable gain
elements. Additional control signals may be

§12 2 a8 z derived from the two pairs of control signals
z 5 i ‘ , -1 Lout for use in obtaining more than four output

signals from the adaptive matrix.
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a passive matrix that produces a pair of passive matrix signals in
response to two input signals. A feedback-derived control 2swsdyeioaperates
on each pair of passive matrix signals, urging the magnitudes of pairs of
i ntermedi ate signals toward equality. Each control system i ncl udes

vari abl e gavaorvdgb@nent s and a feedback and conpari son aPEHEESIBIE
generating a pair of control signals fof_controlling the variable gain

el enents. Additional control signals may be derived fromthe two pairs of
control signals for use in obtaining nore than four output signals from

the adaptive matrix. 28 May 2004 V\Q;E%Qﬁﬂi%ﬁﬂ/ US00/ 32383 - 1- DESCRI PTI ON
udl o

Met hod for Deriving at Least Three ignals from Two | nput Audio
Signals 5 Technical-Field The invention relates to audi o signal
processing. In particular, the invention relates to "nmultidirectional" (or
"nul ti channel ") audi o deMs#ioddornReriingat Leay Ihreeudiq gignals act j ve") audio
matri x nmet hod that derives thr demTwodnmt dudiodignagnal streans (or 10
"signal s"s or "channels") froma pair of audio input signal streans (or

"signal s" or "channels"). The i ”Ve‘i‘éd't&'ihai ﬁie@eful for recovering audio

signals in which each signal is asSociated with a direction and was
conbined into a fEwEhventiobelataito Sidie sikhal Pyocassinge 116 pakitioglar)dierinventiéh t hough

the invention is described in ternms of such a deliberate matrix encodi ng,
it shoul d berelatesde Smoliidiredtignall fos "mwltishannglt) prdieidesoding using ani"adpptiveafef 15
parti cul ar maLe %, encoding and § 5. aleS0e Rl bl mof a0t Ll l2S! N9
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 cncodiﬁg 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



frommterial originally recorded for two-channel reproduction. Background
Art Audio matrix encoding and decoding is well known in the piings 260t . For
20 exanple, in so-called "4-2-4" audio matri x encodi ng and decodi ng, four
source si gnaW® 01/4i8MiAdal |y associated with four cardinal difE¥§084238¢such
as, for exanple, left, center, right an:? surround or left front, right
front, left back and right back) are anpfitude- phase matri x encoded into
two signals. The two signals are transmitted or stored and then decoded by
an anpl i t udedfiieasionsnim xudikcarerixi ih ohdeh the mendyvehapnpedxtiertdonst 25 of
the original four source sjgnals. The decoged signals are approxi mations
because mat ! % b%gaagﬂs%ﬂ?? 21t 352 "RAFYLYRN A rH’?sadvant age of crosstalk

among the decodedin asdic? $b9@&bﬁcorhée@héy?réﬁl%ndeﬁﬂdeﬂ)s%tagﬁa'lﬁ shgrgl-d be
identical to,the, source Eggnals,

inite s ation ampng the
signal's. HowdeRHdeTsnit [\KBp @R nula%aﬂaquaﬁt Honag PPl Ve lyexsrbtae MsgaftRg i n
only 3 dB sepataki @RaPAItWERKNcS! #abid &S IOC i AlpRe vyl bapﬁ@tﬁﬁler&maﬁ Mave 2004
WO 01/ 41504 AI@%C%’{ USOQ 32383 -2 djrections. "An audio matrix in Whl ch the

matri x char ag® FiEDady a8 MoTa FloSely BppRAXIMatentheasqurgs Agnphis e
matrix. In opder kh@w&V%kﬁﬂﬁﬁeté‘lesﬁé@bir?@cﬁfvecﬂ&%ﬁ%ahgcédbm rthé DgRspders,

it is known in the prior art to adatlvelévar ec0|g8’é mat ri x
char act eri st Ve Liagigrdrgodes, depedbed daplrat PGFPIHnﬂ)ﬁé)gt heb Jaddek padpahal s
and nore cl ogelyc ARREREITBYCrdfRee SO Meletl JRAIS  erftiRotyVeie K A%API e of
such an active matrix decoder is the Dolby Pro Logic decode escribed in

U.S. PatEnt @ilg9g xeonbeniah peaewtst thats aracpripsr attetd bij, maaRY et dhlay ei n in
its entiret ydesU?%l %GQ'a nBtl-]-%l %f)@ss & 34 ﬁRreOBlaQ?xterl oHQ?§ BiRePr i OF

art to it, many of them descri various other types of adaptive matrix
decoders. Opder E}ﬂtlpﬁteat& ipatvalet aterdsuble thet pneseniyyinviestor, eelundingent or

i WS CREe SAIRGH SERMD S0 05 BT gl
herein in it%&18d3:41 %t )Each of these patents is also incorporated by reference
15 herein in its entirety.

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



Al t hough prior art adaptive matrix decoders are intended to reduce
crosstalk in the reproduced signals and nore closely replicat®mMd/bessource
signals, the prior art has done so in ways, many of which being conpl ex
and cunber soW®, 0k ¥¢ AMlai | to recogni ze desirable 20 rel ati F¥IWP32¥Bng

I nternmedi ate signals in the decoder that, may be wused to sinplify the

decoder and to_inprove, the decoder:s accuracy. Accordi.ngly, .the, present

vent i on | STFPERBE 1o (L RUHD SHnabpdr Brvis PRt OB IIE BRIt oy

her et of ore uRapEFeatingt édecti@Alyiagshh s fARORGId Thwshiradi def" Saghakightn

adaptive matr.i x deco&ers. ﬁS Expl.oj tation of t e relationshj ps .all ows
t

I he
indesi red crigatls) AR dnskseniRatt OF erivalicke S EAlY FOPTeReNE AiraRYignDy
usi ng aUtOfTBI?riiﬁlg ofied ke HIC &kilsi (RGcR 26 ANFRMENLEI USURGUAGYRIgnags), eRelFRsK.
Di scl osure o nventjon In accordance with a first aspect of the invention,
there is 3 307 GFXKL &eErhRl Stostagballyi mytually eathosonakdo atafilo °BiRrput
signals fromolwssihPRYEN BWEhE paird A ForiveARIdiS s1gh A8 td \prd\dhu deOtts p Bt ©
signals fromthe two input audi o signals, wherein the four audio signals
are derivediitt Pidasssipadnaptir (et |sfbaigbes 2ndo fritedsyrowdli @adgnal s
28 May 2004 roNEL QI AJPOf iflerREd QN2 3BRals FHePeihSHRANEEN B dsOF apdli O
signals, a first pair’ of derived audio signals representing directions
lying on a ficlafiveasmplitedpshofathe pudip sigpals ipjegsh pais p§ialesmedisde audicond
pair of geri ' ' nt.| L L eCkl ' sgcond
axi s (sugh éﬁgﬂﬂgﬁggﬁwégﬁggﬁgﬁ{?gﬁﬁgg’??Qﬁﬁﬁgg?ﬂ?ﬁ%ﬁ?ﬁ?g?hgggﬁgmgéégﬁd axes
bei ng subst afeilaft| gutput sighhl Lok tepgessatings Bayhliogdtion lying osdbsianis efich of
t he pairs of B j ' : : t I: econd
I s A T gt R
i nt er nedi at epauditlee defraghi whie) atfninthenedigtd sigheds oire t produced athey dirst

arpl 1 e bl a0l el Punal ek lo L SEAELIPHIRY, .,
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



the left output signal Lout) representing a first direction lying on the
axis of the pair of derived audio signals (the left/right paigmaybo@m which
the first pair §4 the left/right pair) of intermediate signals are produced,
the first oWt ¥ghal being produced at |east by conbi niB¢F/USWMBESE he
sanme pol arity, 15 at | east a conponent of each of the second pair (the

center/surro er nedj, at Udi o si.gnal roduci a second
out put  Si gnaﬁ @E@n %@utlsﬁ’é’ IEJIPFO R f?iy §Pﬁ‘h51lgg?3’&f$)m$é?ﬁ‘%§8%%é’ré‘tsecond
direction Iyleag b9 coldbining siith thé sihie p @ﬁhty,efﬂﬁem&ed?augig@aﬁs gﬂﬂhsedbﬂﬂe
left/right pair) from |chthe flrst air (the le

/1l ai
i nt er medi at eC¥RYRREViE the NpyaRItcRP aqtﬁeatzlgasg@é@mogmtmfteag aﬁ§1 éfé?

produced at {iraRt/ t?ﬂmfrimegnedw&Iaualbglgn@n@pomte polarity, at Ieast a
conponent of each o he second pair (the center/surround pair) of

i nternediate audlme%esaa{roﬁe uﬁ?gf@éfa&meﬁmbm}ﬁgs arR e déécmaalm auGhupe the
center output signal Cout or e surround out put “signal Sout) representing

a first dir ey ingmg tpwagl equatibethexnagnithdéshe Ihaumtel(mdﬁmtaﬁudlersignalsanraadund
pair) of derived_ audio signals fromwhjich the second pair

cent er / sur r cRA¥gohHtsrmediate adie sieanlss Eﬂ‘?ﬁﬁ%P@Sﬁﬂk W@@a i tthf‘ed%qszriﬂlb
t t
out put 51 S0k NSl e SRR B 0y LR MRRAL

(the left/ri@blityPiai slleofo hdHideNRBERhESal 26stllS icam 180 Fhich QRbRNAL liy

producing a 30 fourth output signal (such as the surround output signal
Sout if tthe Itehdlbdand)meﬁambls |1gtpmm1$ﬁdtbbeﬂ@mserofmsgptm\te fedbrk Bmugemaents Cout

if the third, out naI LS SO[?F re&ent a second direction lying
on the axis Bt Té”‘ﬁ%}?er t?@%%nﬁéi ipBohup Sredgh v@ficawpﬁergsgnm s from
whi ch the second 1hverﬁ1%ﬁrig§ﬁée°s% @ﬂ%ﬂémt&’fhahﬂg%gﬂggl' fh‘ﬁagéfo

produced, the th| out put sl gna el ng produ y co ni ng,

with the oppashddempel as ideseribed aB8velyteRZiiMate \MRrals/ A4¢ AMAivad HBETAYFE061E82383
-4 the third output signal is produced by conbining with the same polarity,

or at | eastmbﬁ;lxmhng@g awaihof inpusigealp andihos | mtmnqhvée signale aceuarged
(S:i)?rgglnenfs g{\ﬁd M{tﬁe?xhqrg odglg\f%tg heritl ody?rPgDOSIérgt rf) Jéyf ya cancell gon a
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



(the left/right pair) of internediate audio signals. 5 The heretofore
unappreci ated rel ati onshi ps anong the decoded signals is that2s Ny 200401 Ng
toward equal i t he magni tudes of the internmedi ate audio signals in each
pair of inteW ﬁéHF%ﬁ%Aéudlo signals, undesired crosstal k conffHE082383 t he
decoded output signals are substantiallg suppressed. The principle does
not require conplete equality in orderto achieve substantial crosstalk
cancel | at i onamBlitubeoP hRs@iditd sighald Gn eecttbiiy ofiitt MtahraRl ydispig@agnired by
the use of negative feedback arrangenments that act to cause automatic
cancel | at i onukged dowardiequalityy desiving kpbmﬂﬁmm&@ﬂ@ceﬂm signads fioonthiernairs ¢é s

nmbodi ts h | ent .t b
Gosori bed apBURmeae iR isTRats PR Renstlond FRreSup T Aok U AL | x
operating oncayRA 1685t hRRast | OAl:A AR 4p as § il SlIRIhSEHhIPRLSA! ©

urged 15 toward equality. I'n e dinments e o ying a st topo ogy,
cancel | atd onif caneablatiem tigaalst the meﬂamdmghﬁs shposi g earh asvdimaatk uudldﬂ
passive matrix S|gnals d&fromthe ssive matrix operating on_the |nput
si gnal s or ofigeal\§usk yhat grp@@ﬁwem pedio ssii@whn% substangiplle genselled fy th

enpl oyi ng a sec rs_of the ternedl nal s

conbi ned t o SaeRon Benarevnob i fal st sients il iiBedh R G Fih

i nclude the gigsdivas bBr Bhn Bdiifcc OO epr&Oittd Q%th%' ;aeabamfaarx RIRAYEhAN9
additional output signals. In accordance w th anot her aspect of "the present

i nvention, there Aslepstwprdﬁ:ded&nﬂmﬂhmﬁt bﬁtheoliawnnongachievéseaﬁteamina‘tﬂye aadidi o
signal s, each associated with _a rection, two_i nput audi o signals,

conpri si By gesHeEs ngwdt:ﬁea%a@g%% Cﬁ@&eilﬁtxor} Wdzsawa%w 9%mpweﬂm% i nput
audi o signal gyl f@éﬂ%&rﬁ%w@% ST LeliuREAORL Bor JOGLHAT G LAR:RG! TS Of
I1°X

passive matri X audio Si palr pass ignals
repr esent i Ngndlhm@all RRfHlety 18 tEH'co@trf)l bk, M@f@ﬂl@h@rfﬁi@ﬁ@@ﬂl thaipfioPdrt. passive
matri x audi o signals representing di recti ons | ying on a second axis, the
first and seconcAtleast @@refgwhbmbadtmeat by theuinyahtion echi¢wsgenelt high each

ot her, proces 30 of th airs_af ve .matrix audio signals to
produce respk qr&’@'“?ei ‘?’gﬁ simpler %ﬁ%@ﬁ&%@?@ ?’F%PE?%%FlaﬁuétSaudl o signals
such that the nagnitudes of the relative 28 May 2004 WO 01/41504 Al

PCT/ US00/ 32383 -4a




anplitudes of the audio signals in each pair of the internediate audio
signals are urged toward equality, deriving a plurality ofzgwgyﬁd@gion
signals fromthe pairs of internediate audio signals, producing at |east
three out put signals by conbining each of at |east three passive matrix
audi o si gnaWeMH#SH two or nore of the plurality 5 if can®ETIUERW3si gnal s,
the cancell ation signals opposing each pgssive matrix audio signal such
that the passive matrix audio signal is substantially cancelled by the
cancel | ati on signals when the input audio signals represent signals

associ ated with directions oBfefDésariptibrher e Diwvings r epresented by the
passive matrix audio signal. At least a preferred enbodi nent of the

i nventi on achi eveBigerertdas fnstional anstischaratisaliagegsm pha prior aghpasdyp dasoding
crosstal k cancel | ati%qi)n ugder (g wi. de var i.et%{.of i nput signal conditions,
using ci r cui PRPRASER RanepERrare the BERSPL AYGRLO% precision, and requiring
no unusual conb! el 28a iRuGANPInRRIS I 0Pk pib faciemb@nd [ n the

prior art. At |easl a pre enbodi nment he T nvention achi eves such
hi gh persf or deoder ustéfuhinundgrbtendingy thé prsent dvekitioni in awhichrviribiy scajfedi versicas t
circuits. 28 May 2004 WD 01/41504 PCT/ U300/ 32383 Brief Description of the
Dr awi ngs Fi gof &passive matrix!, autpits el supied sdthdhgunalicrgd Rassiygmstring oymuEsn o1 ¢

passi ve decogiegg rre?:-xtri x useful in understanding the present invention.
Figure 2 i s d"PURYPYBHE and schematic diagramof a prior art active matrix

5 decoder useful gy dRdeh $hrRAEHA Gnd REeiitR1prark BY £ RbABBK-dErivlicohtrojar | abl y

scal ed versions OP a passive matrix' outputs are summed with the unaltered
passi ve mat r systenoacconding to the présamtdnventiorbfon ¢redeft Endydighd VI Assand theisuot angnal and
schemati c di agram of a feedback-derived control system according to the
present iohvefitierncs ¥EAs EFigura2 anddor VG in/ether eprpdimeatsaf theprgsent o

di fference Vi nu%fn Figure 2 and for VCAs in other enbodi nents of the
present invention. Figure 4 is a functional and schenmatic di agram show ng

an arrangenent agig@redli 0 g filrRtibIAE all RAGHMticl dlapedh kUWiROAN Medngétherit0 t he
conbi nation of Figures 2 and 3 in which the output conbiners generate the
passi ve mat r accomsiingptotthesprgseal inventipm pgrivalent ko the cornlspasion of Figurds@ and 3dad R
U S gnal R Ao Comtncs benashre the Tadsive Matrie odtout sighal 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,



fromwhi ch the cancellation conponents are derived. Figure 5is a
functional and schematic diagramaccording to the present b@ J

showi ng an arrangenent equivalent to the conbination of Figures 2 and 3 and
Figure 4. In the Figure 5 configuration, the signals that are to be

mai nt ai ned WEAH#15%r e 20 t he signals applied to the out puPCHEBINRHNG
conbiners and to the feedback circuits fgt control of the VCAs; the

out puts of the feedback circuits include the passive matrix conponents.
Figure 6 is a functional and schematic di agram according to the present

invention shfgipagivdinadsix solBRIMBMS aRENplcH. ent to the arrangenents of the
conbi nati on of pﬁ%S Figures 2 and 3, Ei gure 4 and Figure 5, in which the

vari abl e- gai n- ci rEigie Tjaamidedliagd grapbyplotticg the left yrd/ight ¥ Chugrinseg and giof

repl aced by V se gain ,varies in the, 0 site direction of the VCAs
in the VCA aﬁ'& Iﬁb%]ﬁger&v&ﬂﬁ’ Systesm Gertical qxis) against s PARAIRE ANBI4% passi ve
mat ri x corrpopﬁgg(g}@rg- %rrpl icit. In the other enbodi nents, 28 May 2004 WO
01/ 41504 PCT. %f -6 the passive matrix conponents are explicit.

Figure 73§ s an i deiglidescis agidealived ghaph} ploging ke sumfand différence MCAVEAnORiand g,
and g, of the L/Rl feedback-derived control system (vertical axis) against
t he panni ng &mfltke sum/differencenigediackssigriypd contio] gysica @eitisal pxis) apainst thed gr aph,
plotting the_sum and‘F(rjaiOd]fere{;ge \{CA gains & and g, of the sunidifference
f eedback- der PRARHeAR oL Pverti cal axis) against the panning angle
a (hhorizontal axighyrely iguh fieided ghiph! S6f@hg AR JeIHigRAind MeGhidiag the left
fright and the invérted sunidlflge ence control voltages for a scaling in
whi ch t he masinvdiffeasnde conmohvohiagdstfor abaeating inf witicinthe alaxsnugmaidsmmieun 1- 15
volts (vertical axis) against the panning angle a _(horizontal axis).

Fi gure 11 i svaluesiod santrol signads agsit- "dgdf”ﬁ (ygrticy @xispagaizst e paningcangleest | n
Figure 9 (vert. CngJﬂ ast) agai nst the panning angle a (horizontal axis).

Figure 11 is A& P ed graph, plotting the | esser of the curves in

fFiO?u { ﬁe9ca;g I( \r/]e\r,\f]i;,kgglﬁhtoﬁééirﬁiheﬁﬁ@d P&bh, I MGtiBAMB d3sr dD e Ruiveé k@R al axi s)
(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.



sum di fference voltage has been scaled by 0.8 prior to taking the | esser of
the curves. Figure 12 is an idealized graph, plotting the I%Mag%mand

ri ght back VCA gains g, and gb of the |eft-back/right-back

f eedback-derived control system (vertical axis) against the panning angle
a (horizontwiDonsaseh) . 20 Figure 13 is a functional and scRETEBWE2IBagr am of
a portion of an active matrix decoder agcording to the present invention

in which six outputs are obtained. Figure 14 is a functional and schematic
di agram showi ng the derivation of six cancellation signals for use in a

Si X output active matrix d%&%&déﬁ?bg&iziﬁéﬁh;ﬁélrw 13. 25 Figure 15
Is a schematic circuit diagram show ng a practical circuit enbodyi ng
aspects of the pra&asiveidasodirg matrix BShoky fudidfiehalladtl schidbaticalBCH Rigifie/132383 7
Best Mobde for Carrying out the Invention A passive decodi nttg matrix i s shown
functi onal | yThafellowingreauations rejate the puigus ¢o the inpptse Lt adi R le@ tatlliand gight r el at e
t he outputs E t\he inputs, L, and Rt ("left total” and "right total"):
LLu=L4 ( Eqn. 0%}1)5R", =R, (Eqn. 2) C,,,,=Jh *(L,+R ) (Egn. 3)

S",=%(lsl-R ) (Eqn. 4) Jﬁe "*" synbol in these aggpogyer equations

t hroughout this docunent indicates 10 multiplication.) The center output is
the sum of the inputsRgnR, the surround output i s(Hgne2) difference between
the inputs. Both have, in addition, a scaling; this scaling is arbitrary,
and is chosen to be ' (C&5¥2"(hdRour pose of ease i nE8RpPanation. O her
scaling values are pQssipLe. okhe C ,,, output is ta ned by applying L,
and R, with a scale %E“‘_g ﬁ"RS (}QB@

(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



15 factor of +'h to a linear conbiner 2. The S,,,, output is obtained by
applying L, and RR, wth scale factors of +' h and -'h, respggMéﬁpmm to a
| i near conbi ner 4. The passive matrix of Figure 1 thus produces two pairs

of audio signals; the first pair is LO,, and R,,,; the second pair is Co"
and S, ,,,. Wa415& exanpl e, the cardinal directions of POBURMSEISFe nmatri X
are designated "left," "center," "right,g_and "surround." 20 Adjacent

cardinal directions lie on nutually orthogonal axes, such that, for these
direction | abels, left is adjacent to center and surround; surround is

adj acent to Ligfals ﬁ"(;hg%asiiﬁglhﬁtﬁx.e tFor edampid) Ak kibwRSruliiHRAR A %ﬁehﬁﬁc&ﬁlg%

invention is appli l e to any orthogonal 2:4 decodi'ng matri x. passi ve
mat ri x decodBigurked, ifowrsV@Aa(vditagesiogtnalled afmplifiers) 6,18]i10 asd i)alelyeringomsably 25 i s
greater than in accordance with an invariable relationship (for exanple,
in Figure 15caled versions obthgggssive matix outpufs, jare spmmedwighothe paaliered passivet  ve
matri x decod erives | Si i cear dang, 1 I abl e

rel ati onshi p&aﬁgeou\tﬁ\é% ({'%n%gﬁ\h ﬁ|§’)tg“lﬁ°r Ié]g%%hlzec S"?V% ﬁoﬁﬁt‘ﬁﬁ'ﬁ%ﬁ%@eﬁu L?/‘g{ to comnbi ne

si gnal - dgpengitines 2AAd 4)GATRSRRBMBinddst1B, 161E180HARLY. BRaddYhe?POAs HRe01/ 41504
PCT/ USO0/ 32383 -8 signals of a passive matrix. For exanple, as shown

functi onal | ytheimdopsitsidenimed from Ithe left, rightocenter 2nd sustonnd/@nputy ofthe passiveont r ol | ed
anplifiers) 6, 8, 10 and 12, deliverjng vari abl scal ed versiops_of the
passi ve mat r?‘%"’éufﬁﬁ%&‘?gbr‘éﬂ‘é%ﬂ?ﬁe‘aaW‘? S’cgﬂé“"g&a rt éﬂvé’EA %a(%‘!?%“"ega't"g‘? X

Combi ner s 2 2ot ABIF el bR CutEITRRn el A8 hg b fich HRRHYE" § Vi

have their ddived sutpets huank EoEmIk ft6m! Re direclibmirom GAlth e ARELISLGT Gt
outputs of the passive matrix, respectively, their gains nay be designated

g" gl, dO, aardderiveddh fordsotn enhansp theThatrix dgadens dicactienalperfarmengsdiyi t ut e
cancel | ati on_ si %nal s and,are conbined with passively derived outputs
havi ng cr ossTRPESHILFPIR di recti ons from which the cancel | ation signals 10

are derived in orgge wap iﬁ%aa?ﬁﬁgélﬁéﬁf ﬁﬁi%%g??%}?ﬁn&b?mghﬁﬁ%im are

performance by suppressing crossta I n the arrangenent of
Fi gure 2, t hsilljgatdeat. OEach lbatppris shew@mbsittation ofthe respdctive passiesmatrix dugmh out put
is the conbination of the respective passive matrix output plus the output

of two VCAs.Plyhthe gaiRubefityoteCAs: eThecY €8 tutputsige selested and srcaled 49 pepvidethe

15 desired crosstalk cancellation for the respective passive matrix output, 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)



15 desired crosstal k cancellation for the respective passive matrix out put,
taking into consideration that crosstalk conmponents occur b@nptIU4S
representing adjacent cardinal directions. For exanple, a centér signal
has crosstalk in the passively decoded left and right signals and a
surround sivya&14llEs crosstalk in the passively decoded | @T/U&WE238B ght
signals. Accordingly, the left signal ougput shoul d be conbined with
cancel l ation signal 20 conponents derived fromthe passively decoded
center and surround signals, and simlarly for the other four outputs. The
manner in which the signabsa @i ysgaked.g «pa ari zegsgnamd conbined in Figure
2 provides the desired crosstalk suppreSS|on By varying the respective
VCA gain in the range SQf= %éﬂ@ﬂ)ﬁg,%&&ﬁﬁ%*ﬁhe sca(EqngS)exaan e of Figure
2), undesired crosstalk conponents in the passively d coded out ts may be
25 suppr essed. THé ;Ehﬁgﬂﬂﬁ of Z¢fQr e AITRRESMERLVY i ons:

i i o s o Eede VSR .

(Ean. 7) 5 ( EGI:B safie ad the §£§s1vé Rt elpartTash 8 8britanOdcaliiy ForleR@mple/ ifay oAt woul d

be the sane as the passive matrix. For any equal values o al | VCA gai ns,
t he arrangen’emtgamed#Dgure 2is 5 the sane as the passive matrix apart from

t ant I For f 0.1: L
2 &0 05n (Lt oRa 0. o5t T ARt g R op A nfBllT. SarTi0 05(L. R ) =0. 9°1 -

1h*(Lh’:r(RIIV Og*)l 070g*3§%3%_@9%d%-%£+q§%%ﬁ9 | t) Ifhe result is the passive

matrix scal ed by a fac,@=/3@9+R)FOIOS*L-0.084R, =00 /eDAEENt  that the precise
val ue of the quiescent VCA gain, described below is not critical.
10 S,=¥%*(L-R)-0.05%L,+0.05*R,=0.9*1.*(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



Consi der an exanple. For the cardinal directions (left, right, center and
surround) only, the respective inputs are L, only, R only, 2354 Hoa(t he
sanme polarity), 15 and Lti = -R, (opposite polarity), and the correspondlng
desired outputs are Lou, only, R,., only, Cam only and So,,, only. In
each case, WA&HHHSY, one output only should deliver one BCHESM/32WAd t he
remai ni ng ones shoul d 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 renmaining ones 20 are much | ess

than 1, then at all ouf pu %&le?(;qpﬁéatlh.e o3 r-eg one, the VCA signals wll
cancel the unwanted ouf'puts expl ai ned above, in the Figure 2

configuration, tHEhe diBAowpitpsifremaln desived-Ggc el smnies@(alllduonanhbdrwnﬂmt they t he
adj acent car d| nal directi onsg(i nto which the EV’-SSI ve matrix
crosstal k). ¥mesapphesto e of a signahenly fropfne of Heothes firgs Wdlﬁﬂﬂéfle"qqqs phase

signals, so R L, quééonss(%ay)mj.s cﬁpﬁjﬁ%ﬁﬁf‘gﬁf@ﬁﬁw&tﬁﬂﬂf and ¢g,, g, and

g, are all zero or*near “2eto, one 1) - 0*1h*(1-1) =

0 R~, "=1-sl*~h*(i+1) + 0=kl Ugpl) - @hdhgyL - 0 hl = 1
28 May 2004 WO 01/ 41504" PCTI us?%gz%)s %Rg U, =1 h*(1-1) - 0*' h*1 + 0*1h*1

0 The only output i sZ,LFb!xﬁuﬂﬁbgﬁldsfh*Bd‘(&r)A simlar &':ﬁncm)at ion will show
that the same applies to the nny m one of the other
three cardinal directifaS ﬁ‘ﬂ«éﬁﬁaﬁ sa’é&‘k’g{}g@ é%ﬁ E witten
equival ently as fol | ous:_ il W N (L& 1&) +h*(

C.,=lh*L,*(l-g) + 1h*\I§G""‘(fL‘§1€‘)Eq % j ) (1~+ (Tz)g) - “h*(L,
R *(1-9,) (Edn. lmh)this Srrangemefit; badh(ollt;ﬁli 1s1hd%fb’ir(aﬂmxgbt)tu(05ﬁghalsll)mmn°b| S

arrangenment, each outg I's the conbination of two signals. L. and R 10
both i nvH) vebethdnvelunt @ﬂdaﬂdf@ff@nwQﬁﬂhetlhl@ltﬁlﬁp%lialﬁ@ha%s‘afﬁhe sieanghi ns of

E:gﬁt erjmaﬁgds H&*ﬁf f.el 9&9\% (M%As those inputs are dge:mrefi1 B %he cente(x:'I %rrld Xu?rctl}u}clé om the

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 [*2*(L,+R)*(1-g)]
= magnitude of ['2*(L-R)*(1-g)] (Eqn. 13)

25 For S, the corresponding relationship is

the relationship for this cancellation 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



directions, the pair of directions orthogonal to the left and right
directions). C,,, and S,,,,, both involve the actual inputgsignmos 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 WB0/kScenter and surround directions). Consi 86T/Ug80#M3car di nal
direction, where R, is fed with the samgjisignal as L, wth the sane
polarity but attenuated. This condition represents a signal placed
somewhere between the left and center cardinal directions, and should

t her ef ore dehdjaht caedih{) dirsctiohOWillRvieal e Rath@ two widtidndhis! 1@ other woidsj ng from
R,,, and S.,. 20 For R,, and Sou" this zero output can be achieved if the
two terns arwhemthalinpuhsigralgieprespiba bavnd pppied betvepmanydwaradiagent PPUIR | u" t he
rel ationship,for this capcellation is i tude of [ 1h* +R)*(1-9)] =
ragni t ude. of Mestmtenitigy SR wiksire B3t e sptnd et tion s GG pbhai ng
rel ationshiped ﬂﬂgttU@ﬁ:sé’fwo:ad??rﬂ'cﬁfdgﬁl 8?&(:&31{'&*&%&&@’ eBQ\E&HmpM) A
consi deration of a srgnal panned (or, sinply, positione et weenh any two
28 May 2304 Wélivednetiing4 IP6riel inbXiintidBBth achible thaf @ady) theqnigiitndds ofltheawdi ons
will reveal the same two relationships. In other words, when the input

si gnal s r epr &5@hin each ofithe eqpations- Bethauld be argeditoward efupdibht TisMayde,  t hese
magni tude rel ationshi ps. wi.l|l ensu t hat the sound_.energes  fromthe. outputs
Corr espond niftisy Sl REsBRAS® beep BE0A Presthye fendiioed ey FEREAS g el Ve o her
two out puts BeGefiveiRiirirot hing. In order substantially to achieve that
result, the nagnitudes of the two terns in each of the equations 9-12
shoul d be urged t owar dnaggitadeidf {(L,7R)*1-gp) be achieved by seeking to keep
equal the relative magnitudes of two pairs of signals within the active
matri x: hgnitude of [ FLMaguitedeofd@-RYB(1=EMugni t ulEWedSY (1..1-R *(1-9)],

(Egn. 15) and and

magnitude of [L*(1-g)]
= 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



magni tude of [1,,*(l-g~}] = magnitude of W1-g)]. (Egn. 16) The desired

rel ationships, shown in Equations 15 and 16 are the same asy§ W§20045 of
Equations 13 and 14 but with the scaling omtted. The polarity w th which
the signals are conbined and their scaling may be taken care of when the
respecti ve WabpIs® are obtained as with the conbi ners 12CT/UBN0/3283and 20 of
Figure 2. The invention is based on the @i.,scovery of these heretofore
unappreci ated equal anplitude nagnitude relationships, and, preferably, as
descri bed bel ow, the use of self- 20 acting feedback control to maintain

these rel ati onayivEAs, RiR bR il RUSHSNUARRY BF ARACBAMOINGIER) R | ati on of
undesired crosstal k signal™ conponents and fromthe requirenments for the

cardi nal di r bappensrastomaticallyrif & eorndeoll valeage istdpplied aynaliyn®utswith effegtivesepposite t hi s
expl anation, the maxjnum %ai n_for a VCA should be wunity. Under %gl escent,
undef i ned, oPolamfykodhs B of ansf: t Ather aligrpatiyeigtodieen, g sul @b thegams Ok Hg) |

gai n, providj ffectd the. |V, (o P d ne VCA of
a pair need ﬁ?%c’%rsr%lgt'e ¢¢/%h1¥$t @gaﬁ?@?&n%f@éﬁgién}e}é%gp%%%?t}oﬁ%@ot her of

the pair gmymtﬂeeﬂﬁhrgy@gin%a@l@gje@méﬁm,gai n or may nove in the opposite
di rection. One convenien and practical relationship is to keep the
product of the galhws, fof exdmplpaf the quiesceatgain isdian g pp@tical yelaipship\beweem 1504

PCT/ US00/ 32383 -12 antal og ,VCAs l\érhfgs,e {%gi n i(_rél ﬁB is a linear function of
their cont r oMeJyp gagwof thepairs mighthe fheir pfoductsuchihaty it a control voltage is
applied equally (but \l@'r,@h;flgze%ive opposite polarity) to the two of a
pair. Another alterna B is to keep the sumof the gains of the pair
constant. O course, tghg E=nyghtion may be inplenented digitally or in
software 5 rather than by using anal og conponents. Thus, for exanple, if
t he qui e¥tent gai typical value for Sa‘amight big inrthe eango HE 19 3. bet ween the two gains
of the pairs mg .betgeir r odu sckhthat ¥, o= Ad/.a2. .an &g, =
|/ax. 10 A typic Y3 °‘f'§)rf8“°éf°“ﬁygf’r‘fa ¢ e@aP??n? h%gﬂ%&%'di%‘kfj(fo L Figure 3
shows, funct Qg foy RNtk HEERVERN (6¥nd 32, REABRRIY) dBFIURD. CRIERks 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).
In 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



systemfor the left and right VCAs (6 and 12, respectively) of Figure 2. It
receives the 1., and Rt input signals, processes themto dgg ik 2004
intermediate L,*(l-g) and R *(1-g,) signals, conpares the nmagnitude of the
i nternmedi ate signals, and generates an error 15 signal in response to any
di fference wooxtgiai t ude, the error signal causing the VCPeT/USn0/32388luce t he
difference in magnitude. One way to achigve such a result is to rectify the
intermedi ate signals to derive their magnitudes and apply the two nagnitude
signals to a conparator whose output controls the gains of the VCAs with
such a pol ar phvsdpgat, for exanple, an increase in the L, signal increases
g, and decreases g,. Crcuit values (or 20 their equivalents in digital or
sof t war e i npl enmerMaidel spexdficaliy casshowe in Bigure 33 theVid) énput is @ppliedrip dreellait” out put i s
zero, the quiescent anplifier gain is |ess than_u_nityiege..&l., 1/a). In the
anal og donai KCASS pndderone Hiputefia linsas ¢psibines A2 where itis aplied il a wAlig dn is to
convert the t | es to the logarithm.donain .so th ar at or
subtracts t W\glr)n ﬁ%ﬁ%ﬁ&%@ﬂ“‘ﬂ‘é&‘%i‘?ﬂ“ﬁ? ﬁ’dh? ﬁ%?wgg?i‘g.ﬁl MA%#;'?(@Q{}DCAS have
gai s pr Gpor fyrAfdla ﬁj@ﬂ&ﬁ)t?ﬂlﬁﬁ@@ﬁi?ﬂtof%mﬁiﬂ& 298 bppiled ) HAM-waeGedtliRl t hey

i nherently and conveniently take the antilog of the control outputs of

| ogari t hm ca?4.yTheaRddput Gngpplied rthe Hight MOA 12181d to dneiwputof a lifear comibémeent ed
digitally, it nay be nore convenient to divide the two nmagnitudes and use

the result ant@where i is apnlicdwithiascalingof gr 1. JThe gl YGA 2 ewiputigappligd e 2004 WO
01/ 41504 PCT, - f ' . i fi '
Figure 3, t héol‘{ﬁ)q'%?ﬁﬁﬁ' 4 sggjgnﬁp#{lggﬁﬁ%%pﬂlgw {sg?%ew&ldgﬁéa%%p?? gﬁﬁﬂ%‘\%ph? of

a linear cong Repplied WagEiEwate febtif?RBI Gtle WctiflerR4smal28nautpals areapplied,ne | ef t
VCA 6 output is applied to the conbiner 22 with a scaling of -1 (thus 5
form ng ¥ sutespestively,)to aomtinvesting anginvertifg ipntsiofiar o2atiopalamplified3¢,0 a
full-wave rectifjer 4 The, R, jnput. is ljed to the. .right VCA and to
one input of “AUNEaE5R %Lff?ﬁ%‘i“f’lle?"‘l’lﬁﬁ’égv\m @“ﬁ&%}' 388'55?tipé‘81"‘9ﬁstaﬁ°5“§‘(§éﬁ“%ﬁg of +
1. The right; | ' I+ ' al i ng of
-1 (thus for}%\{%h%grg(&g%’?g%?ﬂo%ﬁg% i1;3%%5%5%@@%@5@@%%{%@&5%&}@1@%l led to

a full-wave mpetdffVEA 628¢ withgolagigy intdreion #4thépan 2énifllingihput of ¥CapHl.i ed, 10
respectively, to non-inverting and inverting inputs of an operational
anpl i fi er 30The espasrsignplrigdieafesdthati the broetignals) whessimagnisydes Tredo hapqualizads 30

out put pfSOVi gi?iser & n(%ggrl]l}tﬁé)el. 'Pl{iggr?cljr signal is used to "steer" the VCAs 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.



in the nature of an error signal that is applied without inversion to the
gain controlling input of VCA 6 and with polarity inversi oggq\@afj[ymgai n
controlling input of VCA 12. The error signal indicates that the two
signal s, whose magnitudes are to be equalized, 15 differ in magnitude. This
error signaWoirg4lgeed to "steer” the VCAs in the correct PAEUBWIRBA to
reduce the difference in magnitude of thg_internmediate signals. The outputs
to the conbiners 16 and 18 are taken fromthe VCA 6 and VCA 12 out puts.
Thus, only a conmponent of each internediate signal is applied to the

out put combi ner s, pRRERLY circuit- pAam@A areRhBsen t6 Brdvitle 26620 ¥iBIr akgutise gnal

conditions, the differénce in magnitude nay be reduced to a negligible
amount by pr feedsick gndesaothiatithd YGA maimis cannidorisevaboye irityl. SThed{CA gaies say yatyo
reduce the differences in magnitude to,zero or a neg%l i gi bl e amount in order
to achi eve SoBspmgsmall valpe dor eramples bdo| mughiless thag wnit ) upip) Ut ngt | oop gai n

sufficient to r C h i ff - f o] S,

t heor et i call §xce§:ﬁﬁ%}1 fsq -°ég’§e“‘§¥“ seg{“gﬂ %’e%%%(l?bgep h? %'Ee{ln nﬁﬁ%@%&@g%- For
dynam ¢ @ondisrdn@Bfent$ bMPighed 2! ARIESS. | Dué bAhé AeLRACTeedval), tRY arfinf@hdhe BENT
shoul d be chosen to urge the magnitudes toward equality in a way that is
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negative fe gal ns cannot rise above unity. The

VCA gai ns neynityakiyl caliseGihife atceptable lresud. ue (for exanple, 1/a2, nuch |ess
than unity) up to, but not exceeding, unity for the scaling exanples
descri bel her ei n The feesthackederiyed cuntrpl systemFonthe genjemrand surrgind V Gavs éand, 4 and

5. Due to the, negative, feedback, the arrangenment of Fiqure 3. .wll, act to
ol -t he-si o (iEEER) REFERE s stsifnbetly ARt e emgeedifnter bR e 3 e
exact gains E,‘ﬁﬁi%t Mbdetyg e dtlg i€ sSHBhd di F!Mf@énﬂa% L fkdlsi onshi p
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ri ses towar deutputsifrom WCAI6 and VA $2 (Gohaituting Gapinpbhant ofthe kdspectitd) The

f eedback-derjved control systemfor the center and surround VCAs (8 and

10, respect i ingrmpediate signgl)toecombingrssidpad At i al |y i dentical to the arrangenment

of Fi urfy 3, as Thus, a high degree of crosstalk cancellation may be achieved under a wide

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



descri bed, but receiving not L, and R, but their sum and difference and
applying its outputs fromVCA 6 and VCA 12 (constituting asgamRonegt of
the respective internediate signal) to conbiners 14 and 20. 15°Thus, a
hi gh degree of crosstal k cancellation may be achi eved under a wde variety
of input siYAalM4E®Ndi tions using circuitry with no speci 8TU8@BRIBdNENtS foOr
precision while enploying a sinple contrngl. path that is integrated into the
signal path. The feedback-derived control system operates to process pairs
of audio signals fromthe passive matrix such that the nagnitudes of the

rel ative anpiehlizéd@s a@libthdo®r with@ini@gaiat € 20 audi o signals in each pair of
I nternmedi ate audio signals are urged toward equality. The feedback-derived
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their outputs are directly proportional to tThe 1 npul magnitudes, the
conpar at or odB suuefle@ctore nemillyhuinan peraeptionCthisaneans thiihehesitiingd beingl dqagjehe or

current difference. |f instead the rectifiers respond to the |ogarithm of
thei r inffut ooPrEgAiis iRdepsndentaf lopdnessy ardienpeathal the degreesof duging, tayardsy

subtraction for. r r..1.np ' | t ki ng the
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i ndependent @E 1dAALAIS Blctifids SA108ake foRperateidbursleRe Afisth&efore MBrel Wil be an
difference in signal expressed in dB. Considering the source signal |evels
expr essed i ninpeiBhieshaldbélew whivhrtee wemg tgwdndnegualigy Mok ptase nHowkves, theans t hat

ot her things being equal the 10 |opop-gain_is independent of ]oudness, and
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absol ut &5l oUgRESSrinaflly RN TookShiks kP HighSEl ighll 16 $8h 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



the logarithnmic rectifiers will cease to operate accurately, and therefore
there will be an input threshold bel ow which the urging topans Bdal ity
will cease. However, the result is that control can be naintained over a
70 or nore dB range without the need for 15 extraordinarily high |oop-gains
for high i MgO01/45nal | evels, with resultant potential BEBHE®BR3th
stability of the loop. Simlarly, the (G4 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 smal |, siflite #dd8RY of e tdbpnges in control voltage 20 woul d cause |arge
changes in gain expressed in dB. For exanple, consider a VCAwith a

maxi num gai n of JHiis problem can daiclimihated by kinploying MGAkwhieseigaindn @Bris r ol system
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20*1 0g(200/100) or ‘6 dB. As a result, the effective |oop-gain, and, hence,
rate of respthesentralyoliageinwithinilgsange. Guchedenicasarameadily available@s anales ICs; gnal
was | arge or syl l,. Agai t here can he pr.obl e 28.May. 2004 WO 01/ 41504
PoT LSOty 32388 e Sharigifistie. as A8 B REGOLP i RS AETieHRY & GRUB) em can be
elimnated by, LiioRg VCAs whose gain in dBis proportional to the
control voltade, or expressed differently, whose voltage or current gain

i s dependent uporTheeeferpbeaatndiment sheréfbregmployk hegardthntic mdctifiat smbe. A snmal |

change 5 in control voltage such as 100 nV will then give the sane dB
change i ¥ gapxponsisiaky, eqntroflegovarighle gain applifieagien; deliyening moterngatippormsych

devi ces are readi.l ar%}s/g&ulaﬁp!(?on%xsde%ﬁ%llgg)(:w% Wé‘?%]%éeh&&ﬁ]“gﬁr%%sgw §f ic, or an

appr oxi mat i of &t . 1 steasivTy achreve ons. The

preferred enmpads gERE twdRpRf Snlsenpl oys logarithmc rectifiers and 10
exponentially controlled variable gain anplification, delivering nore

nearly uniform Siggerig hvwwahasing thegierdeptignodnigecimndsinotreods®nt oithr a wi de
range of i np?rquegc\:ly? Iitsis %Qs(ijra&]; 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



ratios of the two input signals. Since in human hearing the perception of
direction is not constant with frequency, it is desirable 3pnaRRlogssoTe
frequency weighting to the signals entering the 15 rectifiers, so as to
enphasi ze those frequencies that contribute nost to the hunman sense of

di recti on WAIV458e- enphasi ze those that m ght | ead to i REPPBWELIsAt e
steering. Hence, in practical enbodinanfs, the rectifiers 24 and 28 in
Figure 3 are preceded by filters derived enpirically, providing a response
that attenuates | ow frequencies and very high frequencies and provides a
gently risingelieR eMéRE dbdafbed i dbebiioni Wigh Righictd, e range. 20 Note that
these filters do not alter the frequency response of the output signals,
they nerely alteMotespecificallypin Bgumd| thedpendKAnpus are applied fiiest to a passive

f eedback-derived control systens, An arrangenent equivalent fo the

conbi nat i on BRI lﬁ%rrlegludzs Sorabiaers 2 itk i i Eigve PESHIVE ARECOaHRYRRAY | y i n
Figure 4. Itofdiff: Ls | oFl . ] oo t he
out put conbi E&%@%ﬁé%@@%@%ﬁ%gﬁ %?b?@}oﬂ%fbuﬁu%’gﬁa hgg%%eir? st‘)ibralﬁE 25

response 5 0 8hgnd to oABGhpt of Aehr Sonbiktdr 34 withiRalinpfof IHeL eThé 1ot VB2 rom t he
passive matrix fromwhich the cancellation conponents are derived. The
arrangement puipstiisiapplied to 2 comhinar 3¢ (Withs sgalingads] (thes feonipg asubtastonX. Hiegures 2

and 3 providgd that the summing . coeffigients are essentially the same in
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Fi gure 3. I\/bg‘gansd:)éco%??’g;gfﬁéﬁrl{n |g15ret4§,“gttﬁh%e .,dozgn Rgm?ﬁ uts a\r% applied
first to a paspiti€applied & the thrabiner sl wides scalingof e (hu formihg4 sbbtriackor).he Figure
1 passive matrix configuration. The 4 input, which is also the passive

mat ri x "10ef t Theooptprts of combagess 3oandi46 are thesigatls LNicgy snd3B*dripd, respestielynput  of
a linear conmpiner 34 wth a scaling . of 1. .The | eft VCA 3 utput is
2ppl 1 eq t o A dReredsh ko RE FogRlier et sepafentil of Srier fm HBE! act or)
The R inpubqualidyl b dchiedd ARt feliflt, I&ﬁﬁékigl‘i}alm{efekﬁ&i)}'&rb%ﬁﬁédf&% Ridlibacks applied
to the "right” W 44 and to one input of a |linear conmbiner 46 wth a

scal i ng of +citcuitEheh as shhiwn W PRigd#e 3 audtdestribeds inaqophéction therepith. dtheifieedback46 wit h

a scaling of -1 (thus formng_a subtractor). 10 The outputs of conbiners 34
and 46 are t HEVEithngostrpls theigaip of YfeArd2 el 44y respectively, and it is

desired 10 keep tﬂ%dgl%gﬁl’i s%ﬂqgfe%fngttg' %g%resi,qggl'c%négu&ltpu? of 18 pHsrsg/% rﬂzl?ﬁfn toward

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



equality. To achieve that result, those signals preferably are applied to a

feedback circuit such as shown in Figure 3 and described iyg i on
therewith. The feedback circuit then controls the gain of VCAs 32 and 44.
15 In addition, still referring to Figure 4, the "center"” output of the

passi ve nmatW@R1/4#4om conbiner 2 is applied to the "cent ePCTVBN3ZB3Iand to

one input of a linear conbiner 38 withg.scaling of + 1. The center VCA 36
output is applied to the conbiner 38 with a scaling of -1 (thus formng a
subtractor). The "surround"” output of the passive matri'x fromconbiner 4 is

applied to theompihehtt it intéfredille Spthld WhaB thagrmithded b koupht @ teikepdqualpnbi ner
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appl i ed w t hscalisgeafl +hgo BRf, VCA S840 C conbiner 10 50 and with a scaling of +1h

to S.,,, conbiner_52. The center VCA 36 output is applied, w t%ﬁ% saal i ng
of -1 to L.., conbmibbpe nojedythat ipvanous ogesfithg,fighres, foriesample in Figgesgiand, 54

;23 \?M !J[ Lﬁ;ndmvi%a?(i’nigﬂfypa%eair Ea?%kélﬁgoﬂig&sadosgoqlob&ge ﬂIe phgsi\le%&tﬂx’ . VCA 48
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



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 initial h?' p that
cancel l ati on signals do not oppose the passive nmatrix signals (F‘for

exanpl e, sonme of the cancellation signals are applied to conbiners with the
sane pol ar iwQ 0H&I5S84he passive matri x signal is applied). POWEYS32338n
operation, when a cancellation signal .ngcones significant it will have a
polarity that does oppose the passive matrix signal. 20 Anot her
arrangenent equivalent to the conbination of Figures 2 and 3 and to Figure

4 is shown f5QptdugRed ditheiRedbasinartis fRluby thePadsive Wi compoiedtfignddrgur e 5
configuration, the signals that are to be maintained equal are the signals

applied to thdficienttipthemdeivesy ilngilkcaisudiensted thatdn the Figuee 5 emaiigeolentahe cuits f or
control of the VCAs. These signals include passive matrix output signal

conmponent s. InfFreefiete signal quipuisathonthay the YS<hapiputs feagh of hichcnsiuies gal¥| s
applied to t ?&rﬁ#&&lgﬁ{tofﬁ%&‘p [']ﬁéd?ati. Eigﬁgl)tﬂﬁgép?ig&] Baatﬁg outhlit’ otblrpsdl € 1 he VCA
out put si gnaf'§ excl ude the passive r X cohpohents. Ihus, in Figure

4 (and i3 t hRefeilbleRatleFiguRt 4ahd Figate £ (aldhg with thd asiRbivRioief Figkres 2rapa3pnt s
must be explicitly conmbined with the outputs of the feedback circuits,
wher eas i n Feapfigeratensivngequdeient\@nd,lif thesommigroeffoent 288®curategths outpatsout put s

of the feedback gircyits_ include, the passive rix c one and, are
SUTficient i HOMHFABATE P the Same,as those Tedgn %@uwoﬁgﬁé fhﬁéf’mgﬁg'ﬂ%‘e"r}tﬁ'ﬁ%?% 5

ar r angenent I nternmedi ate signal outputs rather than the VCA outputs
(each of whic onstitutes only a conponent of the internedi ate signal)

are applied to tIa Figlir@5} the Godriimerntediate shaMB| [BEILEER)*(1-88], Fho@ /)4(1and

Figure 5 (along with the conbination of Figures 2 and 3) configurations
are equilal egd, [Vahd'(1-gd], embl'6tRiLrag].co derequitions 8, ) d148¢ 12 areobtaingd byut put s

fromFigure 5 are the same as.those fromFEiqure 4 g d onbi nati on of
Fi gures 2. aREoasn e tRRGmatx opps pa e ey P liacted o PV e
*(L,, +R ) " (1adirkd obepdis. (e si’é:(ak alsdPar8 £ to kel réctiibis(abd Shpardfoss df tho R *(1-9,)1,
in the equations 9, 10, 11 and 12 are obtai ned by processing the passive
mat ri X out pufesdimokl ciacuits,t d3edescaitiekabove irsednhection edth FigurkeB | the faeliack dizgiitsed
outputs. The signals also are fed to the rectifiers and conparators of two
desirably acting to hold the magnitudes of the pairs of signals equal. The feedback
15  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)



f eedback circuits, as described above in connection with Figure 3, the
feedback circuits desirably acting to hold the magnitudes of M&Reopai rs of
signals equal. The feedback 15 circuits of Figure 3, as appliedto the
Figure 5 configuration, have their outputs to the output conbiners taken
fromthe oW@ar4S@ the conbiners 22 and 26 rat her than PEDEBERE3VCAS 6
and 12. Still referring to Figure 5, theggconnections anong conbiners 2 and
4, VCAs 32, 36, 40, and 44, and conbiners 34, 38, 42 and 46 are the sane
as in the arrangenent of 20 Figure 4. Also, in both the Figure 4 and

Fi gure 5 arr gpoeigahslied td'he DU BMibine? 56 With aCRaltig1-51 B to b R4 2oMBiker!6
preferably are applied to two feedback control circuits (the outputs of
conbi ners 346awith 4Gcdling af fH1r SThesuiut of the corbbiner 42y ther’s 1(B.-BaH&gatsignaloist r ol
signals for VCAs 32 and 44_and the output,s of, conbi ners 38 and, 42 go a
second such @anpligdfothe k... combiner 56 with 3at b scalingad, g thesRog £qmbiner02 W2 -56 and
40). In Fi gugﬁﬁé the output of 25 conmbiner 34, the L.,*(1-g,) signal, is
applied with™a s%aling of +1 to the C conbiner 58 and with a scaling of +l
to the Sau, conbipgikeGfior I 8dulS atriRfdessioR] BabsedontrélNEnalafe deneratedi gnal i s
applied with a scaling of + 1 to the C conbiner 58 and wth a scaling of
-1 to the Sté&omdheinputerthéverkivn poeferably emplays aislosesi-log@ contiobin which the+R) * ( 1- g)
28 May 2004 WO Q1/,41504 PCT/US0Q/ 32383 -20 signal, .is p,l i e.dto the
L % comb MRt qfthasianelsprpYiigs e oy ametuted ank hibk IRfrovidS ui'th

scaling of + t | . *( *(11-g) signal,
Is applied Ehg aﬁ}ﬁau@ﬂ.’ %Eg?rg{mr%{‘]%glg&\rﬂﬁ t0 Eﬁgoé% 18%’:‘2?‘?5%3‘ S:'B.P]‘% df& 5re'?he Ra";
conbi ner 62 wdncéllafion df urfwadiet! Bignalb fddmbhlsardinal difectidris dackoydt ideenddh fan X

decoders, whose control signals -are generated fromthe inputs, the
i nventi ol pr mramngtclamobggmmteusme the sigpal aod cengrol pathyyaind thergkesedaRgni t udes

of the signals providing,the outputs are neasured and fed back to provide

the adapt at i SWH%Fﬁ&ﬁréfrgtr%&lﬁlrﬁu,ce Iﬁe%ie%bpf%ﬂswﬁt’? &Sﬁgﬁw%bp systens, the

~desired cancell atfd&ﬂg?ﬁsi&&?f@rﬂkgﬁﬁéﬂgi'ﬂ@itssha%nﬁ@[}; %ﬁhﬁghmbmﬁm"ons does
ccurate cteris

not depend on an 10 tching of chara Ics of the signal and
cont rol pat heonfigneitibisef chedneshtiboage "perdont" ig tixeasehseribatgny surge fed die thetlhe need
for precision in the circuitry, ldeally, aside frompractical_ circuit

shor t coni ngsand Répputsyyigh knqyaeglagyg aimplitades 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



configurations of the invention are "perfect™ in the sense that any source
fed into the L% and R, inputs wth known rel ative anplitudggwgpzd@gl arity
will yield signals fromthe 15 desired outputs and negligible si'gnals from
the others. "Known relative anplitudes and polarity” neans that the L, and
R, inputs rveQpEysddt either a cardinal direction or a po¥CTAUBIN/RBEween

adj acent cardinal directions. Considering.the equations 9, 10, 11 and 12
again, it will be seen that the overall gain of each variable gain circuit
i ncorporating a VCA is a subtractive arrangenent in 20 the form (1-9).
Each VCA gai pf gafi"(13)Yisthe2an@ a8 BRh |"h " Shd i@ téFeddadkibirc ity acB i@t uni ty.
Correspondi ngly, the variable-gain-circuit gain (1-g) can vary fromvery
nearly uni t gqudiitwbetweez teonaghitede, of Hiegrequdsite pairs obsigmatsyl theedfigers 6Fi gure 6,
where every VCA and assqci ated subtractor_has, been reﬁ)l_acetﬂ %a VCA

al one, whosecagfipyratier is equiyalent o the Sgyre § canfiguratiop aash wilhdeliyek the $4m%e vCAs i n
Figure 5. Th e | 16184, 0 Cl Lo | z (. ed, for
exanpl e by a%hgné%%%g%?g%% vér?é{s%@%%@g’u@g@ﬁ%éﬁg%?sa%{ﬂg%ﬁﬁ% a

passi ve m®atrixs,oHd BUire dguivdledti®edcRothér.3, 4 and 5) is replaced by a
correspondi ng variable-gainacircuit gain "h" (inplenented, for exanple by a
stand- al one VCA Althpoghythe Figure 6 ‘confipacation ds esuivalepandifynstions exagtyohie pame . | f

the characteristics .28 2004 WO 01/ 41504, PCT/ USQ0O/ 32383 -21. 0 in
"(1-9)" is t#@ilsté?@n%rswgg%ﬂ% 'éﬂ‘i"dt?'ﬁtr the Rassive BRILC40SE POt ARPEAL ""éé{‘:“{!’&g‘?
maintain e L pg,gsgé'e . | S| [ S | ghal s,
the Figure gﬂﬂg@tﬁ%ﬁ %%ﬁ#&goeqw vaellﬂékg?&%%ﬁ ?ﬁgé Eﬁ%yuér%ghgurg%dﬁl 1‘88?&?% gn and

wi Il deliver gditsey e smallivaulss In kiedégste 6abohfigirationpthdicstéspemding unsteered
configurations, the configurations of Figures 213, 5 4, 5 and 6, are
equi val éift tepndidion oprumewhensglk the Y§HA gaies IFrisate dhalr maximpmy beity ofreless t@Bui val ent

and functions ex |y, t Sa as all..the prioL.configurations, note that
the passive mat r?‘getfﬂ'g‘gg p(ﬁ%lglll& nae S@%ﬁ]ﬁaﬁy’ptﬁ? %ﬁt m_'tp‘ét ‘?#ﬁ Haggtye mathixy o

qui escent  or yiif iEAAHe &%destm@?ﬂpﬁ’tfsiéngﬂtpfs'aﬁgliéaqml!“ﬂ:%"’ atd QB84 havifffa VCA
gains g fall to small values. Inthe Figure ® configuration, the

cor r espondi ngainnhgt pmidack the internetdiniecignaltir,s Thia érigha! butpitef U@/ pagavens h ri se
to their maxinmum unity or close to it. Referring to Figure 6 nore

speci f i cal | ymagHewhichs alsafhe pme wrthe ifpuiugnal Be isapplisddo 2 "HEht VG4 Ml so ¢ he
same as ltShe ﬁar\]anugta ésalugﬁ',a&) p}‘otdiJcel the ?rﬁé)rlmleﬁigtets‘f-)gngl RJ“I?,T tI‘heV&%te@‘lomBlYtld?ghea

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



gain h, to produce the internediate signal 1~*h,. The “right” output of the
passive matrix, which is also the sane as the i nput si gnal 2RMayi20appl i ed
to a "right" VCA 70 15 having a gain hr to produce the |nterrred| ate signal
Rt*h,. The "center" output of the passive matrix fromconbiner 2 is
applied to WO'UE#EAMer" VCA 66 having a gain h. to produc®CHEHSRBE medi at e
signal th*(Lt+Rt)*h,,. The "surround" oe@gput of the passive matrix from
conbiner 4 is applied to a "surround" VCA 68 having a gain h, to produce
an internediate signal '"h *(L., R *h.. As explained above, the VCA gains h
operate 20 isvuseskdtys padndddock@iseq@aiung tig listenertihatcirclepstartiggianthe bearaad er i sti cs
are the sane as the (1-g) gain characteristics. Generation of control

vol t ages An g&meg Viaithe left, Gepter Er@wt Fisht 25¢ hagk ta thearoan 6B@d’aﬂﬁb g @rihRHLAWEE Wi t h

t he enbodi ne ri.bed t far is usef bett und rsta ing the
pr esent 1 nveTh R HIE i pervss) dhifs ifsep miimfewestie s Pash e iR SEE b PeCant

i nventi on "Bﬁéapﬁadai@g'dbﬁgesta?t%%h&ﬂ ?Qntf P ut md 1f%|d 'aﬁd %hﬂ@%lat%ﬂ ans,
each associ at ed rection roma p nput  signa
streans. 5l n & bg tHedbllowihg gxpadssibyssi s, t he resul ts Wi I I be illustrated by
consi dering an audio 28 May 2004 WO 01/41504 PCT/ US00/ 32383 -22 source
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 a,gtg_l[e (x demijees) of the image with
respect to a |listener, O degrees T-E@_J rear and 180 QE&F gqgayat the
center front. The |nput magnltudes L nd re related to a by the

foll owi ng expressions: 1) r (a -90)- Lt=cos 360 10 (a - 90) Rt =sin 9 .
360 (Eqri.0 17B)

(a—90)

Rt= n. 17B)
sm[ 250 (Eq

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



15 There is a one-to-one mappi ng between the paraneter a and the ratio of
the nmagnitudes and the polarities of the input signals; usggmaﬁdoqads to
nore convenient analysis. Wien a is 90 degrees, L, is finite a R is
zero, i.e., left only. When a is 180 degrees, L, and R, are equal with the
sane pol ariwQotvgewter front). Wien a is 0, L, and R ar@Cuysm32388t wth
opposite polarities (center rear). As isaxplained further 20 bel ow,
particul ar 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, #uftepradtithlt reRtichshipdaiwebn tHatgalng il a paiabEVE Al iea Gredigickidevedl aced
further forward than +/- 90 degrees relative to the center@&for exanpl e,
+/- 30 to 45 eenyobsysiem keddsathejopepdunsconstant. uMithyexpensptiadly sentralied Ml scfedise h
respect to the Jistener put is an arbitrar apeter to 25 illustrate
bann ng.  The Tt e B ofahe e g8t a0 ts e Hlrc S opsnd el matiction A or ¢ ne
hori zont al axj = r Abyck; | eft and

ri ght ext remalsh% S%Qe:-%&grr?ggg\%ﬂg?é)rjse%‘?gggm%%ﬁ’e&?gg@.eﬂgggfg}egcussl%[g%gbove in
connectiors wi t h t hperitiag thelfipud Bigtdls &y Dind 1, sefing dirveoduendf thEYTA dais)g, 28 May
2004 WO 01/41504 PCT/ US00/ 32383 -23 and practical relationship between the
gai ns of a patnd gfequaties 1/ah; and assemisg suffigienily gugat lpemeain thasie respltans LEENG hei r

product constant. Wth, exponentiall ontrolled V fed t hat. as the
o n ot one. r Fetmealsh fromplate deadbrch defived CoPLnlspnt et S B o 1y
when the sa I i :Qfs air, as in the enbodi nent
of Figure 3. ng'eﬁl%tglghsé&{%gﬂh%ﬁltsggg%ﬂgéﬁgga/&?gmgnd R4, setting the product

of the VCA gains g, and g, equal to 11a2, and assum ng sufficiently great

| oop-gain that the resultant urgi o) segyality is conplete, the
f eedback-Herived control syster#‘épghgﬁ)u"r tg gd?ﬂsts the VCA gai(Bg"-d&) t hat

the followi ng equation is satisfied: 10 JLtl(l-gl)=JRtl (l-gr) (Egn. 18) In
addition, 1
In addition,

gl gr=— | (Eqn. 19)

a
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).



glgr=a2 (Eqn. 19) 15 20 Clearly, in the first of these equations, the
absolute magnitudes of L, and R, are irrelevant. The resulﬁggﬁﬁgﬂﬂ% only
on their ratio L,/P.,; call this X Substituting g, fromthe sécon
equation into the first, one obtains a quadratic equation in g, that has

t he sol uti oMOQ1/HEN0t her root of the quadratic does not r BgFE8WHL3s3 real
system: 1 [.X- a2- a2 + a2(X2.a2-2X a2+Ha2+4Xx) gl=2 X ax (Egn. 20)
Plotting g, and g, against the panning angle a, one obtains Figure 7. As

m ght be expected, g, rises froma very |low value at the rear to a nmaxi num

of unity when t herrébaboWdiébulisQRS BF RIYR] fRbdbackidrivea coibol apstkni.nEhe f al I s back
to a low value for the center front (a= 180). In the right half, g,

remai ns ver yswwidifferenst fretllzack-derived controkeystancadts in exagtlyithe sagweahdnnetxcept in t he
m ddl e of the, i%pé half of  the n. rising to unity when a is_ 270 degrees
(right onl y) YieliiEplols ohgun g g ense a0y sBoWs 1 FigYre Srpagaih #e resul ts

are or  The. dugeffon GEARES A6l SiloPAMY @hieP 3be Buuck6 2 100 Pl 1 e ence

f eedback derived cont system act’s in exac e same manner, yielding

pl ot s of Ssunelgawherey avhile ehectiifférencepaia rijad 1 Wity asthéhawn in Figure 8. Again, as
expected, the sumgain rises to unity at the center front, fall itﬂgr to a | ow
val ue 5 el sewher f thetfeedbagkderiyed ¢aatrehsystenay GA gpive depead omtheexpanent theegr . | f

t he feedback-derjved trol t CA qaj th f th
cont 1ol vol ol iGiaet 305t e oG A R borbgRal An e CHER THGERIRERBIONDE  ago
d d t : Wl h ' [ ,

can derive clBrARR R ol T o g G P R B o I e,

nanel y, the thellpRfamif subdidifféremalvantkol Voltspes, naadlys drticumiut sfthe feditsack-onpar at or,
conparator 30 of Figure 3. Figure 9 shows the left/right and the
sunt di f f¥ enéxived genteslt syssim's ganparatore corpparalpr 3hofFigurg 3¢ iFigure 9showethpyel y

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



di fference/sum, in an enbodi ment where the maxi mum and m ni nrum val ues of
control signals are + 1-15 volts. Coviously, other scalingsgafs fpasible.
The curves in Figure 9 cross at two points, one where the signal's represent
an 15 imge sonewhere to the left back of the listener and the other
sonmewher e iWOeh&sd4 ont half. Due to the symmetries i nhePEBUSIOB2I8Me curves,
these crossing points are exactly hal foy between the a val ues
correspondi ng to adj acent 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

i nventor JanggaMd (PR AR5 fan 48Qe§1€&\.ﬂerﬂefp@écid'etplo§iﬁorpeﬁﬁje laRinfuth &@rveve from two

mai n control signals a further control "signa that is the greater (nore
posi tive) or moeaklsy of(seiting (gidmigtar wetjtractingt xeonstant, to)adrtshalingtone oabothof the  art
derives the main control signals in a djfferent manner and kes, di fferent

use of the leduight and sueidiffersncesGagig) signalsisg ghat thels qupves stostageeterred gnal equal
to the | | | - 9. ' . | t L ok t
ERLAE- el Hreie rR e

curves crpsseihurd 11 $iBWs etsale opf@tiona Fguk® 10 &dteptitRatitha iindiffeRAceiltagee d
control signal torise to its maxinmumprecisely at a=45. In practi cal

enbodi nent s, hastbeers sqaled by 0 Ivgti the rastie thatibe masisuemnelv peduritioatili degrees.

representing |left_back to be nearer to the back, t Js, to haye 28 May
2004 VD 01/ 41504 ORI STsgunns comprg s wirer o EeR cons 4 Hegr ees.

The precise L 14 ' : @%ﬁfqﬂr@%al f | addi ng or
subtracting g‘gg%érﬁfsst%g%@&%%y&oirm?c H?%aSQWS'?SE ot 0o ﬁ%éﬁ%#@%‘fght and
sun di f f er eneent©Psifiad carSbedderived Sfiode aiximdie bécuedin\eqRedutedmined positi@f er r ed

val ues of a, before taking the nore-positive or nore- nggeat i ve function. For

i nst ancel0 5 porgaspanding te Hviight hacksd e lispaerant déesied mdgpredetroined @fr « hat t he

ml di ff I h d by 0.8 .with th |t that th
o mum now SSRGS b @S hgiese o tefiiestie o st o el SRR W T g
t he invertedtﬂelqéﬁ{,i[c' Mt iCORRF e YivERaildt Eigury g1t €d suni difference and

enploying simlar offsetting or scaling, a second new control signal can
be derived whose Fiauderi@rshoecthe effea ofapplyinietheserderieat gngbl sigmls td WCAs in
corresponding to the right back of the listener, at_a desired, and

pr edet er ni ne8ich a(mannes Hhaithqwest pogivesvalysygivg sainpfdwity. dust gelhe dandne ot her

si de of ! Oﬁgﬁmg éiivg galﬁnsy\fh%thﬁse to 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



the left back). It is a left/right reversal of Figure 11. Figure 12 shows
the effect of applying these derived control signals to VCAsghuy ®gh a
manner that the nost positive value gives a gain of unity. Just as the left
and 15 right VCAs give gains that rise to unity at the left and right

cardi nal diweev4isHs, so these derived |eft back and ri gRETHEWR2IEEA gai ns
rise to unity when a signal is placed atyg_predeterm ned places (in this
exanpl e, (x=31 degrees either side of zero), but remain very small for all
ot her positions. Simlar results can be obtained with linearly controlled

VCAs. The cujh&endrtfon of Qurtif coiol vaIRBEY Whos HakinthSife 4t Alndd4PariyaiREikddCratiair amet er
awll be different, but wll cross at points that can be chosen by

sui tabl e scabﬁmgrrmgmm’désﬂtdtmlagve podarities bfilgrand Bptheinputalignalghs for specific
i mage positions other than the initial four cardinal directions can be
derived by a |esser-than épctdaptizgmatrixwith yore thanfour eyfppls s bI e to i nvert

the control sign q% ﬁ%

positive) rather allt:gur%Q?ﬁ“éj 3@‘%@?qﬁwaﬁg§§'§%nagg§h’ QQ?GJ@F'@V% I cat | on of
the mai n sConfeffl adifed BPbabcdl AnWRMED ErdSitalk. CInQfisse RaseB,Othére wepd fouf possidle ng t he
greater or lesser may alternatively consist of a non-linear operation

i nstead of cancéllationlttrms derived vwrfomf V€45, d cachs¥¥@Airpaghed a makimunpgaimppar ent

that the nodification all ows 28 0 1/ 41504 PCT/ US00/ 32383 -26 the
generati on ofeneml Uh'é’r‘y’ 8hi serce A op Bé‘g %&%gwﬁ“‘i"}s@"gf"%‘?s gatﬂ

desi red. 1 &t @ qolpal WollP A IS @ h Al 0GR, ROhE Hhhefa flack iR R (the

i nput signal s Ive matriXx W th- nore out put i gures 2

and 4 showedsyskeaf was mﬁ&lm@mrmhsfelmatrm;gnhlqmnaudﬁpmaeuewcmjmhi@rdm 5 terns
added to cancel unwanted crosstalk. I n those cases, there were four

possi bl el0 cadisestibes yieded liftleror aething femouputsothenipasthosgrareerding s theached a
maxi mum gai n ner.al | n|t for a source at one of the four cardinal
directions afff ﬁfﬁgﬂ# a dom nant output from one of the four

outputs (left, ¢ 1? rin nﬁl@h‘kg%@@xt@ﬁﬁﬁ)to achIE sysRARIVGTH WBR (RAY foSCbutpuls.t he
sense that a signa tween two ad] acent cardinal 10 directions

yi el ded | i tt iresuok cazes, hhmg;so‘emwouﬂppﬂw buhwwanted Bighide smy Gl be syificieitlyg t o
the two adjacent cardinal outputs.
cancelled 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



This principle may be extended to active systens with nore than four
outputs. In such cases, the systemis not "perfect," but umm@g@q@ogignals
may still be sufficiently cancelled that the result is audibly uninpaired
by crosstal k. See, for exanple, the six 15 output matrix of Figure 13.

Fi gure 13, WOPU#SH onal and schematic diagram of a porti 88T/USH/S32383 act i ve
matri x according to the present inventig®y.is a useful aid in explaining
the manner in which nore than four outputs are obtained. Figure 14 shows
the derivation of six cancellation signals usable in Figure 13. Referring

first to Fi guéo%rdkﬁee\biﬂ?melsﬂihﬁoﬁmoglﬂ pul $*R, bf RBf,F 9K - 6*L,) Heggiga front

20 (C,,,,), right front (RJ, center back (or surround) (S.,,), right back
(RB,,,) and peditivecmefficieqt tpically. lessshant I dort dxamplef 9.85t Natecthe symmetrpithatiis put s,
the initial passive matrix is the sape as teﬁat of the four-output system

descri bed ab89kFsyeRtiglitp fiernyentiofRpt wouklebe HRIIHAR PBHPEFICAL YSMus R, scal ed by
one-hal f ‘and app'inelﬁgﬁrg 13,4 'aﬁ&ﬁfzg%b&%ﬂleﬁ%ﬁﬂgﬁﬂdﬁlﬂﬁ Gt fifieal COMbiners t he

conbi nation of L., nus R, sca one- appli'ed to a I near

conbi ner 82 {88, 25, 93, B4 00E ALY rdeaivk mukiple &titk cameéllalon tenpsi(on lingh &0l are two
addi tional back outputs, left back and rear back, resulting from applying
L., with a sdédile4, 36, 105 1d0R 1214 146sH8) 12(andd22) 25 required |19 gange! B bi ner

84 and applying L,, with a scaling of -Db R wth a scali.n f 1to a
li near conbi H%ﬁglvggfa%?%oﬁlfﬁ&g?%%s'ﬁ‘Zﬂ@%i"ﬂ%%"@aﬂ"@ﬁlﬂu@% ?fﬁ]ée i nput s

in 28 May 20 T gans lelifoutd d

equat i ons LBg-ﬂbu @91@@411%&%9 é}epéa%lé %ﬁﬁ&%h O\y%bq*rﬁ?ﬁ#—lbr e, %E)mieslkba positive

coefficient thdhmas myliibkaishbyt thegaids off WCA e x Aspéseribdd. aDbve, et €CARaresymret r y

that is not essential to the invention but would be expected in any
pract i cal0 syseniralled po thnigheiegains risefo apigy for 85adinal inputraaditionandare i x t er s,

the output |inear.conbiner (88,:.:90, 92, 94, 96 and 98) receive nmultiple
active canceF‘&éﬁf‘B"ﬁﬁ’ts&ﬂﬂ?*?5?."??%%8%‘“3’6‘0, 102, 104, 106, 108, 110, 112,

114, 116, 118, 12@9hoafifidéadondT Figfe 18 Ak $0chanfdirettits, froviaéd/sy ﬂ?ﬁtgw
out puts. These terns consist of the inputs and/or conbinations of the

i nputs mul ti phd RoinkigfinedeelgtivervaagnitudeSasd polarities heain pf whick eiduldheesulbins of t he
inputs and the inputs multiplied by the, gains ri bed above,

L y of VCAs.. As_des
the VCAs ar e SEOAIE BRATYEY MRPRORSIAterqyiut P, Vith sybstantial seeligh ot vg?agsrméhec ar di nal
| nput copgli tlp, A0foRhEs. FPAR AR taldidonTatkdeffing £LigM Bined BAebd RS-
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



The configuration of Figure 13 has six cardinal directions, provided by
inputs I,, and R in defined relative magnitudes and pol arjg Mgs.208ach of
whi ch should result in signals fromthe appropriate output only, wt
substantial cancellation of signals in the 15 other five outputs. For an

I nput condiW® 8w1sMpr esent i ng a si gnal panned between twoPCHU$0E28% car di nal
directions, the outputs corresponding t@gthose 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 bmegfbsdiftent dﬁ’i\%@é hﬂtdegd}ibb&f)é’[’&wf.'me%]aﬁﬁfdfﬁ@,s_imcmhfﬁﬂ the two
shown in Figure 13), each 20 corresponding to the undesired output for an

i nput cor r espooclang with Bgak 7o, leftendg, right), Eignrti gl swk arstcg, idiffegence)randr act i ce,
the arrangenent of Figure 13 may be mpdified tqQ .elimnate the cepter back

Ste,, out put Figsrsule @ fett hagk anthe Bt bRy s Thocanrellagon sigals g summed Wi pack i s

nerely a pan - . _ | . a sixth
cardi nal di r%’?:?%l%lr‘{ %ﬁﬁgﬁ%&ff%&ﬁéic)%@gla{e%gf]&g%?{%n‘{hg#enﬁ 3'{'1]? g‘ 3 or its
five-output awatdakdsvialki RedeBcrivel ®eldlvX possi bl e cancel | ation signals: the
four derived via the two pairs of VCAs that are parts of the left/right
and sun di f f er enc@nefasdiviisat thedequired danseliation mixips ceefficientyfor eaeh cardingl der i ved

via left back and right back .VCAs, cqontral ]l ed as_.descri hed ahove (see al so
8 My 2004 PO DY FoRkHerRE e 8B Fesanand YR nlS SHsSER AE TR gur e 14
descri bed bel.ow). ' A X0 HGAR Y] ith Figure
7 (g, left aﬁ‘gwg?“'}%ﬁ'??%éi%%&%@é%um aﬁg;'gfldy gjin*)?%?g%%g?&g}rl%m Figure 12
(g,, |eft bacitrespodipg cardirabbiveckion;kind fallewayarone inigt faidly rapidlyais shesimages umred

with the passive matrix ternms using coefficients calculated or otherw se
chosen t® ni mowesAway5 unwant ed crosstal k, as described bel ow. One arrives

By cons aert no.« FERRL ARG 3 B B PR el oo B Lol WBepe P
direction, I gRIHARY foh Yedtbidront, YOS oG rigi bk, Eé:g&lb}aac ot & YeaP&rdindlOr Signal s

at the corresponding cardinal direction, and fall away fromunity fairly
rapi dly as t dieectiomipethe fibe-ompwcase)and lefiiback. for instance, in the case of the

| eft output, one needs to consider the sifgnal - \
Consider in detail the left output, L, for the five-output 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



conditions for center front, right only, right back, center back (not a
real cardinal direction in the five-output case) and |eft bagk, fgpnsi der
in detail the left output, Lo", for the five-output m)dificatlog of Figure
15 13. It contains the termfromthe passive matrix, L. To cancel the

out put wherW@RE45¢4nput is in the center, when L, = R an8CEU00B238%ne needs
the term-'/2*g.*(L,+R, ), exactly as imgt.he 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
-1/2*g, * (L, - B’%,,buam'esaacagagtxé%@ﬁ, lsreviamg bb@itcamtidfitidh fYRbR/PaR afWall4ses 2 20
or 4. To cancel when the I'nput represents left back, one needs a signal
fromthe | ef the casiiral Mdavihivetf. MNotethgEat thialefidmclapositionfwhicheariBe Thi s can
clearly deliver a significant cancellation signal only when the input |ies

in the regi ofonsideredmas inprardiatgibaiween loft andrear, bpilk g and 8. brve figie valugsdessas
sonewher e be le f.r.on D t by 1., only, and center back,
represent ed B\‘%%ﬂ%&(%&m&)ﬁe%@e{t@ ‘{qgﬁgog fgg%‘ﬁé’delget hat the | eft back VCA 25
shoul d operate on a conbi nati on of those signals. Various fixed

conbi nati ons can be used, but by using a sumof the signals that have

al ready passég, =HLGgte t(het RV A0d R Egt ettt EAS(LARIE. , o, *(Egnadld 1/ 2
*g,*(1.,,-R ), the conbination varies in accordance with the position of
signal s panned in the region 28 May 2004 WO 01/ 41504 PCT/ US00/ 32383 -29 of,

but not exactly : r QWL dj : I t hose pans
as well as the ?gl}e I né*lepgﬁb%cﬁﬁygs%%ﬁ%? (% f@ﬂ{g&g‘lts iﬁ%{ﬁﬁéh {)@?‘% back
posi tion, WwhpgBis€ 3CAEinsGeHRf iadetieeisdh thevegionatiihaliett ek vadmal ditdctiond rear,

both g, and g, have finite values less than unity. Hence the expected
equat i onl¥ or The term [l is thdrpassive matrix|tegh* Ghe ermRye*ailgtRY, R}’f&“@-nks,(f@ﬂ*
"fi'g.*h*(4- R~ wr 21) T efficient an be derived irically or
froma consi g’e‘%‘aéﬂigggl*bﬁim D(Eﬁﬁ'g)crfegrgse%ﬁ“@é‘aﬁg“ Wﬁgﬂgﬁe E’éﬂ?"c@%t gy bﬁe
region of th : j L i ; kst bligo Passi ve
201 Cor o e DR RSl G 1 s b ok

1h*x*gnt ( (g, Signad I 1 hA§ éxplaided)aboey tlesemby bamord that iwarcrosialiscageadlatién gume 14)
that may be _conbined with L, in _linear conbiner 88 (Figure 13) in order to
derive the oHlPBGt‘haéL}B‘? avo (100 and 102) shown in Figure 13.

15 The equation for R, is derived similarly, or by symmetry:

Ry, = [RIA*EHQAR)HA*E (LR X%, (& R (LR)) (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:

Cou =[oL+RII-2¥*g ML*- o *g *R* (Eqn. 23)



signal L.,,,. As explained above, there may be nore than two crosstal k
cancel lation term inputs than the two (100 and 102) shown bankypog 13. 15
The equation for R ,,,, is derived simlarly, or by symetry: R’ =
Cl-ih*g~*(++ h*g. *{--"h~ x*gr~" ~{{gr*-g.*() (Egn. 22) The term[R ] is the
passi ve nmatw0u1/4184m The terns -' h*g, *(L, +R ), 'h*g, *(L_PCRUSWE)3238and
-lh*x*gt*((9,*R -9g,*(L"-R,)) represent cgnhcellation terns (see Figure 14)
that may be conmbined with R, in |inear conbiner 98 (Figure 13) in order to
derive the output audio signal R ,.,. As explained above, there may be
nore than two crosstalk cancellation terminputs than the two (120 and
122) shown in Figure 13. The center front output, Co,,,, contains the

passi ve mat r Therk 6y w0 ndad €drtexPlicit capdellationterrisfor thefléft baeld, cenmh badkeoraight at i on
terms as for the four-output system -lh*g,*L, and -'h *gr : Lout

=[ / 2( Lt +R) ] - backssijice they ware ¢ffegtivety pang E@fﬁ/.eeuzl%)’t an@ right front yia t%@@k/(mad,

PCT/ US00/ 32383, - 30 There 1$ ,no.need r xRl icift. C el ,ation terns for the
ef t back, ol aious2ipug and pERey Sfeled MBS CaPRAG: e fAR o

bet wveen 1£f 1 (3R TreQéhns 2P L nd - 1R *RAE rebchtiEanBiiAlon teihls (EEFfRAR tagut put)
and already cancelled. The“term[1h(4+R )] is the passive matrix 5 term
The terns - 1litagmiyl baagplied tw*igputi]l 0 adr 92 and cambinel With a soaletl version(cfdgard gur e

14) that may be applied to inputs 100 and 102 and conbined with a scal ed
versi on of LRyindingar qembingr $¢ (Rigyre d 3hipiasdsr toderpveiths putput 3ydip siegalfen: t o deri ve

8 2L S Al Sl e B

matri X, as stated abov or npat’, =

1, clearly tipgr4 RAWNERPQRARAE & 3L | ORledrBy #e kRuir@PéRtMaon@rm & théreforEOr a
right only input, when gr = 1, the cancellation termis +b*gl*R,. For a

cent er flont -g¥puFer akightenly, inputRwhemg] =g .1, the cancelldtion tarwein ttxfg SRt pbor & r om t he
passive terns, L b*Rl, can he cancelled b %1-3)* ,.*'Fr*él4+R. .The right
back cancel | SE&5Tont @ppt, waered, = Reandrg, 5,1 4fhe ppwa ,t"‘%“ﬂ?“t REM S RESSINE (he term
used for R, | _*nﬁpl%' ?‘flgl >, *'q.iiagf ' ' g arrived
at enpirical Wm%“rﬁ@a u aée%h rombfﬁteeﬂi/a 1 Egﬁah?ﬂeg{%hg?q(%ﬁ%g?&ri ght

back conditi e is H)ug*Re0:*g *(L-R)), the same as the term used for R, with an optimized

coefficient y, which may again be arrived at empirically or calculated from the VCA

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

LB, = [Lt-b*RJ-g*L,+b*gr*R-(1-b)*g MAM LU+ RO-y*g, " Rrg, M A H (L R)) (Eqn. 24)

Similarly,
20
RBy = [Reb*LJ-g R, +b*g*LA(1-b)*g MA%L, + R)-y g, *(g L + £, (L-R)) (Eqa. 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



LBa" = [Lt-b*RI-g, *],+b*gr*R, -(1-b)*& I h*(E.t+Rt) Y*g,e*(g,*R -g
**h*(1,-R)) (Egn. 24) Simlarly, RBa" = [R -b*Wg, *R +b*91’§B-May2004
{1-b)*e' h*(lI.t+R)-y*gro*(gi *I.,+g,*" *(L,-R)) (Eqn. 25) Wth respect to
equation 24, the term|[Lt-b*RJ is the passive matrix termand 25 the terns
-g, *L" +b*¥VOm/41504 h*(1-b) *&* (L, +RJ and -y*grb*((gr* Rt - gBETAHSFO[3R38RL ) )
represent cancellation terns (see Figureild) that may be conmbined with L,
bRt in linear conbiner 92 (Figure 13) in order to derive the output audio
signal LB,,a. As explained above, there nmay be nore than two crosstalk
cancel | ati onate110) sk & Hi 13.he two (108 28 May 2004 WO 01/ 41504

PCT/ US00/ 32383 -31 and 110) shown in Figure 13. Wth respect to equation
25, the [Rl b*Lj Withiriaspeqids equatomafi, thodR-bYla] i the pabsive watripdererand they, * P, | |

cancel | at i ono et iRk eb aite -bifl-Drbd drpd iyt (B LML L | 1
cancel | ati on's _ i+ _ L1in
RBA s o pl APRGH Ao fm ooe 5 o e o i R R M o

terminp@ts tdmbinéres (Fidured 13} én oo HiSye b oupul dhdiol SHHAERB 3. Asexplagelli ce,
all the coefficients may need adjustnments to conpensate for the finite
| oop- gai ns afbvet there mayhermaere thap o ofosstalle canselintion keraidnpuiethae thettwe (1 st ens,

whi ch do 10m§£fkﬂﬂ§§°§%'ﬁgpéé+§§iiely equal signal levels, and other

conbi nati ons ation signals may be enpl oyed. These

principles can, %ﬁ}ﬁ&ﬁ&é,eagd;g‘fc&mc%s& tx%g?ﬂ@ﬁﬁh@ﬁ@l&cdﬂ%ﬁﬁ%@fh@fhﬂé“

five or six outputs. Yet tional co I gnal s can be derived by

further appl loopigaing anddthérimpadationgf tiof feadbatk-taived conwol bystean| whichdessi ng of
the two main control signals from15 the left/right and sum difference

f eedbackl%or netaielivasprecinglyregual isigaal lenels, erdiotheypopmbinatiens of deesix gpaeetiation ng t he

generati on ofi aa(fé:lrinti enaI lcaegcel | ation signals via VCAs whose gains rise to
maxi ma at ot HBT® desy eﬁm%% eterm ned val ues of a. The synthesis process

of considering eaples@pfiRifiles dan ! dTRofsERKRNGId 18/cHBadimeAs hRAR mBfe thile Ot her
cardinal directions 1n turn wll yield appropriate terns and coefficients
for gener at i fige omisix outpwisal YeO@idisiongd wostrol 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



Referring now to Figure 14, input signals Lt and Rt are applied to a
passive matrix 130 that produces a left matrix signal outppgnMdomoishe L
input, a.right matrix signal output fromthe R input, a center output
froma linear conmbiner 132 whose input is Lti and R, each with a scale
factor of WORV4KMI a surround output froma |linear 25 c86HUMSB23B34 whose
input is 4 and R with scale factors of.3p1/2 and -'h, respectively. The
cardinal directions of the passive matrix are designated "left,"” "center,"
"right,"” and "surround."” Adjacent cardinal directions lie on nutually
orthogonal axdjscenteabrt atd@dht, &@r these direction |abels, left is adjacent
to center and surround; surround is 28 May 2004 WO 01/ 41504 PCT/ US00/ 32383
-32 adj acent to |Blialeftaod rightpaysivetmatrid kigndledre applied no g first pais of vasiabdgt r i x
signals are appljed

tg a first pair, of variabJe gain circui 6 and 138
and associ at & “FE@HB&%Q?EFEHS\%‘H aé%?ﬁ‘?%lf“g%‘?'é%f“i‘ﬁ’(ﬁomfﬂe‘w%ﬁgér Jfﬁ'ﬁd

surround pasg| | i : | %@ﬂidp Le, 1 abl e
gain 5 ci rcuﬁnﬁfﬂggﬁnig%g%?ag‘g’gg mt%%%%@‘éﬁoa% - e“a\ﬁ}:dévgg%t{l%’ system
146. The 5'| etikcuitya42 add BI4QRi Bssotinted FdedadR-defvddudsatsol aystemh 14@e control | ed

anplifier (VCA) 148 having a gain g, and a |inear conbi ner 150. The VCA
out put is subt r acThed"left" vaniablp gain efreuip bifsincludesarvioltsgespairrlled amplfieri ner 150

h h ' f.th i abl e .gai [ i1, 1- d, th
output of "t heVGAF 148 HEg a gpin s, fad A Rheaf SRy b Vit ol S| (ot i ng
an [ nt er medi fofs b Massiicmicks Bidtin cohinf B0 14 BaPlt Bk P bASH e

constituting a can atron sig Is g, *L., rg vari abl e gain
circuit 138 wariableckain circditlis @) ama e cutpue of thewhitidblegain i)t he2olnbineng a
gain gr and a linear conbiner 154. The VCA output is subtracted fromthe

ri ght paldsi veutpes eonstiwtingan infesmediatp sigeal, isglred .+ Mhe VOAIAS oyt 5igldi n of t he

15 vari abl e aispt L rcuit 1!)% é)l‘g‘)l and.the output of the variable gain
circuit at tRE COABF A& CEUP EI'F_, ’CIBﬁS}‘ttuti ng an internediate signal, is
(1-9,)*R . The VGChelhZhpWantble ghifRabuit M8 ifciudel ASbitigecBitralled ampRfidrat | ON

signal. The (1-gr)*R, "and (1-g,)*l, internediate signals constitute a
first pair ofVCA) &¥nhedingtacgain gyand g lindar cosbidersisde The VA titputrie bubltiacted
magni tudes of this first pair of internediate signals be ur eg t oward

equal i ty. Thfrem e gebigapiiedastix sgnalin eqrbingrdat satharfhe eeanhea? gblfyved
control fyst %Hai)fgogaindé?i?cﬁft 'ipﬁgg,)ba%h% 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



The "center" variable gain circuit 142 includes a voltage controlled
anplifier (VCA) 156 having a gain gz and a linear conbineradffhy2bog VCA
output is subtracted fromthe center passive matrix signal in Conbiner 158
so that the overall gain of the variable gain circuit is (1-g) and the

out put of tWM@MHMabl e gain circuit at the conbi ner 25 oBEPUBW/SEHASti t uti ng
an internediate signal, is '"h*(l-gJ*(L,.5R.). The VCA 156 output signal
~h*&* (L, +R,) constitutes a cancellation signal. The "surround"” vari abl e
gain circuit 144 includes a voltage controlled anplifier (VCA) 160 having
a gain gr anfrom thé Sikfing 855@?\!@ﬁfaﬂﬁc@?gnalﬁh@:ofrfﬁiﬁeﬂl&@étmdtihmtaﬂlég&hﬂiftﬂB May
2004 WO 01/41504 PCT/US00/ 32353 -33- fromthe surround passive matrix
signal in cowsiahlergainedreyit is (12g,) and shentpub pf the siniablsf gaimeircuitat thgispabiges n

circuit is (1- and.t he out put of the_ vari.apl ' freuit. . at th

Combner 0Pt SRy S et Sewh e Al ok The YA \iodnlf )
The VCA 160 *o VB R S0 D MR (8 IS {2818 l\.akhoi1.Si gnal .
The ' h*(1- gJgﬁ@%g)aﬁgﬁﬁﬁg?@ﬂ@s&@ﬁf%%ﬁ%ﬂ? ér'fn%d%a lgg‘j:?gﬁgf)saﬂgo%%i tute a
second pa r gi*(LARPineRfledikie skndsadrstituleta seond phait @f dnarinedidietsipmilst Meisr el ati ve

magni tudes of this second pair of internediate signals be urged toward
equal i ty. Thalso desired thahibe relative magnitudes efthis seapnd paif ebintpampdiate sigodgidbe ont r ol

system 146, descri bed bel.ow, The feedpack: derived. trol . system 140
S2soc at ed WIERS N pRaTh s 1 pecogP PRt B aspe A b RO ER! | o <
164 and 166 & V4 AbedYtigt s of conbiners 150 and 154, respectively.
The respecti%/\g&fi I t62rge§cout puts are applied to log rectifiers 168 and 170
that rectify and Tiedeedback-deeivedemirol systemf 140 agsoriated withahe fitsepaireeft | fi ed and

| ogged outputs are applied.with opposite gol arities to a |inear conbiner
172 whos¥ ouinprsmediate sigaals ingludagfilierss i4rand d6p eeiyme;thaoutpissplccombinesolili ed to

a non-invert] liflen 1 15 eV 7 ngd. he
magni T ude. oo RbdchiRdly ! i fetadolie hRERUIC AR oo S IETRAETeS B

provi des a conpPdat ety b ploliue. the' g d¥Rivh 0P el iffey EThe redltiffediafid Bogpédct i cal
way to inplenment a conparison function in the analog domain. In this case,
VCAs 148 andokpits areapplied with epppsitetpohtitiestharlimear opmbinice 17 hwhesaobtpuy of their
control inputs, thus takipg the anti)og of the control oufput  of the

| ogari t hmi camwutsa%ﬂswgm%wé#atw& isREPISH i & NOBINVERIRE pmplfier 17

constitufes gieGAOl 18208 198 BrrdsPnd YEOR e Somparator 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



152. As nentioned above, if inplenented digitally, it nmay be nore
convenient to divide the two magnitudes and use the resul t agig,amodi r ect
multipliers for the VCA functions. As noted above, the filters~164 and 166
may be derived enpirically, providing a response that attenuates |ow
frequenci esVAAH4HYry hi gh frequenci es and 25 provi des a ERUBEN3RI8E| ng
response over the mddl e of the audibl egyange. These filters do not alter
t he frequency response of the output signals, they nerely alter the control
signals and VCA gains in the feedback-derived control systens. The

f eedback- der iy hediai!sipahls chideTillds 1 ASEACI78 r&divivigl e bitPuts BEVCAs NS8 indf 28
May 2004 WO 01/ 41504 PCT/ USOQ 32383 -34 internedi ate signals includes
filters 176 &% raspectivelyeiThemespediize filterpautmitodre woplied 16 Bgaeafifiedsd B0 and 182

respectively. The respective filter outputs are_applied to log,rectifiers
180 and 182 harEEity@ed Praduce-the inegthmrtthrlr inpyjs, Thé fretifed #ndite BUPYS The

rectified angl . . | 4k A ' Lhhdi€Sink 0 @

| i near conbi %ee raﬁw%mﬂgé@“%%tpgﬁ#ﬁe%%%slkﬁu%gj egﬁgtpthﬁs?rog tﬁghﬁggﬁﬁﬂngs
inputs, is applbtRcidnCofatsitguts, RVPhlied g adihlinvertiig akiphifiedlr86 (d@dced 384 amil 186
correspond to the magni tude conparator 30 of Figure 3). The

f eedback- der i86eebrrespand to thegyagnisude caaparpier 30 efFignret e Thafeedbackrieriveds cont r ol
system 140. The PUt ut of anplifier 186 constituhes a %nt ol sip | for
VCAs 158 andeoniis syslem 145 aparatas i the stme apner &5 canirol Spree b0 T cpipab e ¢ ol
signals of f | I nd 146. The control

si gnal of co%tﬁglg?&Isi§6st&%r#@%\é?gnﬁgg%P?ef?yghgﬁgﬁh “second scal i ng,

of fset, inversi onAddifienal éanmrol sigrats at88erived frbRDthe throl signdls of feadbgelal of
control 13@ysten1 146 is applied to first and second scaling, offset,
i nver si ol egerived gonttdl systemsolOand 146 4Thegontrol Bgngl elsentroloystendd0isd 194 may

i ncl ud . f th | ari ' ' | L ff LNg,
|t ude ScAIRG Ly e SR e il Y sbistore ARcdsbd 06t BB A <o

i n accor dancgonof fgf o€ Ednlrbl @@énﬁﬁ%‘i@ap litd'® #ii85HA se@nd sBfinglFRbET Of the
out puts of functions 188 and "192 and ofp functions 190 and 194 are taken in

by | esser oringemimheete.ffunctionoid? dodd9%4n Fud@idns (&8 160, 19 ahy 194 mapingdbxde t o
produce additional control signals that are applied to a |l eft back VCA 200
and a right omRuMeyeRf thgpolaripsiguertipg, amplitudp offpatiings gwalitude,scaling And{ag, 5
cont rol 1 onghsALgy AELyRd deDR0: 116 TANDSE oHBRGRINGH ARAYSihDaRkEeT O
provi de contro S|g% S SuPtabl e for generating a

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



| eft back cancell ation signal and a right back cancellation signal. The
input to left back VCA 200 is obtained by additively combi ngRaytdt4l ef t
and surround cancellation signals in a linear conbiner 204. Thé input to
right back VCA 202 is obtained by subtractively conbining the right and
surround ca¥@81/41884 on signals in a |linear conbi ner 204. PRET/HB§0ESRI%At i vel y
and | ess preferably, the inputs to the MgAs 200 and 202 nmay be derived
fromthe left and surround passive matrix outputs and fromthe right and
surround passive matrix output, respectively. The output of left back VCA
200 is the | ib ] o014, 8¢ *((gl*L, +g, (L, Rt)). The
Sutput of rig b HREE fancARRGE kR 204 g%%lvléﬁ%%@ WO 01/ 41504 PCT/ US00/ 32383
-35 right back caRigalel1atis @ schemgtiatirayit diagiun( {lowing atpradtical dtchit embodyimge 15 i S
a schematic circuit diagram show n}g a practical circuit enbodying aspects
of the presefPesthobtie Prsent yentiqny (Resistor ¥alueshon atedn chmyh Nherd gt e not

I ndi cat ed, Cﬂﬂf’cﬁ#@&pﬁ(ﬁ%ﬁ@u@a@einﬂnﬁwSar ads. 5 In Figure 15, "TLO74" is

a Texas |nstrune quad T oW nol se ET-Tnput (high input inpedance) _
general purpose OR&Figire AHAATIATH isfd Pixad MERNARE’ GRdd 18valbise JEBTifpat aigh audi o
preanplifier applications. Details of the device are widely available in
publ i shed | inpatriatpedasce)Zeveraipupnse vparationilenfpliGiedlintendednfor high-didelaty and <
<http://ww.ti,com sc/docs/ products/ana [t1074. htd > >, 10."S 2120" in
Fi gure 15 i saudiopreamplificr appl wat%ﬂep%@gﬂwwem Felable in R}'ﬁ\‘/’t“

appl i cationsy Lngl MR detectors, allow ng

| ogarithmc htc?l(;dtrtﬁrlra'oﬁ %ﬂ%‘vﬁ%ﬁ n olr"?d;ﬁ%%é%rﬁégﬁi of signals presented to the

| evel det ect e & hAig:pones. i Gome/dobeprod itb@italogd04.nindtabl s of the device are
wi dely available in published literature. A data sheet may be found on the

Internetitt < <ht'1SSM-2iR0NimFiguey! Tisaimaplithizgategratsd feircuit intepdathfer pusdio owi ng
table relates terns used.,i hi ocupent. to the |ahel s t he VCA outputs
bnd o the & Aoy Titeids bve JCA IR et dbedon, v toguimicsne) at

Label on in theoRROME gain or attenuation of signals presented to the level detectors depending

on their magnitudes. Details of the device are widely available in published literature.
A data sheet may be found on the Internet at < <http://www.analog.com/pdf/1788 _c.pdf> >.

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




out put of VCA vertical bus descriptionof Figure 15Figure 15 g, *L, Left
VCALVCA g, *R, Ri ght VCARVCA Front VCAFVCA ' h*g, *(L. ~Back VCA@@'%*Y 2004
g,b*((g,*L,+g,*" /I x*(L,-R })Left Back VCALBVCA g, b*((g,*R -g,*" h

R ))Ri ght Back VCARBVCA 28 May 2004 WO 01/ 41504 PCT/ US00/ 32383 -36 In
Figure 15, WA81/Ha¥els on the wires going to the output nBEFURGBAMEStors are
i ntended to convey the functions of thesignals, not their sources. Thus,
for exanple, the top feww res leading to the left front output are as
follows: Label in F| gure 15Meani ng LTThe contribution fromthe 4 input CF
Cancel The signal ,q, : f entet source
LB Cancel The si gnal @gg%%fﬁaﬁgﬂg%%%ﬁﬁgﬁggﬁ& U?mgmi“ “‘E source BK
Cancel The si mhed 0 cofveyahe tuha:dnswmtaeﬁuﬂﬂtmmefr@ouraesbamus,sfbuemﬁ

Cancel The si to cancel the unwanted source for a right back source LF
GRLeft front ﬂgﬁweﬂwwmlmomﬁdéﬁﬂop%ﬁvmm fellewst r ont give a nore
constant | oudness 5 Note that in Figure 15, whatever the polarity of the
VCA terns, the matrix itself

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.



has provision for inversion of any terns (U2C, etc.). In addition, "servo"
in Figure 15 refers to the feedback derived control systemasisgdesosi bed
herein. The present invention may be inplenented using anal og, hybrid

anal og/digital 10 and/or digital signal processing in which functions are
performed iWO8UfiHare and/or firmvare. Analog terns suchRCHESHWERMS3rectifier
etc. are intended to include their digital equivalents. For exanple, in a
digital enbodiment, a VCAis realized by multiplication or division. 28
May 2004 WO 01/ 41504 PCT/ US00/ 32353 - 7 claim 1. nethod for deriving
at least three audio output signals fromtwo input audio signals,
conprising 5 deriving four audio sign&leAiM$Hm said two i nput audi o signals,
wherein the four qudi_o signals are derived with a passive matrix that
produces two pai r5%8fM audio signals in response to two audio signals, a
first pair of derjv ' ' | b ' ki a
first axis and a g‘e@%ﬁ@“&’?’? ﬁg?332%23 au ﬁ)dug?‘ éngﬁ%f?&é@?\z«g(ﬂu?%ﬂ‘

di rections | yighgs,@dmprisiggond axi s, said first and second axes being
substantially nmutually 10 orthogonal to each other, processing each of

sai d pairs of derdepwingsfoer awdisi signals Sronbsaid eepineut audip signalsavherein the favwd second
pairs of interpedi ate audio .si.gnal s .wherei he .magni t udes of .t he | ative
DDl 1t udes of R SESFG dep ATBF RrRaHE s oo Bool Ry D B Budlo s ] Snal <
are urged t ayRESbnSOBIWb hiidio $ipndls, A0St JAs F dEﬁ\Fqﬂtau@ths%'dﬁl_s séfadehtinpePr esent i ng
a first direction lying on the axis of the pair of derived audio signals
from whi ch t dizedtionslyingainra forft dxint aad mescdéont @ais ofjdaived awdio sipradsiteprasentingi d i r st

out put signal  bei ng produced at | east bg conbining, with the,Fﬁama
pol arity, at diresiions Wingamgowemd ayts, Bt firshandsgeand axesdisipesupsiangplty meRabedi at e

audi o si gpal [ I econd output signal representing a second
directi oﬁpl y?ﬁ%&gﬁﬂﬁé&gé)ﬂg’i s of the pair of derived audio signals from

which the f1rst pplotestihy bith of SRdpateraioanal sdioaiapiOpietat regatiticsegond
out put signal being produced at [east by conbining, wth the opposite

pol arity, at ahdssondepaixe pHimeemediate audio kigodls whérdinghe-wrghitydgsrof ¢e telative medi at e
audi o

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



signals, producing a third output signal representing a first direction
lying on the axis of 25 the pair of derived audio signals $ggemogh the
second pair of intermediate signals are produced, said third output signal
bei ng produced at |east by conbining, with the sane polarity or the
opposi t e povVapI4L504 at | east a conponent of each of said PCFE80052I88 of 28
May 2004 WO 01/41504 PCT/ US00/ 32383 -38 internedi ate audi o signals, and,
optionally, producing a fourth output signal representing a second
direction lying on the axis of said pai" "of derived audio signals from
whi ch the second pair of internmediate signals are produced, said third

out put si gnalntéreiedigteandid sigeals,and] epienallyy conbi ning, with the 5 opposite
polarity, if the third output signal is produced by combining with the sane

polarity, or at | pgdycing,a @Bﬂlbpﬁ'fpﬁ‘fgs_iﬂﬂf’-‘(’ﬁp‘ieff'ét‘%ﬁé“ﬁ?ﬂ @F‘_P"’Ei% lﬁi‘?g ‘P"_n@e Hfr d
out put signalye &a?c{ pa?):; &%ﬁﬁ&oﬁ.}éi&s‘i’%{msﬁoﬁgweﬁ %etsg&n?%gr%%n Irg}%hig{e' st als at

| east a conponen eac sal pair e au

signals. 10 Zre poface® ishiathif outpudisighal b‘élih? rpeddnodar@mivgg:ombidiﬁgs, twifhlthg Ut
signal includes conmbining a conponent of each of sai second pair of

i nt er medi %t e oppeditopalirgnaf thewhirdhoutpys sigoahie produged by sonibiaing) withathe same esent i ng
said first direction, said conpQoneni, constityting,.a cancellation signal
opposi ng sai 812 s QF 3} leastRy qogd Bltléﬁljﬁé’?‘? P@S“%r’éi‘!ﬁ% oYtPEERERGISo Ut put
signal inclu [MaliaTo P : : ' I Coc @f

i nt er medi at eggjagﬁ%grsgicgﬁg@g%vhﬁ ?ﬁﬂ gg aslgf') éﬁggﬁt?%ﬂazﬁﬁngmg%%g cn?géarlgsenti ng
sai d second dirst pait bbinterifadifle anli@sipea. constituting a cancel | ation signal
opposi ng said passive matrix audi o signal, producing a third output signal
i ncl udes conbi ni ng a conponent of each of said 20 first pair of

i nt er nedj ate audi jgnals.wth ssive matrix audi o signal representing
said thi %‘g di rect?o;ﬁ!‘gglgﬁlhﬂd Té\fo%%algﬁﬁerslgnsti tuting a cancellation signal
opposi ng sai d  pagdinlp P aﬁtangigﬁazﬁh@m& corffifing Q%ﬂn?é]ﬁhi Of eafll SCkdRi Ng 2
fourth output signal includes conbining a conmponént of each of said first
pai r of i ntesevont pdirofdndintediitanaiossigialshwith ppassive matrixtauidio signdl epesaptiog

representing . L. . L L . .
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.



25 said fourth direction, said conmponent constituting a cancellation signal
opposi ng said passive nmatrix audio signal, 28 My 2004 V\Q@Mﬁl@@&

PCT/ US00/ 32383 -39 3. The nethod of claim 2 wherein the matrix audi o
signals representing said first, second, third and, optionally, fourth

di rections,WoeEHs#t i vel y, are produced by said passive RET/UB32B3I4. The
met hod of claim 2 wherein the passive matrix audi o signals representing
said first, second, third and fourth di r3990t| ons, respectively, are produced
inaplurality of linear conbiners that™~al so conbl ne t-he passive matrix
audio signals with ones of said conponents of signals. 10 5. The nethod of
claim1 wherein theThempthod df/gaiod whtreinitl;mmmixaméiomgmlmw@tsmﬁngcsd#bi ni ng
said pairs of internediate, signals The method o ny one, of cI ai, 2
or 5 wher ei nfifhi oﬁ'ggﬂﬁgopgﬂ@"ﬁd@é'ﬂhfjgéﬁioﬂﬁ wvélac%‘eﬁé?q" &de

i nternedi ate &gﬁé%aﬁ*gnal s for use in controlling the relative 15 :

anpl i tudes of e respectl ve pair of internediate audio signals. 7. The

met hod of claim 6 wherein said processing includes applying each derived
audio signal to a respective variable gain circuit, wherein the gain of
each vard abl e gad-nThe¢ methid obcJaioc? wherdinvthe Pﬂssmma%'alaﬂdlofmg@élﬁlr%@em )

signals is co olled in 2 se to the a tudes ts of
the vari abl esagiﬁ# PR 1S FE et eyl Serodied e FSHER o i m
7 wherein ea bt Oht il dofittile thd)fdsu 0@ hain {Blib 3RFals GRMIIEY bicdia
anplifier (VCA), having a gain g, In conbination wth™a subtractive 25

conbi ner, theomwments ohggnalsl i abl e-gain-circuit gainis (1-g), and said
cancel lation signals are taken fromthe outputs of said voltage controlled
anplifiers. 28 May 2004 WO 01/41504 PCT/ US00/ 32383 -40 9. The net hod of

ampl 11160 (ven) . “hadns Beibfaroil e ot rbrile A B AR R R *gai

i's combining said pairs of intermediate signals.

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.



g, and said cancellation signals are taken fromthe outputs of said voltage
controlled anplifiers. 5 10. The nethod of claim 7 wherein2ghgyazioa of
each variable gain circuit is low for quiescent input signal conditions,
such that said signal outputs are substantially the signals produced by
sai d passi VEORE#¥SPM, 10 11. The nethod of claim7 wherei RCTE0053383 of each
variable gain circuit is high for quiescent input signal conditions, such
that said signal outputs are substanti al the signals produced by said
passive matrix. 12. The nethod of claim7 wherein the gains of the variable
gain circuits 15 associated with each pair of derived audio signals are
control | ed by app8yiThg nettod ofitipim & wherfein ¢ach varsablegainaircuit compriises g abiage
circuits in theq;iair tQ_a magni tude copparator that ., generates_ a .control

signal that EOMidlst amphfier (XAl having Raaips.itapresninng yariaplpegingaronii gain e
method of "¢’ 8} Md'id Ot or el SROREL tm TS SR TORR BhGoR]_cont r ol

t he gains of e varirable galn circurts assocl pairs of
derived audi @mpiiasl s such that, for some input signal conditions, an
increase in the magnitude of the output of one variable gain circuit with

respect td the other causes a decrease in the gain of the variable gain
circuit having the.ipcrease t. .. 25 14. The, met hod of claim 13 wherein
the respective mag‘?li ?ﬁﬁ@e@&ﬂﬁg‘ﬁ%}m whergig the ggin phy CIQ?;iW@%(ﬁw'tWé’“Uésrliogbl e
gain circuit j 1 i Il QbuikE Re subsERBIS th!Ch
that, for so?f% nputngs gnan%%%gﬁfﬁﬁgétg%s%géﬁeasgﬁ#n t?usa magni tude of the
28 May 2004 sig6alf prodidedbyrRaid/palsBe/mbed83 - 41- output of one variable gain

circuit with respect to the other al so causes substantially no change in
the gain of the variable gain circuit not having the increased output. 15.

The neth of cl al wherein.t.he, respective ni t ude. conpar at. o
contr ol e gai nshg]}c +§%8‘¢‘5&‘f?§%’r‘8‘e{;5ﬁ?{g'8ﬁf’%%ﬁl‘i EP%% Bagraﬁ{e %‘fcﬁ?tf{]lzlgépai rs
of derived aysH qhiessdn®PlSsighdCibnbiiidhs, sh thAQHR sighRWutpbistidubs@millyithns, an
increase in the nmagnitude of the output of one variable gain cifcuit with
respect to tkignads peducddy said passivetnimtrixor oduct of the gains of the variable
gain circuits to be substantially constant.
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



10 16. The nethod of claim 12 wherein the respective magnitude conparators
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 WR@/gsHer causes an increase in the gain of PAGUSWEREBl e gain
circuit having the increased output. 15 17. The nethod of claim 16 wherein
the respective magni tude conparators cgitrol 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 magnitude of the
out put of oneutputiof ahe vartablergain airsuit withiresneat & fhe other alse pausestshbsiangallone auses
substantially no 20 chan int ain of the varjable in circuit not
avi gt he i HERGOANE Bt B the Vasatie i Ao aht Tving) of MeaaBPEt h t he
respective magni tude conparators control the gains of the variable gain
circuits associated with the pairs of derived audio signals such that, for
some i nput si gnal15C OTtb rhéthadsef ciimi 13 GvirRehe the Respbiveagpnitudd eomparitbs 25 out put
of one variable gain circuit with respect to the other also causes_the
product &f eanerobtip gaing pf thp ¥arjabla 2ain ercyiss assediated Witk the paispofdepivediandiq| | y
constant. 28 _.May 200 01/ 41504. PCT/ USO0Q/ 32383 -42 19. Th od of
a1 m 12" whoRETAS S gt N Sedan g Capfig.increns it P8 masiig oL PR e
functions of oihRiof of@MriaBle 4B GREE vith $8pEt TR@R ol Rs¢ CNBARL foawtaer finite
gain and the output of each variable gain circuit is applied to a

magni t ude cotipgaiat of the ivarizble gairctirduiteto helsabstahtihlly eonstasin out put si gnal :
proportional to the logarithmof its input. 5 20. The nmethod of claim 19
wherein each rectifier is preceded by a filter having a response that

att enuat | ow fr Cl d‘gﬂ: r pah L gg!?' %g #% a gently
rising r@g ponse o@grﬁ@h&é:&]ﬁﬁf I (laé\f@flét@g%grh%?g% rg%géﬁgﬁ_ e%&{ gl%met hod of
claim 12 furdaeol he @ik 8f 16 vatgdbleViaiOcifiRs HsodiEewil thelpaivded degived udio Si gnal s
fromthe two control signals that control the variable gain circuits
associ at ed wignalsssichnthagifer soinedeps sigeal vanditions sandinereass iigythgimagnifgdeof the sai d
one or nore additional cgpt rol ,signals are e%ch derived bX .

output of one variable gain circuit with respect to the other causes an irficrease in the

gain of the variable gain circuit having the increased output.

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.



nodi fyi ng one or both control signals and generating the | esser or greater
of a 15 unnodified control signal and a nodified control siffRfsvOpoef two
nodi fied control signals. 22. The nmethod of claim 21 wherein ong or both of
said control signals are nodified by polarity inverting, anplitude

of f setti ng,wWamp4sedude scal i ng and/ or non- 20 linearly pr8CBY810/E8E he
respective signal. 23. The nethod of claim 21 further conprising one or
nore additional variable gain circui ts_4r2gcei ving as an input the

conbi nation of two of said plurality of “cancellation signals or the

conmbi nation of two passive matrix signals, wherein said one 25 or nore

addi ti onal cont r ol9- sTheaethodcefiviaim| 12 méhsreire the gain of sajd yariably gairpeiecuss indh o
addi ti onal varj abl ain circuits such that the circuit's gaifn.rises to a
Texi mum when SRR (RSO o S otepLviiehs, poeh magfineiefbare R PR ik e
directions |yl ' i iy ,QI;M

PCT/ US00/ 32388 1 2§ﬂp§t§i§§?éha{]a§%1§gg? 3‘?‘?“3‘398 il s gt Chlirtidofid o

cancel | at i onregtifigrahast delveesan sutduk sipaal paipdrtionsl to the logariehradflitd inputal vari abl e

gain circuits with a respective one of said one or nore additional control
signals. % 24. The nethod of claim23 wherein at |east five output signals

are produced by I ni .of. cat. | east. f] v i trd |
signals with two %’?%r@&g?f@cﬁa&n 18|"ﬁ1°&°|“} h&#‘ﬁﬁ'ﬁ‘?i’?ﬁcﬁeﬂﬁ asf?l%ﬁg%ﬂghénd

sai d one or Fpdordél tat ARAddtesAoN TR heRkicO ndSveay Bigh frehiticies ALl LN Signal s
opposi ng each passive matri x audi 0 signal such that the passive 10 matrix
audi o si gnal gendly sisingtresponsalovgr tbamidslld efdhdauditierapgancel | ati on si gnal s when
said input audio signals represent signals associated with directions
other than the direction represented by the passive matri x audi o signal.

15 iretRoair of 3iht At HekEh1 e BaRA" O csonted by the
magni t ude* of [ (L,deRving(ohe gr inbre Mbitiofd donted] @ighdly fromethdm@ dontidiesignals that

' L. R hggn’tro?t?lg variable 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



he magnitude of [(L,-R)*(1-9,)], or equivalently, the nagnitude of
(L,-R }*(hJ], 20 and the nagnitude of the audio signals inzg%yogd@gr pair
f termedi ate audi o signals nmay be represented by the nagnitudde of
L 1-g9)], or, equivalently, the magnitude of [L,*(h)], and the magnitude
*(1-VQ P4 equival ently, the magnitude of 25 [ PCHUS0/323ghere 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-ge) and 28 May 2004 WD 01/41504 PCT/ USOQ 32383 -44 h. are the
gain of a variable gain circuit associated with the L1+R output of the
passive nmat#¥e%andil-g ) and h. are the gain of a variable gain circuit
associated with the |..-R output.of the ssive tri X, f71- h, are
the gain of a varesgsraregie or S aitngl e Al ekl Bla AR | R
passi ve matr jnkre saflitiohal vafidbl Bircufts With AGeadtive Ohe 8f Said/GHel RidRe 02I N Circuit
associated with the Rt output of the passive matrix. 26. A nethod for
deriving at adddiivhaltdonteal sipndiso Signal s, each associated with a direction,
fromtwo input audio signals, conprising generating with a passive matrix
in respor?se to said two input audio signals a 10 plurality of passive
matri x signals ingludi I Ssi tri | i ,
first pair of pasr}gl' \ﬁe%ﬁ‘%ﬁ%@%ﬁ 238'%5%%%l%gtpﬁ%s@%t%g%fygg%@ tfyf/ll ng on

a first axi scomihingeBoPRdenblive pissiermatrixQudidsignits i tho Bt 6108 6f said
representing directions lying on a second axis, said first and second axes

bei ng subst apitwalityl of cancellationysigals kudysithdnetar neae hdditidnal canpaligtienssignals, thech of
said pairs of &ilssi Ve trix . audio signals.to Produ e 15 rﬁ%pecti ve first
and second pEnrellaiign signalsoppasing each passiye magixgud Mo thaf MEPARYHSi t udes  of
the rel afy ve i & i i L 2 I i di ate
audio s iqté)nal Iggtﬁg rag&lﬂ g%(ﬁa%lq% %‘&’g@’&ﬂé‘gﬁ‘? ‘i%%l%wdtg? F@‘Fﬁgﬁ‘g“ g?h%l%%%dyﬁ%ﬁﬁﬁ

cancel | at i onaudicKigaB rkpresencsigwhlsaiochtediwithdifeiadiottes ttau diendirestignal s,

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



20 producing at |east three output signals by conbining each of at | east
three passive matrix audio signals with two or nmore of saiggRiayrRjuty of
cancel l ation signals, the cancellation signals opposing each passive
matri x audi o signal such that the passive matrix audio signal is

subst anti alWQ0H#A¥el | ed by the cancel |l ation signal s whenPSEU3REt audio
signal s represent signals associated with directions other than the
direction 25 represented by the passiveatrix audio signal. 27. The net hod
of claim 26 wherein said processing includes feeding back each 28 May 2004
WO 01/ 41504 PCT/ US00/ 32383 . -45 pair of intermedi ate audio signals for use
in control | i hgre fe gais ofta wasablpgrin ciepitasyiciatadavith the bR, optpupaf the gassive

internmedi ate_audi o, signal s. 28. .The nethod of .cl aim 2.7 er e i d
process ng. 1 e teCkEAART e, O s O Vit Bl arl ifi R BRI LR o
pairs of pasgig oftiel paXsiidhBix S(105)3hE hf fe the' RMUTGVaKEbIY Bhih 3G gai N
circuit, each circuit including a voltage controlled amplifier (VCA,
havi ng a gai assogiatedhwitlo tei I atipotofithe passivesmiitix aantdi (b, )andhj are the gaineofa n t he
resul ti n%r varjaple-gain-circuit gain.is (1-%) and said cancel |l ation
signal s are YaHable gaingrrcuit assogiates Wit therR.oxutpyt Qfche BRJEve BRI ol | ed anplifiers.
10 29. The nmethod of claim 28 wherein the gains of the variable gain
circuits associated with each pair of passive matrix audio signals are
control |l ed by appia/i Agneitvd foLgdriviiaSat RhstikiBe RPN Qachdisicafated vk
circuits of each pair to a nmagnitude conparator that generates a control
si gnal that disectiomfrom bwo ppitranidiofsignhle, eompirisipge gain circuits. 15 30. The

met hod of claim 29 wherein the putputs, of the respectjve vg.ri abl e gain
Circuit of each pEERFTARENIMAPRSHE TR RAEHPIE IS SHE RRMEN A0 BN Adct | 1 e
the rectidie : Lk Shapal ' : ive QA ir
I nput s, itd;le lgrﬁ%g’reﬁp\égﬁﬁ?g& | rsnﬁ%1 gg ﬁg@?ﬁgﬁgﬁgmﬁsﬁbgtp%%&)egal niéznlmr%8 génagii}g | i near
functi ons of fifshpdif ofgaedivedmatyiqlatidig 8iFnal CeprekentihB dirsdiono Lvirf oncd fisstax@aridur t her

conprising deriving one or nore additional control signals fromthe two
control si gnapesordypair 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



control the variable gain circuits associated with each pair of passive
matri x audio signals, wherein said one or nore additional @QRisClooldi gnal s
are each derived by 25 nodifying one or both control signals and generating
the | esser or greater of a wunnodified control signal and a nodified
control sigh@PrY4gstof two nodified control signals. 28 MGT/UEMA238HO

01/ 41504 PCT/ US00/ 32383 -46 32. The nethod of claim 31 wherein one or both
of said control signals are nodified byspolarity inverting, anplitude

of fsetting, anplitude scaling and/or non- linearly processing the
respective signal. 5 33. The nmethod of claim31 further conprising one or
nor e addi t i op@r ofintermestiate ausko sigraly fon pyesin carteqilingfhe selativa amplitydestod ghe

conmbi nation of t of, i d Iuralht .of . cancel lation signals or the

conbi nati on Beﬁpefg\\%%aérsifia‘@tgr g 3 é‘?/ﬁ%ss, wherein said one or nore

addi tional control signals control respective ones of said one or nore
additional 10 variable gain circuits such that the circujt's gainrises to
a maxi mum when sai8]l ThepméthodsofalenD 7rvetpreis eaid pmcasing értciudes apiphydng ¢ablan t he

directions lying on said first and second, axes, and generating one or nore
addi ti onal ch#sse matrixognal igrsalddwe paissoft nastive myrix audio sigralyio 2 FeEeeivey di t i onal

variable gain ciycuits wth a respegti.ve 0 f ' . 15
addi ¢ Ponar . cOHtPEAn Gk aoB sRERRRANINE FOe® torBIR SRR CTRAS, T east
five output {iviRpad Saih CinRbMBINGESh With a SHMALNeROmBMES) whereM thee@sbltingi ve
passive matrix audro signals with two or nore of said plurality of

cancel | at i onvaiahleadaim-cirndit gainds GRg) and said canceléhtion signals ansdakea ffom then si gnal s,
the 20 cancellatiop sjgnals oppg@sjng.each passive matrix audi o signal such
that the pasSPHus °E§E4Y91m%%?ﬂ"g’°ﬁ l‘%ﬁ’§' substantially cancelled by the
cancel | afj on signals when said input audio signals represent signals
associated with directions other than the direction represented by the

passive matriXx augd, oTkd @&Rdd of claim 28 wherein the gains of the variable gain circuits
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.



