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Method for Deriving at Least Three Audio Signals
from Two Input Audio Signals

Technieal Field
The invention relates to audio signal processing. In particular, the invention
relates to "multidirectional” (or "multichannel") audio decoding using an "adaptive" (or
"active") audio matrix method that derives three or more audio signal streams (or
10 "signals" or "channels") from a pair of audio input signal streams {or "signals” or
"channels"). The invention is useful for recovering audio signals in which each signal
is associated with a direction and was combined into a fewer number of signals by an
encoding matrix. Although the invention is described in terms of such a deliberate
matrix encoding, it should be understood that the invention need not be used with any
15  particular matrix 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



a passive matrix that produces a pair of passive matrix signals in
response to two input signals. A feedback-derived control syskgnvm@perates
on each pair of passive matrix signals, urging the magnitudes of pairs of
i nt er nedi at e YA Aloward equality. Each control systemBGIVINEE2383
variable gain elements and a feedback apd conparison arrangenent
generating a pair of control signals fof controlli ng the variable gain

el enents. Additional control signals may be derived fromthe two pairs of

control signadl@ctions. !A‘ieai.ldillcobiaahﬁti ngwhicle thBanafritichatdutisties glvahst f rom
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Signals 5 Techni chl -&idelrd to Theetdviabdt kRO pHedtlleas 6P ertdistalki GRAlmatrix
processing. |n cP rticulay, the inventjon relates to "nmultid] rect|8nal " (or
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particular matrix éncoding and is al so useful for generatlng asi n
directi ofal eiftewcd snumber of patents that are prior art to it, many of them

describing various other types of adaptive matrix decoders. Other

prior art patents include patents by the present inventor, including

U.S. Patents 5,625,696; 5,644,640; 5,504,819; 5,428,687, and

5,172,415. 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



frommterial originally recorded for two-channel reproduction. Background
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herein i15 ita leasti 2 ebmponent 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



Al t hough prior art adaptive matrix decoders are intended to reduce
crosstalk in the reproduced signals and nore closely replicatgmd/he4source
signals, the prior art has done so in ways, many of which being conplex
and cunmber soM® 0@k AMlai | to recogni ze desirable 20 rel ati dESW8/323%ng

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

decoder and Lo jnprove the decoder' s acicliacy, . Accordingly, ihe pr esent
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adaptive matri x .decoders. 25 Exploitation of these re| ationships al,
dndesirod or CERRIBE YA rfé’ﬁ?%‘tetfg)lﬂétyc%lfr}@@t Rrepmpeapntyof sagh of the st paipy

usi ng autona?h&leﬁﬁpghipﬁgnﬁqﬁtghﬁ@méaadlgcg{%ms_s usi ng negative feedback.
Di scl osure of Invention In accordance with a first aspect of the invention,

there is s 30 proviydatrdofted BOPptiatdirelatioRshigy arh&ifiSthe dBERRA JPARR iOHHaP UL

signals fromtwo input audio signals, conprising deriving four audio
signal s fr ooy tiging teevardpqialiguthie onapingnddssof thi énternmedidie afidiursignialii ia eaclgnal s
are derived with passive matrix that produces two pairs of audio signals
28 May 2004 pwﬁmﬁwé@twumz@@oﬂygs@gi crogstalk qomynmaia in ghe derodedi o

signals, a fj i Y i | l.S: esenting.directions
ying on a 1ouEd Bls t RHLENy Bt R A B bR URSTR GRIR ELUEOn
pai r of deriypdligusl &del BNadhSeveCRbSERRdi d?6ssEllt REhdefRFon. | Stich $rEksding ¢ 0Nnd
axis (such as "center"” and "surround" signals), the first 5 and second axes
bei ng subst aneadibyt and pugfarahly ymplententponiay theouseadmegttirer feedimchcessgamgergach of
the pairs of derived audio signal roduce éespec ive first and second

pairs (the |'BRYIHIOGRESEHIORIH f&nfé&&iggﬁﬁan S1TPS orossialk SempPYRAty)  of
LT ¢ A IEAS BB O eI By
signal s are ¢nilgrimémyas defibed iabyve, piteanediang sggobis’ st dRHvedoai gnaksitéuch as
matrix operating on a pair of input signals and those intermediate signals are urged
15 toward equality. In embodiments embodying a first topology, a cancellation
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 output signal Lout) representing a first direction lying on the
axis of the pair of derived audio signals (the left/right paisyayf2o@m which
the first pair gthe left/right pair) of internmediate signals are produced,
the first oWOH41¥gdal being produced at |east by combi niFE/UHBE8he
sane polarity, 15 at |east a conmponent of each of the second pair (the
center/surround pair) of internediate dfidi o si gnal s, producing a second
out put si gnahmphitudés af thetdidio bighils Gnllepet p&t 9 dhe MdtinediabpneiieRIgnAR Aesecond
direction lying on the axis of the pair of derived audio signals (the

| eft/right paigey towatheanalith, deniving 2 phwralgsiof candelatiayf signaly fronpthierpairs fof
internedi ate., signals are produced,,the 20 second out put. sigpal bein
broduced at IuatEaEy Rfiaies g (oo ioee SpY e bF sonpulle o
conponent of el i Ae r i :

i nt er nedi at eeagcggji&c?@is%a%na % prg%ﬁ%tr{nxg&gﬂfﬁfgﬁﬁ%gﬁﬁt6@#@%@%%@%% t he
center out puif cangpliatioCsighaley the bancdiation signgls oppdsing eqghdasHodlinatriepudisent i ng
a first direction lying on the axis of the pair (the 25 center/surround
pair) of der§iged Sé‘ﬁ%iﬂ@atsth@ passive mafxvaRdin signal sesdstangally canaeled by the
center/surround pair).of.interped ate signals are produced, the thir
output si gnate BErRg St Rhe e nRey e Bdnale Ararge b RS AeoSad Wi ar i ty
or the opposii&tiBas Sthet than fle diRfén RpFIBRENEPtheHPas@FACMaRIx £l fikfaal pair
(the left/right pair) of internedi atpe audi o signals, and, optionally,
produci ng a 30 f ot kehstauprpfetred iegrvablinfesih of thesinvtisionachieuesda mehpurablg iagd al

Sout if the third, ou_tgfl)ut signal is_the enter output signal Cout, or_ Cout

if the tH r dPEeRIHGEY high gpgiee pEergstiatk cargstlatiundena avidevaiey of meetsignil | yi ng
on the axis L (ce . rraun { r.ived audi i;gnal.s._from

ohi ch the seloiisrite dhaRR FiHHERNIMkaBofgl KRS Matedlifal

produced, thgo tulisodl kiplexity3h tisd @nabl FEh MBI OHHCE dredfouh®Sthe Bio£ &I ni ng,
with the opposite polarity, if 28 May 2004 WO 01/41504 Al PCT/ US00/ 32383

-4 the third out pit lesptgn arefemed cbodiswnb pf denbiventian e¢hi¢ves sacks tgh pol arity,
or at |east by conbining with the sane .polarity, .if the third output
signal is prBﬂﬁF@’GﬂTﬁ/wnﬁg’ﬁ‘lﬂl?ﬁ%QOWﬁ‘}?S‘iﬂ&u%b PHOLY GFWY-  at | east a

conponent of each of the first pair



(the left/right pair) of internediate audio signals. 5 The heretofore
unappreci ated rel ationshi ps anong the decoded signals is thag 2491 ng
toward equality the magnitudes of the internedi ate audi o signa I n each
pair of intermedi ate audi o signals, undesired crosstal k conponents in the
decoded oWWBA48¥gnal s are substantially suppressed. ThECHUBWERIBe does
not require conplete equality in order-§0 achieve substantial crosstalk
cancel | ati on. Such processing is 10 readily and preferably inplenented by
the use of negative feedback arrangenments that act to cause automatic
cancel | ati on of undesired croBfbfDiscFApinoBME Drawit@gsi nvention incl udes
enbodi ments havi ng equi val ent topologies. In every enbodinent, as

descri bed above, Figuterlrisaifunctonsi ardhychematis dingrany efia priesartpassivsdesedingmt r i x
operating on a pair_of input signals and those internediate signals are
urged 15 tom&?ﬂg‘éﬁﬁ%{ﬁ“t‘?agﬁﬁn%?gwﬁpmtém&mdyi ng a first topol ogy, a
cancel | ation Cof‘ﬁgﬁi‘é@tis??uﬁcﬁ&a?}%@kﬂaﬂdtﬁtcﬁaﬁdrﬂﬁﬁi Priét et KAVDIARK W t h
passive matrix signals romthe passive matri x operating on the input
signal s & oddveder usefl inanperstanding the piegeiit irsegtivalis which variabdyrkatbdrversions

enpl oyi ng a second topol ogy, pairs of the internediate signals are

conbi ned t o ©fa passive matrix gutpyty arersymymed gyiththes ungitered passive Mmatx ' joytpaHIR on

i ncl ude the geri vati.on of additional control signals for producing

addi tional otRPLEOBYBHY s. In accordance with another aspect of the present
i nvention, there fis,@nqyhdefioml HRE LACMAR  didd@irh ¥f § eMack-2aNedlcbieg audi o
signals, each assoCiated wwth a direction, fromtwo input audio signals,
conpri si ng geystemdccondingitd thepresamdnweatiorfor ikhe lefh aRbright MibAssamditioe surearwo | nput
audi o sill%gal s..a plurali tﬁ of passive matrix signals includi nsg two pairs of
passi ve Wat r fitfegsnes ¥Cas ghEigure Zand; fox ¥ Cagiip oher empadimentsp{ithe Breseat, i o si gnal s
representi ngm%ﬁu%ﬁt lons lying on a first axis and a second pair of passive
matri x audi o si'gnals representing directions lying on a second axis, the
first and secondFige&e& ib & i@ tiSnalb Bl Pdthérdt cWidpedny! owingodr fremgéadntt 0 each

ot her, processing 30 each of the pairs of passive matrix audio signals to
produce respewpiding thithespreseniinvention aghiyalént to the combination of Figures Zoind 3dngnal s

such that the rrﬁ ni tudes of.-the relative 28 May 2004 , 01/ 41504 Al
PCT/ US00/ 32 3g§1c _%E:aoutput combiners generate the passive matrix output signal components in

15  response to the L, and R, input signals instead of receiving them from the passive matrix

from which the cancellation components are derived.

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

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

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

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

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



anplitudes of the audio signals in each pair of the internediate audio
signals are urged toward equality, deriving a plurality of 2§§ﬂg€id0§“ on
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 gnadVQO0K#IEH two or nore of the plurality 5 if canE€TUBABMW3si gnal s,
t he cancel l ation signals opposing each pgssive matri x 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 at ed Wiehpassille'rRdifix BotipdabMe hretehplicit he direction represented by the
passive matrix audio signal. At |east a preferred enbodi nent of the

i nvention achi eveBigareifeasuidenlized graph, plottipg thedeft arsl rjghh V§IA griny s:endg, of
crosstal k cancel ] afion under a wide variety of  [npuyt signal. conditions,
usi ng circui B‘Fﬁ‘j\& Eeﬁglﬁﬁk‘g?}'é"&f'éﬁmtf alﬁt%ﬁﬁﬁil"%l?"ﬁb a%r"é“{:ﬁ?i%a’?ﬂm%mﬂ’r%qui ring
no unusual C?@E&ﬁ&%is-.n the control path, both of which are found in the
prior art. Al [east a preferred enbodi nent of the invention achi eves such
hi gh pers or manceFigiide!8 is anfeslized graph)\slotiag the samrand diffeyentd MTAPgdiny g and
circuits. 28 May 2004 WO 01/41504 PCT/US00/ 32383 Brief Description of the
Dr awi ngs Fi gewraf the sugvdiffergnes feedback-darityed eonttohsystemu(verdicaliexis) ageinst thgr art
passi ve decodin ns%ri usef ul .i.n understandi ng the present invention.
Figure 2 is Ba”l"gﬁcﬁng r‘i‘a@"%‘?& #i¥natic diagramof a prior art active matrix
5 decoder useful ig,idiens | RAMeRGrdpACHIBRRE BRUC/AKRBN B ihikrdlti ch var i abl y
scal ed versions of a passive matrix ~outputs aré summed wth the unaltered
passi ve mat r sui/differgnod sonitroi vdliapesafor g ecatinginrwhiciFihg uragintim andaminimuarhi onal and
schemati c di agram of a feedback-derived control system according to the
present 1%veh§l’?§r9f%'l‘“°@ signalesre idS vplh(vericelaxishagainibthe pRININEANS

di fference V@%SZQ,I Ig;!g re 2 and for VCAs in other enbodi nents of the
present inv ik or%".11 |gure 4 is a functional and schematic di agram show ng

an arrangenment agig@edQRgad Redi8d Eﬁﬁﬁ,ﬂiﬁtﬁﬁ%ﬁh@!ﬁs&e@@f falchMes Bitighe & he
conbi nation of Figures 2 and 3 in which the output conbiners generate the

passi ve mat r {vertzak aais) agdinst e ppomppangl ¢ (onizdBalagisponse to the 1, and R,
mput.si gnal s nstiead 91, LeGE] Sl SAbiA e 106 P3RS el B B o
15 (vertical axis) against the panning angle a (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.



fromwhi ch the cancell ation conponents are derived. Figure 5is a
functional and schematic diagramaccording to the present »QNERti0AA

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 wQuu#ser e 20 the signals applied to the out puPCTHERINGBRISY
conbiners and to the feedback circuits for 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

i nvention show ng an arranm{,d@gpgﬂﬁ_{g%kgh%ﬂ@ sgigngenment s of the
conbi nation of 25 Figures an , Frguare an igure 5, in which the
vari abl e- gai n- ci r & padsivgalecodink-ragtrip iscshowse funbyorallivaild schematichlly mdfigureils
replaced by a VCA whose gain varies in the opposite direction of the VCAs
in the VCA afbe flipwingeduatiopyrelatgthe autpws do the ipputs, &, and b ddefvial’ and dighhssi ve
mat ri x corrpop%g,t_s are inplicit. In the other enbodi nents, 28 May 2004 WO
01/ 41504 PCT. (}0/ 32383 -6 the passive matrix components are explicit.
Figure 7 4s an ideali q_gmd: raph, plotting the left dyyight VCA gains g,
and g, of the L/Rl feedback-derived control system (vertical axis) against
the panning angle a ®g*Rzontal axis). 5 Figure &Egs2an idealized graph,
plotting the sum and difference VCA gains & and of the sunm difference
f eedback- deri ved cont Cek=%/&dR)(vertical axis) aé:‘léi“n%)( the panning angle
a (horizontal axis). Fg quy, & Q_éi")s an idealized gra@r ?otti ng the |eft
fright and the inverted* sug"[‘ “fference control v ages for a scaling in
whi ch the maxi munerag d+niyibdlim these aNEbtH@eq@itiond MréuPhoti tBiS Ab&nhLindicdtes 5
volts (vertical axis) against the panning angle a (horizontal axis).

Fi gure 100 i smaltiplicetiehi)zed graph, plotting the | esser of the curves in

Fi 9 tical i inst th i I hor i t al is).
Figure 11 15 an | BlAeMEERuatapite sy gt e dgpiindnd Beserout inul Bbres | n-
Figure 9 15{HRnbd flkeddthe hpf2 BB nabd)Sn RARIY BiBPHA iifgieontal axi s)

for the case In
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
pair is 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



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 IggMW@nd

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 (horizontWPouyse) . 20 Figure 13 is a functional and schemisios23ssagr 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 out put  aghda¥ofBlasdive HARKY For Skiriblél as SHbAn Mhctohdlly Hd dehemageutlyiigur e 15
is a schematiC circuit diagramshow ng a practical circuit enbodying
aspects of tRiguprkdeunt VCAY&oltagercon2dlemnpRfierd) 6)3, A0 ard 5N 4ePETing/Sa6482383 7
Best Mobde for Carrying out the Invention A passive decoding matrix is shown
funct i onal | yscaledl versioasat the passiye matrix guipuss, are sumeedrwith Bopralcrd Pati¥6ns rel ate

e outPut hichGhlhday bne B pBls St lyigRld S of 12 ")
S, ", =% (I51- Reonithiws 2 40d 4)TiRSinear combinBR! 141 16,1 1R3¢ a1 2 IBLhIE theSVIOAL hiNRS

t hroughout this docunent indicates 10 nulti pl'i cation.) The center output is
t he sum of t theiriinputstderivethiitorn e lefty righteknteo amlisuriognd twputsioff the passive bet ween

% T R St B bsRAd, Mace St
scaling val YEA Sfdin Rigna BdefritutE N Eindentation sPRiRYhd bR BRbRLEGitn BssRBR Y N9 L.

and R, with a ,
derived outputs having crosstalk from the directions from which the cancellation signals

10 are derived in order to enhance the matrix decoder’s directional performance by
suppressing crosstalk.

Note that, in the arrangement of Figure 2, the paths of the passive matrix are
still present. Each output is the combination of the respective passive matrix output
plus the output of two VCAs. The VCA outputs are selected and scaled to provide the

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)
Rou=RegM2* L +R)+g*2*(L-R)  (Eqn. 6)



15 factor of +'h to a linear conbiner 2. The S,,,, output is obtained by
applying L, and R wth scale factors of + h and -'h, respeghMeloog 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, ,,,. waot4ise exanpl e, the cardinal directions of PEEURBNSZISIe matri 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 left and ¢ ighixq 8RG-gHh*Shouler be unggpstood that the

invention is applicable to any orthogonal 2:4 decoding matrix. A passive
mat ri x decoder deri vesS 2% -®R)w 904l ¢+ IR m aud{BgnsB8gnal s, where n 25 is
greater than m in accordance with an invariable relatjonshi %Isf r exanpl e,
in Figure 1, G ,Ifallthe ¥¢Aniad gainsgf zero, the prrangement w P?Qgﬁ'ﬁ%\ ‘gﬁ:ti ve
matri x decodgr... | Ves i | ik 42 i LA | e

rel ati onshi p.sgsﬂqgf“\%g‘ﬁ“ t%’%ﬁﬂ?& &?%Qééﬁokgléiv:& \ﬁegﬁéry’ﬁﬁ% W&%&??‘gﬁeéﬁqgomi ne

si gnal - degpengRiims homa pasRERARB Upar Widma boiRtaftdclitls. 2r MiympR0 0 aNOOXY 41504
PCT/ USO0/ 32383 -8 sighals of a passive matrix. For exanple, as shown
functi onal | yhabhghimati®nlati cally in Figure 2, four VCAs (voltage-controlled

anplifiers) 6, 8 10 and 1 iverj j a scal ed versions of the

passive matrix output ,mﬁ%@'gg*ﬁlﬁmgﬁ*%ﬂ&h%%er ed passive matrix

out puts (nanely, the tgvmo_in Spal with the two outputs of 5
S

combiners 2 and 4) in Itne 6, 18, and 20. Because the VCAs

have their inputs dergyeh+I ¢RINOSALSO05*R,=OE*LGEARY and surround
outputs of the passive matrix, respectively, their gains nay be designated
g" g1, g® and g. (al ISo%-R30.0 O-Mﬁgt%&*ﬂaﬁ%nal s constitute

cancel lation signals and are conmbi ned with p ively .derjv out put.s

havi ng crosstal k%&ﬁ?"?ﬂ%a‘ﬁipﬁgb"tei%ﬂgx F%%ﬁsﬁﬁo&@é‘ ggﬁ%é{ W%eoqu Fhal s 10
are derived i AE Pfcisk Qalﬁé‘l?ﬁtﬂéguﬂe@@ntWA loXin I&GQ5HRE belod, ik bARAL.
performance by suppressing crosstalk. Note that, in the arrangenent of
Figure 2, the patQOensiitr srhexamplesiFRoe tieadardinal divectiosd {1¢ft, right venter andach out put
is the conbination of the respective passive matrix output plus the output

of two VCAs. Surppsnd)omly thegspectivednps eedenltnfi cslyalled RAU§rsamr aelatipd
15 andL, =-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
Cou=Y2*(1+1) - 0% - 0¥4*] = 1



15 desired crosstal k cancellation for the respective passive matrix out put,
taking into consideration that crosstalk components occur b@nNetZDMkS
representing adjacent cardinal directions. For exanple, a centér signal
has crosstalk in the passively decoded left and right signals and a
surround siVYA&l4is crosstal k in the passively decoded | BET/USHE238B ght
signals. Accordingly, the left signal oufgput should be conbined wth
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 siggnalss@ale gaped oxgpel2pi zed, and conbined in Figure
2 provides the desired crosstalk suppression. By varying the respective
VCA gain in the rErgmlpbutpaiofrom thndesifédl,qt Hesislat ¢algplation will hovf thalthgur e

2), undesired crosstal k conponents_in the passively decod‘ﬂ putf s may be
25 suppr esse&meapplies tp shefaprorfa fanalprly frempong of thepher ireg,ehr Bﬁé’éfjﬁ%{’coi"'ons

SRk (LR ((Eqn, BRETOR S8 a8 ot Bemefses 1o sot1= ne (L
(Egn. 7) 5 (Eqn. 8) If jal Lig«e +¥oAa-gRd Baanr)&fl-goer o, (Eqe. B rangenent woul d

be the sane as the passive matrix. For any equal values of all VCA gains,
the arrangement of Fi dluge2Li*l-§) th#*Bdteghs t he pass(EﬂB Hﬁtrl X apart from

a constant scaling. Fqor e i f al ad gal ns. O
=LC- 0. 05* (Lt i +RJ- 0. 05 «k—ﬁ“@%ﬁ@'k&iﬁ( ﬁm& 05(L R )=0.9*1 ~

lh* L+R'V05*1 70 R30 « L 10
( "h*(l.,-R)- 0. 05*L“40A0g‘*§é’g %Rhtiﬁ) -1t) The rgsqult is the passive

rrat rix scal ed by m thidairdigetheft, eddhlitput {s td dombiatiap pbtwensignalshdl,, &R pr eci se
val ue of the quiescent VCA gain, described below, is not critical.
10 both involve the sum and difference of the input signals and the gains of the sum and

difference VCAs (the VCAs whose inputs are derived from the center and surround
directions, the pair of directions orthogonal to the left and right directions). C,, and S,
both involve the actual input signals and the gains of the left and right VCAs (the VCAs
whose respective inputs are derived from the left and right directions, the pair of

15  directions orthogonal to the center and surround directions).

Consider a non-cardinal direction, where R, is fed with the same signal as L,,
with the same polarity but attenuated. This condition represents a signal placed
somewhere between the left and center cardinal directions, and should therefore deliver
outputs from L, and C_,, with little or nothing from R, and S,.

20 For R, and S_,, this zero output can be achieved if the two terms are equal in
magnitude but opposite in polarity.

For R,

magnitude of [Y2*(L,+R)*(1-g)]
= magnitude of [“2*(L-R)*(1-g,)] (Eqn. 13)

25 For S, the corresponding relationship is

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



Consi der an exanple. For the cardinal directions (left, right, center and
surround) only, the respective inputs are L, only, R onIy 2& May 2804 (t he
sanme polarity), 15 and Lti = -R, (opposite polarity), and the correspondl ng
desired outputs are Lou, only, R,., only, Cam only and So,,, only. In
each case, WA&H#S¥ one output only should deliver one ECHHENBE28Ad t he
remai ni ng ones shoul d deliver nothing. _-By-.i nspection, 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, thenadjiceni dardihidl irbQioRX wRPfevéal the@Rhé tvasirefutionship’e IVOhesworis) s Wi | |
cancel the unwanted outputs. As expl ai ned above, in the Figure 2

confi gurat i owheltﬂiélﬂwmgﬂﬂlﬁlﬁn@$nh%§0mdP@lmfbébﬂ“@ﬂbwtafpladMQmmis in the

adj actenlt k)car i nal dl_r nll;ssgl&’l _ 1":1?{[5%?6“&‘?3'%!?%% tr| & hais ]

crossta i n- phase
i I : d

g, are al F°zer"*%°"d*"§ ‘”‘z"éé;‘%@"*ag@'g%afg fﬁa%??%s#‘?i““ﬁﬂ‘f?ﬂ%m% L) =

0 R-, " =1-51* ~béliver-igthing O1n brdérlsubstarnially toGehiewd iy rbslf) the rﬁd‘ghhﬁdbsofﬂfé thdl = 1
28 May 2004 WD 01/ 41504 PCTI USOQ 32383 -10 S, u, =l h*(1-1) - 0% h*1 + 0*1h*1
0 The onl ytesms pugach of the eanatipns %&shpelé be urgeddowar gaualisy. cThismay®ewi | | show

that t he sane es.10.t si gnal from one. of. t ot her
hree car di neieyRy by RkHTE tOEeee B et gl of pid SR Sighhs bl

equi val ent | yyagehl has: L' ws h*(Le+R} (1-8& + h*( (Erin. 9)
C.,=lh*L,*(l-g) + 1h*R*(1 g,) (Egn. 10) R' " ="h*(1~+RJ*(1-g) - ~h*(L,

R. *(1 g,) (Egn. 11) Soagpitedetof (LKRYW)-g)] h*R<*(1-gr) (Egn. 12) In this
arrangenent, each output is_the conbination of two signals. L. and R 10
both invid ve the sum affdmegnitpds F{leRet (ltgd i nput BEdgAM s and the gains of
the sumand difference VCAs (tﬁg VCAs whose inputs are derived fromthe
center and surround

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



directions, the pair of directions orthogonal to the left and right
directions). C,,, and S,,,,, both involve the actual inpujgsisgabg 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 w@ovHi8ddcent er and surround directions). Consi @T/Us00/3g383car di nal
direction, where R is fed with the sangpsignal as L, wth the sane
polarity but attenuated. This condition represents a signal placed
somewhere between the left and center cardinal directions, and should

therefore delay V%%Htwgi&égz{iﬁmﬁ%li&ﬁdﬁxﬁ‘&% ofktelt dohérdll vause, B hi ng from

R,,, and S.,. 20 r R,, and Sou" this zero output can be achieved if the
two terns ar bappepsautomaticaliydfia tomml boltage sapplicdeequallypbbwith gffechve ofposite’ t he
relationship for this cancellation is magnitude of [1h*(L,+R) *(1-qg)] =
magni t ude of Pelanty) totheywa of apaj Annther alfepativeds 'Pd?eel’sﬁ‘?d‘,‘mﬂﬁg’ecﬂmf’&é’g ndi ng
relationship_i. It x | fs *R A (- ESRward2) A
consi derati oﬁé]?)?&g&@l gha u%ght%ig Or&%ﬁ@ﬁ%lﬁ%&g&ﬂ?ﬁ%@é\il) %t vveeanréany t wo

T
28 May 2004 Yhed iaft by WinPadd1656pdaans - 11 adj acent cardinal directions

will reveal the sane"two relationships. In other words, when the input
si gnal s repr esentThussfoorxhmpe itthe lquicsoentrgaimiy 1{ava paatticad eelaticaship between t hese
Cor espond nHertd SNBSS BBt RBLH HEAPURIEAMGH Bt | ons and {hat the ot her
rosul T the magni tudeE 3t the HS “terms in each of ihe equations o 12
shoul d be ur ged towar ¢ gquaifely. This may be achieved byqseeki ng to keep
equal the relative magnitudes of two pairs of signals within the active
mat ri x: Hagni t udeA aypiqal valuepr (‘3" gight iointherages 1Qite2lof [(1..1-R) *(1-9)],
(Ean. 15)  and Figure 3 shows, functionally and schematically, a feedback-derived control
system for the left and right VCAs (6 and 12, respectively) of Figure 2. It receives the
L, and R, input signals, processes them to derive intermediate L *(1-g)) and R*(1-g,)
signals, compares the magnitude of the intermediate signals, and generates an error
15  signal in response to any difference in magnitude, the error signal causing the VCAs to
reduce the difference in magnitude. One way to achieve such a result is to rectify the
intermediate signals to derive their magnitudes and apply the two magnitude signals to a
comparator whose output controls the gains of the VCAs with such a polarity that, for
example, an increase in the L, signal increases g, and decreases g,. Circuit values (or
20  their equivalents in digital or software implementations) are chosen so that when the
comparator output is zero, the quiescent amplifier gain is less than unity (e.g., 1/a).

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

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

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



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 asag Wpse0045 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 vouioyis® are obtained as with the conbi ners 1BCT/@#0/3283 and 20 of
Figure 2. The invention is based on the gi_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

t hese rel ati mgﬁﬂnps. From t he di scussi on above concerning cancel |l ation of
undesired crosstalk signal conponents and fromthe requirenents for the
cardi nal directi quese spécifically o3 stiewin ieFigure [3atheflQ inpuhis appliEditetheU'defd i n t hi s
expl anation, the maxi mumgain for a VCA should be wunity. Under quiescent,
undef i ned, oV¥CAhanddeoaelnpaloefd lineareombings 2%/wheredhis applied Fifa aling of va) |

gain, providing.eff Lv.e t he passive. mat ri.x. en the.qgai ne VCA of
a pair need'si'qt oﬁ\ei@gb\l‘:ﬁoﬁw?@ rﬁgqpiigtigontpe m%ertzé\hv%ﬁ'oasscﬂlﬁl J§/t1,111(:2trft1“el§)ot her of
the pair smayforhfitl sib@ctdr) Endtie SRERYF cOfbinerCr2 iWBYIEA VSa Fill-WAVR refifiesi t €
direction. One coOonvenient and practical relationship is to keep the

product of t2& Tae Rdnmit it dpplighiorthe dgletVEA 12 hixd togpnd Spihef 2@4r sintider41504

PCT/ US00/ 32383 -12 _analigg VCAs, whose gain in dB is_a |linear function of
their cont r ob6 Where igs aprlied withiasealingof Juk: o Gighh MGA 12 outprtdsanplied 9he age i s

par T Anot nerorite i i At K BRRRE RS BRIR rbible Gl OF chlindt ©

constant. O 2¢RWpsieed th ASull-Ru@eb@fier 28Y THE rdclifbreEmd 28 ditpaitstaaé dpplied, i n
software 5 rather than by using anal og conponents. Thus, for exanple, if

t he qui elcentespesfively,do npminverting and inyerting iipats iob as dpapativoabeswplifiet s t wo gai ns
of the pairs m ght be their. product ch that _g,*g, = 1/a2, and ,&'g, =

) ax. 10" A ¢ oRrRE 98 cifrengal sapiicr b sneiten o huBicarpiod copfelienal’y e o
shows, funct {,qRali¥redPdn SEETET G # Ypplidd WiRGRAMEr & to\h £ Bort@lting

input of VCA 6 and with polarity inversion to the gain controlling input of VCA 12,

The error signal indicates that the two signals, whose magnitudes are to be equalized,

15  differ in magnitude. This error signal is used to "steer" the VCASs in the correct
direction to reduce the difference in magnitude of the intermediate signals. The outputs
to the combiners 16 and 18 are taken from the VCA 6 and VCA 12 outputs. Thus, only
a component of each intermediate signal is applied to the output combiners, namely, -
Lg, and -Rg,.

20 For steady-state signal conditions, the difference in magnitude may be reduced
to a negligible amount by providing enough loop gain, However, it is not necessary to
reduce the differences in magnitude to zero or a negligible amount in order to achieve
substantial crosstalk cancellation. For example, a loop gain sufficient to reduce the dB
difference by a factor of 10 results, theoretically, in worst-case crosstalk better than 30

25  dBdown. For dynamic conditions, time constants in the feedback control arrangement
should be chosen to urge the magnitudes toward equality in a way that is essentially
inaudible at least for most signal conditions. Details of the choice of time constants in

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



systemfor the left and right VCAs (6 and 12, respectively) of Figure 2. It
receives the [|., and Rt input signals, processes themto deggg 2004
intermediate L,*(l-g) and R *(1-g,) signals, conpares the magni'tude of the
i nternmedi ate signals, and generates an error 15 signal in response to any
di fference WAOHEIGH t ude, the error signal causing the VCRETAUB/32Yuce t he
difference in magnitude. One way to achijgve 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 polarity thaterabhyp circfiith&ers 3 dhBsch 33 povide abbift 2b dBrGBSkive NCr eases
g, and decreases g,. C7Tcuit values (or 20 their equivalents in digital or
sof t war e i npfeediank and snthit the ¥CAImins camot tifeadbowhenityt Ehe ViOAgainamay vanyt put i s
zero, the quiescent gﬁ)lifier gainis |ess than unity (e.g., 1l/a). In the
anal og donmi FOMFOPE & laﬂpe%‘”&aﬁ‘l’len'b‘laeml?sﬁéhaéd'ﬁf’fiﬁrql’s‘&%’q‘ﬂﬂtction isto

convert the { ' t e el k. onpar at or
subtracts t ﬁ%%ﬁﬁﬁ%" sgaelgngre% rﬁﬂ %&%eﬁ%@eﬁrﬂg%ﬁny na&n@ﬁ)hg VCAs have
gai ns prapor &w&ahedt@pﬁﬁfgaes 2XPAnEst Daé tof the n&RARYY Rbdbabg TR arranBerhdh@bf t hey

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

| ogari t hm caFigyretthwidbact bmipdd the signals entering the sdctifiers approxdmatelyf equalpl enent ed
digitally, it nmay be nore convenient to divide the two nagnitudes .and use

the resul tants asSIBetaEEXagt gansIre pat sritical wihgh Gisy arersgially fy ofies rdatiqnstip o004 Wo
01/ 41504 PCT, - |+ r LEi Gal in

Fi gure 3, thg@? ?ﬁ% nlosfjogf)%ﬁﬂghﬁ]? (E)b'S % %%MYag?ﬁ&&g&&g%gﬁ%Ttr%&otﬁg%put of
a | inear conpiityexillddussh@itariabecep@blap@ited With a scaling of + 1. The left

VCA 6 output is applied to the conbiner 22 with a scaling of -1 (thus 5
form ng ¥ subt r actherfpedinck-demaedennpral systemdontiie genterand surreind| Vieds (dand

full -wave rectifier. 24. _The R . input .is. lied .to the ri VCA,12 and to
one. i mout of (G TFiPRiYEY BE Bl s seRignuntl e TS plsaraneeplepOLF IR Ay of ¢
1. The ri ght o NCACh2QULRNing e 2PN 1 Guf Meik Bin ahPEHeRRE: 28 Aphibfhedsscal i ng of
-1 (thus formng a’ glgbta%actgoﬁtigngltehghgﬁt ?)ut 0 1corrb‘ll';ener a‘ﬁgg |gs applied to
a full-wave oepits fromrvRAR .6 ahb&/Q2 22 (doheitutidd asoochpainoof the tespextiee appl i ed, 10
respectively, to non-inverting and inverting inputs of an operational

anpl i fi er 30interypdiatgsigay) wcombinerst ¥radiZlal anplifier. The anplifier 30

out put P{sOV! des am%%’,”% fli%L dgglr&nc?ij 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



in the nature of an error signal that is applied w thout inversion to the
gain controlling input of VCA 6 and with polarity inversiongtatdie4gai 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 si gnaWoPH41§%ed to "steer” the VCAs in the correct PETAUB®IRIA to
reduce the difference in magni tude of the.internediate 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 conbimﬁﬁdaglargﬁhmmrmhgmi@gﬂn_— R g,. 20 For steady-state signal
conditions, the difference in magnitude nay be reduced to a negligible
amount by provi dilﬁg'tee‘miiﬁyrsaroli@eagahat.is,ﬁbmdveutputbweitﬁwﬂmmeﬁgém o)
reduce the djfferences in magnitude to zero or a B_er(‘gl,i i ple amqunt i n order
o achi eve " loaySmsENtides, (e CUBRar . BiIoT oI B ediRuRE RIG SRR DDl 1
sufficient t dBe: : t : :

heor et | cal | o SFHEEIERRE 3t ilend B TRARE e Bol LK Byl gL RN e,

dynam ¢ Gondmbgrimdes, tHaii 16 tiedév@héxprésiedtihdBf £ edbibactiongriforntdd atheangenent
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descri b heloapgaip s indeneadant effovdnest, parchencetalihg deasen of ussingfay@rdss 2, 4 and
>. Due to th%g:ﬁrgﬁgé @X&m&%ﬁﬂ%@&rﬁe %)%t{ﬂﬁtle%urdg&g.e'm%mgtrery FA&E&% ot @quk act to

hold the sig nhterin ers approxi matef y equ ncé the

exact gains @gfogdfthnfié bdcliigts wilh&ddsd Qpedictichiiitbly, ariHerefoh@iheretkialtbe@ns hi p
that forces the gain of one of the pair to a smafl val ue whenever the other

ri ses towar deputithicsholdbdléw evhichahesurging dowadcappalith vall cease)| Howeved, thhe
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10, respect i F&His hat centpl pan be mainiaingd pven ;78 qrynqre; g rangg withgutithganeed fat g e nent

of Figurg 3, exi’l%ordinarily high loop-gains for high input signal levels, with resultant potential

problems with stability of the loop.

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

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

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

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



descri bed, but receiving not L, and R, but their sum and difference and
applying its outputs fromVCA 6 and VCA 12 (constituting azgamonpat 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 siYA&V418Endi ti ons using circuitry with no speci & T/Ugesisdnents for
precision while enploying a sinple contrjgl- 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 anmplyith dgestabitfty bhhe lddper nedi at e 20 audi o signals in each pair of

I nternmedi ate audio signals are urged toward equality. The feedback-derived
control system shBvinpiohlefi qnibe eBminatet by lemploying NG Aswhésetghia in dRds VCAs 6 and
12 inversely to ur the inpyts to the rectifjers 24 and 28 towards
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greater the im@atrglatolagd sich a8 ANV IWIR theR Gil@l thd sameldB changd inGglamowliepsver ds
equality will occur irrespective of the characteristics of these elenents
(provi ded of thesantsal vokiage powithindis sanges Suehedeyicgsare seadily availahleas apalog Kguce t he
| evel differences), In practice the conpar.ator pmay . not haye infinite gain
but tray b 2B AR Gt A% SRABGA 8 b o serievd TR e as
subtractor Wfhleddnifos 9ain. If the rectifiers are linear, that is, if
their outputs ‘are directly proportional to the input magnitudes, the
conpar at or or subThegeéferredehipudimen tierdforeciriploys dfgatithmisregtifiers wal t age  or

current difference. If instead the rectifiers respond to the |ogarithm of
thei r i nfut expepgpiREYerntrolied variable gaip amplifipatippy deliveningsaerg neprly pnifogm

subtraction pecfaorned at th C r. at i nput . i s.equi.valent, t ki ng the
atio of ¢ heCTATBIP gy el Rpm PR p Bl ovef RiVhad o ity Bbis e b "0 o
i ndependent gfiol fethe Re®Inphtasignagnal | evel but depends only on the
difference in signal expressed in dB. Considering the source signal |evels
expressed in dB Siocerigthbmen hemping thegrrdeptidnnfaliregonde peticonstant with neans t hat
ot her things _being equal the 10_1oop-gain is independent qf |oudness, and

hence that t FeAWag dds 8¢sirahlgiteprin Zooueney Wefghting tosthe signals e ¢ of
absol ut e, d OUANRRS. (o'as FPIFpRARLY thofrdda¥iRhes it cSRHBRE 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



the logarithmc rectifiers will cease to operate accurately, and therefore
there will be an input threshold bel ow which the urging toyagyayal ity
will cease. However, the result is that control can be naintai hed over a
70 or nore dB range without the need for 15 extraordinarily high |oop-gains
for high inpotLgsygnal | evels, with resultant potential PCOUBWSR38H t h
stability of the loop. Simlarly, the \(GA&s 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, fE@ddck aRfseticfts ABRABRIS icBnrePRYn" With M@hfele 20 woul d cause | arge
changes in gain expressed in dB. For exanple, consider a VCAwith a

maxi mum gai n of uMbteyspecificallygjini Figute dnthietli, and Rdoiihsicire dpplied st toapassivesyst em
configuration, %,r}.ﬂ a control,k voltage V, that varies from sa g to.10 volts,
so that the Mguixfhatdpelpdes gombiners ¢@nd ¢ apinthg Figure 1 ppssive patrixoR igyratiqns

maxi mum a 1 R My SAY, . dgldvers a
gai n change g?e %ﬂl}%mvoé‘dsg%%l}lgg%g)gga He%b(%u (Bl%%g a@%gbg&%mﬁs@r?u%h

snal | er, 53 18PamMoGina gt of 4 Bivabedmblitd 38 iR scillhetT! -+ M eThe RtOATA 3ghange of
20*1 og(200/100) or 6 dB. As a result, the effective | oop-gain, and, hence,
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change 5 in control voltage such as 100 nV wll then give the same dB

change i ¥ galthe Qupyte obgombingss Foandrds are, the siggals Le"(Ined mdR L) sesgectiveltic h
devices are readily .avail,abl e as apal og.l Cs nd the characteristic, or an
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exponentially controlled variable gain anplificdtion, delivering nore
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circuit then controls the gain of VCAs 32 and 44.
15 In addition, still referring to Figure 4, the "center"” output of the passive matrix
from combiner 2 is applied to the "center” VCA 36 and to one input of a linear
combiner 38 with a scaling of +1. The center VCA 36 output is applied to the
combiner 38 with a scaling of -1 (thus forming a subtractor). The "surround” output of
the passive matrix from combiner 4 is applied to the "surround" VCA 40 and to one
20  input of a linear combiner 42 with a scaling of +1. The surround VCA 40 output is
applied to the combiner 42 with a scaling of -1 (thus forming a subtractor). The outputs
of combiners 38 and 42 are the signals Y2*(L +R)*(1-g) and 2*(L-R)*(1-g,),
respectively, and it is desired to keep the magnitude of those signals equal or to urge
them toward equality. To achieve that result, those signals preferably are applied to a
25  feedback circuit such as shown in Figure 3 and described in connection therewith. The
feedback circuit then controls the gain of VCAs 38 and 42.
The output signals L_,, C,,, S..., and R_, are produced by combiners 48, 50, 52

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



ratios of the two input signals. Since in human hearing the perception of
direction is not constant with frequency, it is desirable $9prgRRIgn4sONE
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 WAM/85¥e- enphasi ze those that m ght | ead to | REPPEWHERIBAL e
steering. Hence, in practical enbodinengs, 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 risingcoRSdHemsst thvifterhdiatd ikt Swidse hia@nifided &t SougAn@De kPt dyailp t hat
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Fi gure 3. I\/bfﬁjzmg&pg%tli@%%ﬁgléf %r@?@%@rgfe%@ﬂwgﬁ] s%-ﬁ—m?ﬁgd}?g&g?‘e applied
first to a passbive 520Eheiright VEA 44roatpudBspplisdbvited salngaefd 4toaS,, icombiner Fi gur e
1 passive matrix configuration. The 4 input, which is also the passive

malt rix "10ef tni(') @mwl:l a sqa??]apﬁaﬁﬁefw_&o@cq?ener| 534 ?r‘:levlem?rfvgé %gtn"élsfﬁ@:qdnput of
a linear conbinper 3 scal,i.n . le ou S
applied to awggﬁﬁfaﬁ’@g%ﬂl '\R/lir"%c%{"t%%lz'lgr?ﬂgb"f‘ h-alscfel{"ﬁl?g Ri @%‘ﬁ&mgmesru%#r actor).
The R, i npuipe Whidahd e APt S PRI With F8dalihg of 111181l VEUI4BUnd with APP! i ed
to the "right" VCA 44 and to one input of a Iinear cOhbiner 46 with a

scal i ng of +schlingloie+d itgRy, WCAS44 output is applied to the conbiner 46 with

a scaling of -1 (thus forming a subtractor). 10 The out puts_of c%nbi ners 34
and 46 are the silywal ge poted thatjn variepsones of ths figyress fRrexppplegn Figyreg 2iand; o
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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



equality. To achieve that result, those signals preferably are applied to a
feedback <circuit such as shown in Figure 3 and descri bed iﬁgmhi 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 nmatwWORlI/41#om conbiner 2 is applied to the "cent ePCT/UEW/3383and to
one input of a linear conbiner 38 withja.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 matrix fromconbiner 4 is
applied to tBene'cutulsimme feddfbaciBrcitslincRJOHR Xas%ﬂelnmm cothpoRents Afiadre CONMbi ner
42 with a scaling of + 1. The surround VCA 40 output is applied to the
conbi ner 42 wiffi¢iera irs themsaivesoflt will l4orhesnofed tivit iytha Figune § acrangeinentTthe out put s
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be kept equal)yqto provide cancellation signal conmponents and either or
both input signals so as to provide passive matrix signal conponents. More

speci fical |y, thaniFigt 55ihgfalr ikermediateosgmaisele WLIFR (5], [RFAQRY*(12 to the
L,,,, conbiner 48, with a scaling of +'h to the C,, 5 conbiner 50, and
with a stal i &y [H*Le(hedle 2ndBa Y * (L thereqeationyRelQ, dp and 42 asgpbtaimed by
applied with_a scaling of + 1.to the conbi ner 54, Wt cal i of + h
£orC. combi AEPEGE i haSye malsik Sug agp §F Menrgayeq v sublagfialo BR8P T10" o,
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of -1 to L..desrehippeiing taoldibe Mpgnitudesf thenays of signalsiequad. The feedbaghi ner 54.

;23 surt g nd ¥t SPFQUIPH L oAl R e igltd & obhaizGlibh $add et oliPuls% e VCA 48
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)



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 initialbyg g that
cancel l ati on signals do not oppose the passive matrix signals (for

exanpl e, sonme of the cancellation signals are applied to conbiners with the
sane pol ar iwQoEt5dhe passive matri x signal is applied). POWEWI32388 N
operation, when a cancellation signal _hgcones 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
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Figure 5 (along with the conbination of Fi %ur es 2 and 3) configurations
are equi Wal emgcurateratching efehamgteristicg of the fsigndiaad centenl paths @nd dreeclosedrloopyt put s

f Fi 5 .h t Fi gur.e .4 th nbi nat i f
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in the equations 9, 10, 11 and 12 are obtai ned by processing the passive

mat ri x out putanfignrtienseof tiecinvendde dredperfect't in diot sedsetthatdey sauzce fed intol 8wily ed

outputs. The signals also are fed to the rectifiers,_and conparators of two
and R, inputs with known relative amplitudes and polarity will yield signals from the

15  desired outputs and negligible signals from the others. "Known relative amplitudes and
polarity” means that the L, and R, inputs represent either a cardinal direction or a
position between adjacent cardinal directions.

Considering the equations 9, 10, 11 and 12 again, it will be seen that the overall
gain of each variable gain circuit incorporating a VCA is a subtractive arrangement in

20  the form (1-g). Each VCA gain can vary from a small value up to but not exceeding

“unity. Correspondingly, the variable-gain-circuit gain (1-g) can vary from very nearly
unity down to zero. Thus, Figure 5 can be redrawn as Fi.gure 6, where every VCA and
associated subtractor has been replaced by a VCA alone, whose gain varies in the
opposite direction to that of the VCAs in Figure 5. Thus every variable-gain-circuit

25  gain (1-g) (implemented, for example by a VCA having a gain "g" whose output is
subtracted from a passive matrix output as in Figures 2/3, 4 and 5) is replaced by a
corresponding variable-gain-circuit gain "h" (implemented, for example by a stand-

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



f eedback circuits, as described above in connection with Figure 3, the
feedback circuits desirably acting to hold the magnitudes éMdA}/ezd%i rs of
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desired cancghiRid £ hi M%@ﬂg@m B, {shpliQNo G 2lel VAtA Bi hihd #ns does

not depend on an 10 accurate matching of characteristics of the signal and
cont rol pat hgain hrtd ptddececthe feetmediate signahlf, *g.u Mhe M'dgis” gutpattdf yherpassriee t he need
for precision in the circuitry. ldeally,  asi de‘fromedpract_i cal_circuit

shor t coni ngsMatrke whichagisa e simess the input signal R,, is applied to a "right” VCA 70

15  having a gain h, to produce the intermediate signal R,;*h,. The "center” output of the

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

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

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

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

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

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



configurations of the invention are "perfect” in the sense that any source
fed into the L% and R inputs with known relative anplitudgsnaRcopal arity
will yield signals fromthe 15 desired outputs and negligible signals from
the others. "Known relative anplitudes and polarity” neans that the L, and
R, inputs repoE&lelt either a cardinal direction or a po¥CTUSRWEween

adj acent cardinal directions. Consideri-ng-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 arrangenent in 20 the form (1-9).
Each VCA gai svurnhat és panhddosiockwisearduny selistener ina cirdle, statting dcthe deangndini ty.
Correspondi ngly, the variable-gain-circuit gain (1-g) can vary fromvery
nearly uni t§eidfbvia thedeBgepter fragls rigitiagd backgo therredre Theaiasalle ads Fmgasuee 6,
where every VCA and .associ.at subtract or s _heen repl aced b \VCA

Al one, “wioscOtHy e T BGsoeasr ik isgh o Bceioest e PGt G Brate bopb el ¥\ cas i n
Figure 5. Th K i - QA Lel Gl b Is i ol d, for
exanpl e by a%(@ﬂﬁlggid%% a gg@n&ﬁgﬁfr{mbs@%gﬁgﬁ@ Et}l{sad S %%Kr‘ gbéigéa ro?r(fa
passi ve Bat ra by eietfolldwing expresiogysr es 2/ 3, 4 and 5) is replaced by a
correspondi ng variabl e-gain-circuit gain "h" (inplenmented, for exanple by a
stand- alone VCA having a gain "h" acting on a passive matrix output). If
the characteristics 28 May 2004 WO 01/ 41504 PCT/ US00/ 32383 -21 of gain

"(1-9g)" is the sane as gain "h" and if[t{e-96®gdback circuits act to
maintain equality between the i ¥a% Qg lfle requisite pai(gén.qu?i gnal s,
the Figure 6 configuration is equivalent to the Figure 5 configuration and

will deliver the sanme outputs. Indeed, all of the disclosed
configurations, the configurations of Figures 213, 5 4, 5, and 6, are
equivalé t to each other. Although the Figure 6 configuration is equivalent
and functions exactly the sane as all the prior configurations, note that
t he passive matri x does not appear eﬁaficitl but is inplicit. In the

qui escent or unsteered condition ggf- &ile @i ] confi gurations, (gdae 1'4HA
gains g fall to small values. In the Hi guB&® 6jconfiguration, the

correspondi ng unsteered 10 condition occurs when all the VCA gains h rise
to their maximum wunity or close to it. Referring to Figure 6 nore
specifically, the "left" output of the passive matrix, which is also the

sane as jshe in DUtThﬁi;eg:QQlouéto’-ode%a?ﬁm%ib%gve%rp tha ﬂ&aﬁ‘fe&é} o W ttﬁ:‘l‘x‘aﬁ@}ﬂf g 2

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



gain h, to produce the intermediate signal 1~*h,. The "right" output of the
passive matrix, which is also the sane as the input signal 2§%M fpoapepl i ed
to a "right" VCA 70 15 having a gain hr to produce the interne ate si gnal
Rt*h,. The "center" output of the passive matrix fromconbiner 2 is
applied to WO'0EdEAMer" VCA 66 having a gain h. to produc8CHES(0/32388 nedi at e
signal th*(Lt+Rt)*h,,. The "surround"” output 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 i nm&fﬁ:@&tkatﬁlahhﬁhiy‘%v@ahﬂ&gins%ﬁalphiabfvhtasm g fdetbackdededder i stics
are the sane as the (1-g gal n characteristics. Generation of control

vol t ages An amugesssxstem hqkh:et & oprofudt cansipnh| Wlth@mr@p@éﬁyicm%hﬁé’&%fﬁdw h

t he enbodi nen scr.i b d thus far, i t er under st t he

present |nvenEhiab?f RHENT R %résfﬁhﬁlgﬁ'l"r? t‘??o?%?ﬁﬂlst g'és RS Btpmgﬂ g'ggn
nvent | on maY ybeaAPRliieflsh e dehi KRGE ibYa mﬁyabgumeatémg@&astrem

each associ at a difection roma pair I o I nput ™~ signal
streans. I, the fobemthgthediyak Yighdls by Deant &5 ettiag el prodiet of the! VOAag ik )y
consi dering an audio 28 May (2004 WO 01/ 41504 PCT/ USQ0/ 32383 -22 source
that is panneélld:&@ﬁmt%yaammumms shifigieathegreptioep-gdin diakthe sesultant HERINg t he

rear and goip e left ce nd ba he. rear. The
Vart abie a° stebatisaigly sGomplete Hedreabpsiiautd bl Siemia Ty & HioER

respect to a ,;%sg(g@%&nsgbﬂgtqﬁgﬁﬁlogmfgquﬁ nlid&iisgegar and 180 degrees at the
center front. The i nput magnltudes R are related to 5 a by the

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

|Lt]|-(1-ghy=| Rt | -(1-21) (Eqn. 18)
In addition,
gl-gr =-a-1-2- _ (Eqn. 19)
15
Clearly, in the first of these equations, the absolute magnitudes of L, and R, are
irrelevant. The result depends only on their ratio L/R,; call this X. Substituting g,
from the second equation into the first, one obtains a quadratic equation in g, that has
the solution (the other root of the quadratic does not represent a real system):
20
1 [X-az-a2 +Ja2-0(2-a2-2-x-a2+az+4-ﬂ (Eqn. 20)
g= 2 X.a?

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).



15 There is a one-to-one mappi ng between the paraneter a and the ratio of
the magnitudes and the polarities of the input signals; usggg&%ﬁujgads to
nore convenient analysis. Wien a is 90 degrees, L, is finite a g, S
zero, i.e., left only. When a is 180 degrees, L, and R, are equal with the
sanme pol ariwQolgisek er front). Wien a is 0, L, and R ar&CHgsaB2388t wth
"opposite polarities (center rear). As i.g4explained 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.
I n practice, the TheadbbveRrsulfsiagifor tHeQIYR, feedifASPa&kRE Somfct s@amer The y pl aced
further forward than +/- 90 degrees relative to the center (for exanple,
+/- 30 to ASswwdiffeemye faedbagk-derbed gontrol aystamnadts/inresmatly dhgsamelmeanaenyl e wi t h
respect to the listener but is an bitrary paranmeter_to 25 illustrate

I .
panni ng. The a 'ddl e of the
yieldig pits PBS%E%%WF‘HZ’EFT%W% B3N & awva i Figure & Reaid.dy

hori zontal ayj = ) e e e left and

ri ght extreéﬁ%zgggr?gg%%gﬁr%gﬁgsﬁm tﬁtg?frgntétf Eﬂlk%qgfdé%gasﬁe% above in
connecti @n Welsdwielre; wihils @i différente @hinfrisgdioainily abthe eav.eni ent (Eqn. 17A) 28 May
2004 WO 01/41504 PCT/USQ0/ 32383 -23 and practical relationship between the
gai ns of a pair Jf thedeedbpck-derivedcenntroksystem Vel gaivs fiencad or {heespanedt efdhe hej r

product const ant yth expgnent.ially.control ]l ed V. ed so. that t he
o n ot one. Pl valleeS. KR OE PRI GRAIR, e i AL BRI D BT ol |y
when the sa Gont efg! f : ' ' di ment
of Figure 3. Ega%gﬂlo({f?irl]egga%ﬂgei‘lburﬁbﬁ?ﬂz?é;%ggus&%?ﬁ%’ gﬁéddhlll?g,@&\éée%}? Ii;eﬁgmﬁﬁppr oduct
of the VCA gtedyRgand sanddifferemgtahtrél voltdges, namely, drsmpunof thelfdedigackent | y gr eat

| oop-gai n that the resul t ant urging towards_equality is conplete, the

f eedbacklOder derived ceontiol systesy/s eampasron-roupasatar Aol Fgure 3¢ FigweA shewsideso t hat

the fol | owi nEeRHRLAPRe sinffterdibb Ssfiror forhlls, e 18lel Tlba Gle: Yiboky 18) 1
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



glgr=a2 (Eqn. 19) 15 20 Clearly, in the first of these equations, the

absol ute magnitudes of L, and R are irrelevant. The resul gdgpenga only
on their ratio L,/P.,; call this X Substituting g, fromthe sécond
equation into the first, one obtains a quadratic equation in g, that has

t he sol uti oMOQY/418040t her root of the quadratic does not r @0T/E8®WL38A real
system): 1 [.X- a2- a2 + a2(X2.a2-2X a2m2+4X) 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 |l ow value at the rear to a nmaxi num

of "unity wheavmb@uaéisilapmanasmea%&ntﬁelp@éasgg,?ﬁmoﬁaﬁﬁe}nmn{aﬂrbef alI's back

to a low value for the center front (a=1 In the right half, g,
remai ns verymonadl by ofSetting faddingam dutstsantigt a consthiityto) ar, scaling azeret botheftet in t he

m ddl e of the right half of the pan, _risin%ggo unity when a is 270 degrees
(right only) !eﬂmqwargﬂ fggonepigontraipsignale sp Uigd e 2yn'ss crosyatprefetsbve resul ts

are for the }al(lg’og %ﬁﬁ%@%@f&g%q%-§9£ﬁ\fe%lr R f—%@%ﬁhvér Rl‘ﬁctio?ll.J rﬁog iinisiaﬁ&éa;.nce

f eedback derive em ac I'n exa e sanme manner, yielding

plots of ssumpgate 1hoRs the@hhé BHRMTR A Figurd) 10 efcestiRNIhd suntFdiffefedesdvolidgai n, as
expected, the sumgain rises to unity at the center front, falling to a | ow
val ue 5 el sehischeen soaled by 0t 8;ovith the esulhthet hamaximugesow gcaund atyp=rdl deprees.car . | f

t he feedback-derived control system VCA gains, de d .an the expqnent of the
control vol tage, B&EXpctlyithr-sagie @“P‘e&o'BPPEg‘éit'I‘Fe‘HY?'P"gﬁ%fH“EWéo%ﬁt"ﬁgﬁ tﬁ\°’/ol t age

depends on | B ORAAHEA i o SIS AR BB oY, One

can derive expressi erence control vol tages,

nanely, the ceottipttigmil cile depioed afibise bthaxilturh vadirciant pradetdmitied postieronpar at or
conparator 30 of Figure 3. Figure 9 shows the left/right and the
suni di f f H eneerraspanding to thel righg back of ithe listenere ot 3 desired andl predetermined uelfari vel y

instance, 360-31 or 329 degrees, 31 degrees the other side of zero, symmetrical with
the left back). Itis a left/right reversal of Figure 11.
Figure 12 shows the effect of applying these derived control signals to VCAs in
-such a manner that the most 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 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



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 scalingsg s foasible.
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 iWOOH#5#r ont half. Due to the symmetries i nhePERUSI$2383e curves,
these crossing points are exactly hal f.-gay 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

inventor Jangg oWerktfondiiiiher é6huh Q¥Bagtd\Alost InakitalRSat alhddt Ady déGirddvitd r om t wo
mai n control signals a further control signal that is the greater (nore

posi tive) or of the smgnifudesanduelative paddritios of hand Ro(thainpitsigghls).hat prior art
derives the main control signals . in a different manner and nakes different
use of the resultant cont AS adeptFematrix-yith more than fope pyigtss 5 sj gnal equal
to the | esser of t.he I L0 qFL .Qur. l. | @R@tgﬁ!a i ses to a
maxi num when a isﬁlﬁg&%ééﬁ@%g{l& att‘aq;dsp, ; ﬁeg@gmgg%‘)e/eeé\?ﬁ re eu%drolﬁgi nal two

curves Crssgsns hdded 8y cdnedl vi®astesiroable nQhoselasespnedwerofout pessiRy i ved
control signal to rise to its maxinmumprecisely at a=45. In practical

enbodi ment s, cdntellatioptesthe derbled viadiout VEAs,dwd iceshdVCAreliched a ohaxigwni gain,

representing |left back to be nearer he back, .that is, to have 28 My
2004 WO 01/ 48°8SmllpeRitysdonn spuepat ope ot the fqup cardinal difectipns and LoFEeSPONYINE, ces .

The precise {0 ' by Qf | addi ng or
subtracting ga;é:%{r?s ar‘f%H uf gljgﬁoc;rm)ssggﬁé ﬁlgadgﬂ}g&oqe?%gﬁﬂﬂbﬁg@h%agﬁjf ??.Il’el( ght and
sunt di f f er engRieaDwhy sekfest if il enahitAaignhliRhiedbetween 106 adjacent capdirdler r ed

val ues of a, before taking the nore-positive or nore-negative function. For
i nstancel0 5 direptioes vidldeshlisile or hething flemopituss other than thpsgspaespondingwghe t hat t he
sum di fference vpltage ..has been scaled by 0.8, with the result that the
maxi mum now B¥% %ce%%aﬁil@ioﬁgb'f'ees. In exactly the same nanner, conparing

the inverted |eft”f'ﬂi% Pﬁﬁci 9%&%e)é‘féﬁ&&dwﬁ‘cﬁkr@!ﬁféﬁgtviﬁmbﬁitﬁzﬁ%ﬁﬁ&ﬁp@@d

enploying simlar offsetting or scaling, a second new control signal can
be derived whosieh Baes, heysmLis fot pededn” ddedrwanied aigngle siay istih be hlficienty
corresponding to the right back of the |istener, at a desired and

pr edet er mi neepngelied dhat ithesresiicis audiblp upimpgiresrocrgsiplic cSee, for cyayplecthe sike ot her
si de of ' Obutgtyt%:rc Iof: f}igu}’g 1t3h 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



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

cardi nal diweet416¥s, so these derived |left back and ri gRET/HEWIB2PEA gai ns
rise to unity when a signal is placed atz7predeterm 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 Cupd@fah witifhe efitioiy B QAL Ob*RY ahd RESS= RSL BHIS, [HRmd)ibigapar amet er
awll be different, but will cross at points that can be chosen by

sui t abl e scalpositivesoefficiestetypically, less shanul, forexamples 9.35. WNote theysymmery thatigci fi c

I mage positions other than the initi%Ichour cardi nal directions can be

) d
derived by §°‘ieé§e§8?]-t?m§§“%%‘?‘h?qté‘ﬁ’9 egexpecied 1 any pracgfcalSy§i§&si i e to i nvert

0, P R T ORS Dh 1, y ShE e,

positive) rather esser negat | I cation of
the mai n £on{3%0s9L 193] $6 ind I8P ¥eReive Giultipls Rtise C@ction tehf hdines #00,ng t he
greater or |esser nm alternativelt}/ consi st of a non-linear operation

i nstead of  d92,i i4athih, 10% 1001130 11411464 118y 120 andli2Rhap requiredtp pangel thepar ent
that the nodification allows 28 Nay 2004 01/ 41504 PCT/USQ0/ 32383 -26 the
generati on oP3FYP X %‘M@oﬂ%ﬁé@‘é@s% BWB%FH'&‘#}?V@W PR¥ M any

desired rati ﬁ'spugf n&:gﬁgg?g%é#gg%fmsr(ﬁéﬁhbm RbMbinkfichS oP thelinpuhaR  (the

| nput signals). ve rrx wth nore’than four outputs Figures 2

and 4 showed tHelaputampltipBédMey theigainsofEGA N ane desdrilddi abeve; diecéCAstreon 5 terns

added to cancel unwanted crosstalk. In those cases, there were four

possi bl el0 capremralled sothat theingaipseriseta ynify for psardingiaput copditienand AEA reached a
source at one of the four cardinal

maxi mum gai n eper al | |t far..a
di rections aﬁ@sgﬂ{‘]aﬁ@ss%ﬁ%ﬁﬁ o%%r cogdx&grm. nant output fromone of the four
outputs (left, Cephéonfiphratiin GFgur€a3 has shGardinXHiIRBIONS,SprEBEERY inpiits LNe
g
sense that a signal panned between two adjacent cardinal 10 directions
yi el ded | i tt hsd Byindefisadirgjativeonagnittgestasd polanitiess ¢aah of whisk shasld gsyloindi ng t o
the two adjacent cardinal outputs. ) ) . . .
signals from the appropriate output only, with substantial cancellation of signals in the
15  other five outputs. For an input condition representing a signal panned between two
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



This principle my be extended to active systenms wth nore than four
outputs. In such cases, the systemis not "perfect," but u ogi gnal s
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, VéO P18 onal and schematic di agram of a port i BET/UHP/32A83 act i ve
matri x according to the present inventi.@g. 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 OiheembadimeRUIFighe 18, des@ibbdbdldw). | Friel galns @ the(six YCAsaritr front
20 (C,,,,), right front (RJ, center back (or surround) (S.,,), right back

(RB,,,) and iwebidamxaokith FipBe 7, (8, leffand g lrighOhFigeref& @nsunnand! & wiffesenee) amdt put s,
the initial gi%ssive matrix is the same. as that_ aof the_ four-output system
described abBigere(l? @ Jefiiack andg, sight back).c The ransellaen sjgnaly are spmueqwith -5 o py
one- hal f and | | ' ' (A t he
conbi nati on %’? %Ei.s%vg%natrtfgxséﬁjfé %ﬁﬂg&h%ﬁc@cﬁ%ﬁ 8&%@%%@@%3#%“‘;“9 |zr?ear

conbi ner 582 {ifvadfed\rbEIke M deRéritRAGKlowand a direct R, input). There are two
addi tional back outputs, left back and rear back, resulting from applying

L., with a scal i r@nedsfrrivesah therequined kangeliatian imixjng edeffidientofon eachfadinak onbi ner
84 and appl yin ., W.th a scalin f - nd R .wth a scalin of 1 to a
i noar conby PPt cobtilering prinpisgrnds s YER A SN BT RUBR ¢ he i nput <
in 28 May 20 R WZ&%& 0 W he

equat i ons LB&QGC@’%%{"%%‘%% ou, = ,ns??%wﬁ%%k&r%g?ﬁ%ﬂi ﬁsthgé positive
coefficient éopisgmding cheifil dietiod, anfl ¢4l Sxayfroneunity. fably ity & e ispperet ry

that is not essential to the invention but woul d be expected in any
practical0 sympeenaway. Figure 13, in addition to the passive matrix terns,

the output linear_,combiners 5 (88 9 4 96 and 98) receive ltiple
active cancel | at i'gws’?;.éf HE‘LE{“EFn"}ﬁ'ﬁggs_efg&qurm@?miw,n%é?c _ o ﬁTOs,lg"_ 2,

114, 116, 1lgngikidhs ﬁ:?@erﬂt@r?f}onﬁsriglﬁghly! Rht bAckC A& babihGot # RAPLatinaTaL I X

out puts. These terns consist of the’iInputs and/or conbinations of the

I nputs nul ti girdceion imythe fiee-gatputcase) andlef baekot shown) or conbi nations of the

inputs and the inputs nultiplied bé t he gai ns_of VCAs. As _desgrlbed above,
the VCAs are 10 depsidgtinggtall she ls§outpHb Le. g‘af'ﬁsﬁ"ﬁ"é’@“E wodificatipnob FIgdre ar di nal

| nput - condi tyOny A0G AL fie tSHPRSA N Asdive AMRK! £ To%an@) Be'oufaP@hid A0S
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



The configuration of Figure 13 has six cardinal directions, provided by
inputs I,, and R in defined relative nmagni tudes and pol artgh@ag,,z(@gch of
whi ch should result in signals fromthe appropriate output only, with
substantial cancellation of signals in the 15 other five outputs. For an

i nput condiWP8H4BEpr esenti ng a signal panned between t wPCHUPWE2I¥S car di nal
directions, the outputs correspondi ng tggt.hose 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 b%f,%%t’ﬁ&t%kacﬂg%ﬂ@é’l bk ;ﬁﬂvihﬁg!ﬁﬁu&ic&l&flﬁ&hif&ethpﬁ%aﬁsHk@éllishe two

shown in Figure 13), ea 20 corresponding to the undesired output for an
i nput cor r es perdtdingl feft baclcitsetlf Ndwethat drekis leftebrack pasitioniy whichicambe | n practi ce,
t he arrangenent of Figure 13 nmay be nodified to elimnate the center back

Ste,, out put cPrsiigEedas intermadiate e Jeftand repp, bty e gehave finite valuehless pack is

nerely a pan p f d . Jieht back rather than a sixth
cardi nal di rg@ﬁ#@W%@chwc%@réqf“%gﬂ%ls(f?iﬂﬂu‘{ﬂg% ‘systemof 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 sunt di f f ggerdBlietatbeiR e g yddRoantesti(e, Sy b tré(aRd) t wo  n@ge. ABri ved
via left back and right back VCAs controlled as descri bed above (see al so
28 May 2004 WO 01/41504 PCT/ US00/ 32383 -28 the enbodi nent of Figure 14,

descri bed bel ow). i 'S %/qu& 1R'E i Lth Figure
7 (g, left and g,ﬂ%@ﬁ@%ﬁﬂﬁg‘rﬁ{d‘r&gq@n?@% m an °g,ff°§‘|‘¥ e?@%@gwgfntgk Figure 12
(9,, left baplkcBOWCOA gains'wighta sbaek s in Theregion 61ihk &ifi vk sirginal diredtion. sunmed
with the passive matrix ternms using coefficients cal cul ated or otherw se

chosen t¥ ni Wherezm [L3 isthewassiveimerizsemm| Khe wemyéde(lhtB) et tar LR adr i ves
at the requi cgl gujat,; n,n,xing coefficients for each cardi nal . output
by consi deri Eﬁ"g"?‘%?én 1 ;?dﬁgkgf %&SW@é‘aﬁg" %BPS é%ﬁ;uf?tﬁiﬂ'aégﬂﬁpﬁal
direction, r AL MG @RS 19)' 18 BrdeP oty tRYuipuf Qaigi gnal s
at the corresponﬁﬁigglé"al?%%a}alg&glﬁpectigz?\g, anc?lf aIrI away fromutbrtllitylfai rly
rapi dly as t kigndlIngeAs éplaimedesbow\ahere thiryibe mbrerthamisdosorasstalk cantdhlatienatesm of t he
| eft output, one needs to consider the signal

inputs than the two (100 and 102) shown in Figure 13.

15 The equation for R, is derived similarly, or by symmetry:
Roq = (R4 AL AR) A% H(LR)-E*K*g, (@ R84 L R)) 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)



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

out put wherw@he41s¢4nput is in the center, when L, = R an®@C®US0082388ne needs
the term-'/2*g. *(L,+R ), exactly as imghe 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,-R), again exactly as in the four-output systemof Figures 2 20
or 4. To cancel when the input represents |left back, one needs a signal
from the | ef Thetbachko Med forteapkcigandligiion temis fo thadeft back] geutee bick or Fighe can
clearly deliver a significant cancellation signal only when the input lies
in the regi ohadkssincethey eece{fectiyelicpans hetwieest left apd sightfzont pia theoback durwyngs

somewher e between | ef ront. repre t n .apd _center .back,
repr esent ed B&V\ﬁe %("E}p“{’%)a" ?J{eapg %"Sageg %g#w&%%lplﬁg‘elpgfsfv X vea 25
shoul d oper aleemOrri@ «RiFRIsAE L Ud O +E BRSBpraicif &inSellaliéd i_eHH§$sEé ¥Rdre 14

conbi nati ons can be used, but by using a sum of the signals that ave

al ready passéxzit mhy beiggplied @ ingits 1@hahddiOR faed eomtdnddGrith a scaled versionlof Igam 1/ 2
*g,*(1.,,-R),. the conbination varies in accordance with the position of
si gnal s pann8gdinlmeanrombingr 86 (Bigurgidy) ipcwder jgyierive shespupubendiosignal $2883 - 29 of
but not exactly e royi di.n er t _thase pans
as well as the g‘ffﬁr *"?1{5%( b?@'?%‘jt%ab eis%gg%fpgg etrgatﬁﬁ%? %Jgkeﬁtak?\ga, Fsg‘;‘t bba' k
position, Whigha EADIALInpROWREFELd, Asarlyhe FdRREPéRcdmiiveR ithérefng rear,
both g, and g, have finite values less than unity. Hence the expected
equat i onl® or -g;*L,., Foma righttmaly iSpit, whén/g, v d, the4ampllaion derm(is R)b*g*Bar Fgroa *
"fi'g.*h*(4-R~) (Egn, 21) The coefficient x can be deriyed irically or
froma consi tffog‘h“’BFt' E"elpr=e3i3§\9gv’C_AlthFH‘%lei"éirPua’"éﬁﬁP’cngB%“’ivﬁ t he

mer i ter m S bt hoeg B (RRlE 0 B RN IRt bekickadcRidd passt ve
1h*x*gnt ((9, tefmhds fg;h(g(*k.-,%@*m@m @6 Sithe HARE RIh akddafor REY With @Aeptimizgdir e 14)

that may be conbined with L, in linear conbiner 88 (Figure 13) in order to
derive the oeeefiigiendydwbich 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



signal L.,,,. As explained above, there may be nore than two crosstal k
cancel lation term inputs than the two (100 and 102) shown bpnphyostica 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 nmatWPR1/48¢4m The terns -' h*g, *(L, +R ), 'h*g, *(L_PCRUSW)3238and
-lh*x*gt*((9,*R -g,*(L"-R,)) represent cgncellation terns (see Figure 14)
that may be conbined with R, in |inear conbiner 98 (Figure 13) in order to

derive the output audio signal R ,.,. As explained above, there may be
nmore than twendiwysheWkin i@ es.l ation terminputs than the two (120 and
122) shown in Figure 13. e center front output, Co,,,, contains the

passive matrix teWith' raspeditie-Buptionp?y she [RGbTIREis thef passivedmatiiy hermcanddke | at i on

t f t he f - gut put t -l h*g. *L, -'h * L
1Lt ey ) coragest -5 Wlren 2 b, S sindat ap . s v,
PCT/ US00/ 323ﬁa%res§\9' canteliftion Yer t(&@%ggcuké’ i4)etl\§aQ|n'la§/'bte cﬁﬁlﬂﬁ@# k@%'fﬁ’-ﬂ*]‘rﬁﬁ fifeat 0" the

| eft back, center back or rig si'nce they are e trvel'y pans

bet ween |sef t crisinéri GBHFiguteO1B) itvorder toleRASihe ORIPLY Mdidtkignal RBLNeAd explainetlt put )
and already cancelled. The term|[1lh(4+R {q] is the passive matrix 5 term
The terns - 1#baye:thergmapy hetmoye tiRn twe prosstalk canselirtion bexmi ioputs tiamthetwe €116 gur e
14) that naxncpgwggﬁ)l ied to ipnputs 100 and 102 and conbined with a scal ed
version of L% P PR edr combiner 90 (Figure 13) in order to derive

the output audio fiyie, Gi iEoeiifontshdy RBE KR BHS to Soieiaditol 8 RSS! Ve

matri x, as stated above, Y S left only 1 nput, when g, =
1, clearly thepipeinsiandehedmpelfdcadnsf thecfeedback-diived tanel iB8teny, hich dbor a
right on‘l% i nput, when gr = 1, the cancellation termis +b*gl*R . For a
center f¥ont netisliver pracisely equal sigpal leyels, and othercombhgtionsyek feesix eAneshiation r om t he
passive terps, L b* an be cancelled by (1-b)*g,.* h*(4+R). The ri ght
back cancel | SE1aHMmay E%Wﬁlqudg, ,*(9,*R " h*g,*(L.., R)), the same as the term

used for R .., Vi tesapriRBibstar o6t cobe el kichBia i emBhifen@WiAPRof: thn ar ri ved
at enpirically or calculated fromthe VCA 15 gains in the left or right
back conditi Gwesor sihostput®0 Yet additional control signals can be derived by further application
of the scaling, offsetting or non-linear processing of the two main control signals from
15 the left/right and sum/difference feedback portions of the feedback-derived control
systems, permitting the generation of additional cancellation signals via VCAs whose
gains rise to maxima at other desired predetermined values of a. The synthesis process
of considering each output in the presence of signals at each of the other cardinal
directions in turn will yield appropriate terms and coefficients for generating additional
20  outputs.
Referring now to Figure 14, input signals Lt and Rt are applied to a passive
matrix 130 that produces a left matrix signal output from the L, input, a right matrix
signal output from the R, input, a center output from a linear combiner 132 whose input

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

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

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

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



LBa" = [Lt-b*R I-g, *], +tb*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*g, §$May2004
{1-b)*e' h*(l.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*gVORY4I5M4 h* (1- b) *&* (L, +RJ and -y*grb*((gr* Rt - gS€TNBQ[3BR: ) )
represent cancellation terns (see Figuresl4) 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 onadjsdefit foner hid fighneté.he two (108 28 May 2004 WO 01/41504

PCT/ US00/ 3238 -31 and 110) shown in Figure 13. Wth respect to equation
25, the [RL b*Lj The lefiangrightipassiveanatiix sigealsaraapplied do a fvshpanehvagiablg * P. | |
b*4*gl, -'h*(1-b}*g~* _+ , d -y*8ro*((gl*L+g. *' h*(L R) r esent

cancel | ati ong‘PEFH%“‘{ssléé"W %‘dfﬂﬁ’c@ﬁé%eeﬂﬁ%?kﬁ{énwrépﬁ@c%ﬁﬂ ﬁ%& %L1 in

| i near 5 conplper. ' . E N ' AR 0 signal
RBA. As exprgénﬁéngg t{é@g,g%ﬁg%?ar@ai;ﬂgﬁe&%?%lﬁgw %/\%M(gf%sst gﬁa@g cell ation
terminpus tidasts 12 atdpi4(ahd Gssociied feb@ackdenwedicontkdl Gysten 186, | n practi ce,
all the coefficients may need adjustnents to conpensate for the finite

| oop-gai ns and ot Fee "lefifpearipble gris wircwt 13thiaclpdas dye niralled amphifierol syst ens,
which do 10 i ver precisely..equal si l.ev , ~and .ot her

Conb nat | ons (eRY HB e e i § B SomRaft3hn o ' ol afiobihet
principles c ﬁ%g 3 : [ i e than

five or six (;?rg{nptﬁ(%lse est?‘%ancll ﬂc?@hﬁ?ﬁ%ﬁx%ﬁ@??ﬁﬁﬁ@k?&%ﬂ% ﬂggf}i?l\%ed by
further appl varibleqfain cifcuithe(lsg)adnd tigs outiut SLthE ivakiably gairDeirduitaethe cpmbinesssi ng  of
the two main control signals from15 the left/right and sum difference

f eedbackl®hor P3tBYs coIstiutias weiatprmediate signalcig (beh"flnoﬂhe ¥ Woutpybesigaly i ng t he
generation of a&l@'g ncel | ation,signals via VCAs whose gains rise to

{ional
maxi ma at ot f&r ‘%5?8?{“‘%‘?‘@8%?‘%‘? 'lﬁédl‘\/al ues of a. The synthesis process

of considering eagf QighPWarihtle iR cREMS EIRGRCIMes Sivalifte ToMtolRAGMpRfiert he ot her
cardinal directions in turn will yield appropriate terns and coefficients

for generati (MCAYH2 havingla gaitOp, aod plinsar combiner 154. The VCA output is subtracted

from the right passive matrix signal in combiner 154 so that the overall gain of the
15  variable gain circuit is (1-g,) and the output of the variable gain circuit at the combiner
oufput, constituting an intermediate signal, is (1-g,)*R,. The VCA 152 output signal
£.*R, constitutes a cancellation signal. The (1-g)*R, and {1-g)*L, intermediate signals
constitute a first pair of intermediate signals. It is desired that the relative magnitudes
of this first pair of intermediate signals be urged toward equality. This is accomplished
20 by the associated feedback-derived control system 140, described below.
The “"center” variable gain circuit 142 includes a voltage controlied amplifier
(VCA) 156 having a gain g_and a linear combiner 158. The VCA output is subtracted
from the center passive matrix signal in combiner 158 so that the overall gain of the
variable gain circuit is (1-g_) and the output of the variable gain circuit at the combiner
25  output, constituting an intermediate signal, is 2*(1-g)*(L,+R). The VCA 156 output
signal Y2*g *(L,+R,} constitutes a cancellation signal.
The "surround” variable gain circuit 144 includes a voltage controlled amplifier

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



Referring now to Figure 14, input signals Lt and Rt are applied to a
passive matrix 130 that produces a left matrix signal outppg Mayamoghe L
input, a right matrix signal output fromthe R input, a center output
froma linear conbiner 132 whose input is Lti and R, each with a scale
factor of WORV4AMd a surround output froma linear 25 cBaHUMBA23B34 whose
input is 4 and R with scale factors of.331/2 and -'h, respectively. The
cardi naI directions of the passive matrix are designated "left," "center,"
"right, and "surround." Adjacent cardinal directions lie on nutually

ort hogonal agBf thésiffound Paskive rfrix SMEFinGomBIEl D62 doahs Itite ovegilltgainsofahl acent
to center and surround; surround is 28 May 2004 WO 01/ 41504 PCT/ US00/ 32383

-32 adj acent varuble@atn ciredit i @t), and the outve of e variabiy gainytircujsat Siewembiner i x
signals are lied to.a first r of ~varji 136 and 138
and associ at OUPYte ARSHBNE A nfpEREdRIT HERH. ‘§%?Eﬁ$1@mﬁbﬂﬁ VER 16D oty
surround pas C r 126 Y, able
gain 5 ci rcu?g%ﬁ;f{?‘) %Rééfg a%gscgg%ﬁ%’%dgﬁ%need ack gr@ \%#hg%%?rﬁlsystem
146. The 5'| egy*(LVRY intddinedigidisignals tondhititea¥ecdnd Pait &€ intérmediateaipmalsomis ol | ed

amplifier (VCA) 148 having.a gain g, and a linear conbiner 150. The VCA
output is suise desiredithat the selative magnitudgsefthis seqend paix of intprmediate sigagibbier 150

so that the overall gain.of the var n _cireuidt

output of ¢ neEG Avap g o aeepmafsted oy B e fesb i Bke oy i ng
an inter nedi %ﬁﬁlﬁ“ﬁ{:scnb&iﬁeﬂowg)*'- The VCA 148 out put signal,

constituting a cancellation signal, is g,*L., The "right" vari abI e gain

circuit 138 i ncl ubedeaiback-deriyed amirbl sylstlemdltlempdocrmedmth(m@a)st péPofhavi ng a
gain gr and a linear conbiner 154. The VCA output is subtracted fromthe

ri ght paldsi vintesaedinte sgngﬁmclqdﬁﬁ @mlﬂeﬁndiéﬁr%wmséhe ?wtmféiombmeg%ﬁ? of the

15 varj abl e 54C 1L CU u t

circuit at the cohf)esglec‘lvel%ut pﬁf cons IEP%P@n%Q%n pgil?at @%?%%Qidn [
(1-9.)*R . TR Hsthediiry aﬁ“’bﬂéﬁﬁce&h@l@@dnthrﬂ of ReirGEpue, | Thﬂ@&lfﬁd%ﬁ@ﬁ@k&@t ion
signal. The (1-gr)*R "and (1-g,)*!, internediate signals constitute a
first pair obutputs mrapnhdt\aﬂsmmmalesmlahnests adimeanreothbinen 72 whose @btpui, ve

magni tudes of this first pair. of internmediate signals be urged toward
equal i ty. ThFRSHRNRE2 SIHFRFUARSH o HPRS, 15 17RPlicd 4&2 AGR- eﬁl@saﬁa@ﬁgdg’#i ved

control gyst Fd'&l%eAsol’?Z%ﬁ G4 p(ﬁ-gesﬁ’o%ld%\’the magnitude comparator 30 of Figure 3).

Subtracting the logged signals provides a comparison function. As mentioned above,
this is a practical way to implement a comparison function in the analog domain. In this
case, VCAs 148 and 152 are of the type that inherently take the antilog of their control
inputs, thus taking the antilog of the control output of the logarithmically-based
20  comparator. The output of amplifier 174 constitutes a control signal for VCAs 148 and
152. As mentioned above, if implemented digitally, it may be more convenient to
divide tﬁe two magnitudes and use the resultants as direct multipliers for the VCA
functions. As noted above, the filters 164 and 166 may be derived empirically,
providing a response that attenuates low frequencies and very high frequencies and
25  provides a gently rising response over the middle of the audible range. These filters do
not alter the frequency response of the output signals, they merely alter the control
signals and VCA gains in the feedback-derived control systems.
The feedback-derived control system 146 associated with the second pair of



The "center" variable gain circuit 142 includes a voltage controlled
anplifier (VCA) 156 having a gain gz and a |inear conbinerad88, 2tpg VCA
output is subtracted fromthe center passive matrix signal in 3bnbiner 158
so that the overall gain of the wvariable gain circuit is (1-g) and the

out put of tWM@/4EMable gain circuit at the conbi ner 25 oBEPUE/RBWASt i t uti ng
an internediate signal, is '"h*(l-gJ*(L,.%88.). 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 anﬂ\t&m’exﬂiﬂlﬂ%{ﬁnﬁl@mﬂd&% il 1764 18 ecivirddtihe bistpty Bf VEAk 288 Zki May
2004 WO 01/ 41504 PCT/ US00/ 32353 -33- fromthe surround passive matrix

si gnal in coht,espectizelys &helrespedtive filtercoutguts ayaapplict to log rectifiersaliiDand 484
circuit is (

1-9) and the output of the varjable_gain circuit at the
conbi ner ou?lag{e?ﬂfa@ﬂgprqdu@q 'ﬁﬁE%Wﬁhm@ﬁ%HWBT‘§ Eﬁﬁfﬁ&}lﬁeq @d-l?aaf‘iw?vtil RJ.

The VCA 160 ' s Nxa)x (1 - R : I 4 si gnal .

The * e (1. g &8 :B1Hied tERiRpsite bofbiies i ko bhdcr 8 nGheSRAAE coihfiflg ™) 0121

second pa§ r @bubtAati@inerdis adpts; E@l’p?ii@i- to latnoh SnvedtirfpGintiisier £86 (Hbrvades t1BLakd| ati ve
(0]

magni t udes of this second pair_ internedi ate signals be urged toward
equal i ty. Thil86 ¢osrespand ipthegrrgditisle comparatos 30 b Figuref He g deedbaskidedvedc ont r ol

system 146, descri bed f | ow. . The feedback-derived contrfl stem é4t(f)
avs0ci at od WA ftem (4B opgiates i the feme PRIEEYFONTE! SITLIA0. REIUUEY | | ¢ or s
164 and 166 é@ﬁlﬁe}"19@::5:12&&!5%&:%01‘3%8@@ erd ?ﬁ%iséé&h 1nd 154, respectively.

The respecti ter outputs are a olog rectifiers 168 and 170

that rectify and pdditienabednivel sigreadsraré Berived filolethe compl bignald bitfeedbadk-f i ed and
| ogged outputs are applied with opposite polarities to a |inear conbiner
172 whost outgsived conteah systanist 48 gnd 14 bThexeonirelsigral pf eontrolsystem 198 issppl i ed to

B o e e e DsLiispdop stab e Tptsio, PRnam oot RAS SRORDT g, 1"
provi des a CEHRAI kgl of Ll %@tenfﬁﬁri?ﬁﬁpili&!‘{%ﬂﬁ@tb&\i%econh Réabing Sofftef)r act i cal
way to inplenment a conparison function'in the analog domain. In this case,
VCAs 148 andini&Rioay etc.ofindtives 1920mdt 194t Fumdttionse i84, \190,a102 ahih é94amuy inplpdef t heir

control inputs, thus taking the antilog of the_contrgl output of the
| ogari t hni caPsRrBeQf the PelRBLInYerHs, ampitude Piferttings amplivdg scalingjang/or

constit Ufes ﬁ’ongﬂﬁ&ﬁ? br&gﬂmgldelcgﬁedv%‘%e.lﬁﬁo% gccordance with descriptions above,
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



152. As nentioned above, if inplenented digitally, it nay be nore
convenient to divide the two magnitudes and use the resultaghgamdi rect
multipliers for the VCA functions. As noted above, the filters 164 and 166
may be derived enpirically, providing a response that attenuates |ow
frequenci esWaAWsN®r y hi gh frequenci es and 25 provi des a §EHUBP/RIBI ng
response over the mddle of the audibl e gsange. 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 i iSY Si Lagx ' W th the second pair of 28
May 2004 WO O ?‘beg%%n%ac#?%%%%%g @glﬁq{g%%ﬂg@?r)edi ate signals includes
filters 176 and 1FiguredSds a schgmitieciouitdisgsannihowiidsa fra&icaheaircuil @hbodying
respectively. The respective filter outputs are applied tg log rectifiers

180 and 182 agRes of Be present inygntinne Resistor pelugsghayn aiedn ghme-ndYhere 8ut s. The
rectified ang]dkcg S&R%&ttopyhﬁ sa?'%ﬁnﬁﬂpolf%:g% Wi th opposite polarities to a
ose : [

|'i near conbiner” out’pu cons uting 5 a subtraction of its
inputs, is appli em Rigure 19OTFLOTY©istd TiGadiBtnirhdn® qiBlotdRveIBETIRMAe 8iigh 186
correspond to the magnitude conparator 30 of Figure 3). The

f eedback- der inpatimpedante) genarpiqiuepnsd dperatjvealamptifienintehdedsfarrbigh-ddeldy and cont r ol
system 140. The output_of anplifier 186 constitutes_ a control siqgnal for
VCAs 158 anda‘EB‘QPfeﬂgH'f‘i%H%hca tﬂ%ﬁallgpgmﬂswaweav X aeiptle i E"i?hg}f’gnt rol
signals of f K- i C 140 and 146. The control

si gnal of coﬁ@%@ﬁg'sﬁséagam&%edxﬁgbe@B’H‘lmelgépg&ﬁg}ét and second scal i ng,

of fset, i nverskafip:/Mwey.tifcomisc!dobsprbdstistindiogd074.htnd > sont rol  si gnal of
control system 146 is ?&gl_i ed to first and second scaling, offset,

inversi o etc. {526 inFipumnltP 94nonplithistinegrated @B cuit meendadfor aydio 194 nay

i nclude one_or. re of. th ol ari .ty inverting, anplitude offsetting,

Al i ¢ ude. scBiARpeRsatdpces g Yoasnd e Tore) AlePp i 1B itove Al so

i n accordanc | [a] : Wf the

Ut put s of 1 el O HERERoE R ARRIANL (Rnals it 130 B Igf51 LIS ORI, icen i

by | esser orogthentneagnitades.t Demils dPhe devdceldd8 widebsgveitdblevinl pablished titechure. t O

produce additional control signals that are applied to a | eft back VCA 200

and a right Agchertmayde foyndaache Injams} at K bt epsles-comypdf HRkF-pdfB Tl

C e B S AFSEReiEiebR 1R RIS GRGHASE AARE bR 10
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




| eft back cancellation signal and a right back cancell ation signal. The
input to left back VCA 200 is obtained by additively conbi ngRg.fHimal eft
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 caM@81VH&#4 on signals in a linear conbi ner 204. PET/HPY0S2IBALt i vel y
and | ess preferably, the inputs to the MgAs 200 and 202 may be derived
fromthe left and surround passive matrix outputs and fromthe right and
surround passive matrix output, respectively. The output of Ieft back VCA

200 is the left L The
output of right E‘Z‘%gﬁg’%yaﬁ%?ﬁgﬁz‘g%&%%% 3@5%5%31504 USOO/ 32383
- 35 right bapfendedwaichwdy thafunttisns of the sigadls,(Hogther sowredsl 1THL,) for eXanple,e 15 i s
a schematic circuit diagram show n a practical circuit enbodying aspects
of the pr eseﬁlet@mﬁwllf@geadmpﬁhﬂiﬂ Frani@upus peds fellawsi n ohns. Where not

i ndi cated, capacitor values are in mcrofarads. 5 In Figure 15, "TLO74" is
a Texas Instrunents' quad | ow noise JFET-input (high input inpedance)

general pur meW-H gerrty d audio
preanplifier| appl i cat ilahel.in Biguse IS of {he device arMesglingly availaple in
published Ijterature. A data sheet may be Tound on the I nfernet at <

<htt p: // www. t¥T coni sc/ docs/ pr oduct s/ anhThe sentxibution drgmuthe L, ingut S p120" i n
Figure 15 is mno ithic integrated ci nt end for a

appl i cati ons &F a‘l‘??il udes two VCAs and s‘F%é?cad'gﬁg]& Fegl | owd g
| ogarithmic [ control of the gain or att QWB&‘tbeﬁc%iFersff%a?”é"%resent ed to the
| evel detect epending on their nmag u Det s of e devj ce are
wi del y avai | ;{)ﬁgdq’%?publ i shed literatu ?““‘A""ié?‘é"’“ﬁé{é eHe found on the
Internet at [k <http://ww.anal og. coni pipﬂmmféqubﬁaﬁkﬂom% The folf owi ng
table rel ates used in this docum e VCA outputs
and to the | %%g?"% t he vertical bus p?ﬁ‘ﬁ“ Wﬁéo‘i%‘ca%‘?%waﬂéegd Label at

Label on in fhe above output f01' 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.



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 VCAﬁypaygoo4
g,b*((g,*L,+g,*" /I x*(L,-R })Left Back VCALBVCA g, b*((g,*R -g,*" h*(L1

R ))Ri ght Back VCARBVCA 28 May 2004 WO 01/ 41504 PCT/ US00/ 32383 -36 In
Figure 15, WO81/418el s on the wires going to the output nBEFINXEESEstors are
I ntended to convey the functions of the signals, not their sources. Thus,
for exanple, the top few wires Ieadingéﬁg the left front output are as
follows: Label in Figure 15Meaning LTThe contribution fromthe 4 input CF
Cancel The signal, to cancel the unwanted output for a center front source
LB Cancel The signal to cancel the unw&didMSutput for a | eft back source BK
Cancel The si gnal { .cancel the unwanted output for a back source RB

Cancel The si gnal dfancel the unwanted source for a right back source LF

const ant ' 1 oudness"5"uPa G efR SEIeE A Rt NEntd ROk b bFalBE €, e
VCA terns, tkigndl§tcomprisiagel
5 deriving four andio signals from said two input audio signals, wherein the four
audio signals are derived with a passive matrix that produces two pairs of audio signals
in response to two audio signals, a first pair of derived audio signals representing
directions lying on a first axis and a second pair of derived audio signals representing
directions lying on a second axis, said first and second axes being substantially mutually

10 orthogonal to each other,

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

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

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

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

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

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

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

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



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

anal og/digital 10 and/or digital signal processing in which functions are
per fornmed iWO8BfiEMar e and/or firmmvare. Anal og terns sucBRCHYSWEZ83rectifier
etc. are intended to include their digital equivalents. For exanple, in a
digital enmbodinment, a VCA is realized bysrml tiplication or division. 28
May 2004 WO 01/41504 PCT/ US00/ 32353 ~37% claim 1. nethod for derivi ng
at least three audio output signals fromtwo input audio signals,

conpri si ng 5indermediategudio signals,cind, eptignallys from said two i nput audi o signals,
wherein the four audio signals are derived with a passive matrix that

produces two pai rB‘W‘WS@P'&H‘&I@“qrﬁP@E@B&%W_ @Wﬁ%%%@ﬁ%’l“%, a
first pair obe def bes AHULCuRIGINRLS AP LARE Mo Bbnlich oF iflhelitleNhed 2
irst axis and a second pair of Uerived audi o signals representing
directions | yiefGodided s&@ GaATuNIt Signdl defg prddubed thaStbyUOtbaNRs Wit the
substantially nutually 10 orthogonal to each other, processing each of

sai d pai rs obpphsité paiatitp.ifithe thirdyouipy signalijs produced by cpmbiningewith the sameaind second
pairs of internedi ate_audi o signals, wherein the nituges of .the, relative
Dbl 1t udes oo, & AHGShEeao e, ithile sgaF POgRtYT Bt S OHPE ST <1 gnal <
are urged t i : j L lo#‘;og@b ' IeRigsenti ng
a first dir eg@g%dﬁg%b%ﬁgt‘ﬁgl @é?@bg%‘t@ﬁ)t]%ﬁ’p%%aso rfl@égpgiuc iog&'[sli?gnal S
from whi ch t fiest pair 6f infeRrnédiné audié sipmeyli at e signals are produced, said first
out put signal being produced at |east by conbining, w.th the sane

polarity, at |east a conponent of each of said second pair of internediate

audi o sigpals, produci ng, a,secand oyt put signal representing a second
direction lying o ?ﬁ%mgﬁo%(}f@mglfl fvﬁ%rg air of derived audio signals from

which the first Pﬁb&ucﬁgdﬁ%@édﬁﬁﬂk@hﬁ iR LSmbiRhE a RbBHSHeRC! caétl 6F saRcond
out put signal being produced at |east by conbining, wth the opposite

pol arity, at sécombpaimofdnwemoiatt audio Bgmls with &pissive matixchupiai signaf representing di at e
audi o

said first direction, said component constituting a cancellation signal opposing said
passive matrix audio signal,

15 producing a second outpui: signal includes combining a component of each of
said second pair of intermediate audio signals with a passive matrix audio signal
representing said second direction, said component constituting a cancellation signal
opposing said passive matrix audio signal,

producing a third output signal includes combining a component of each of said

20  first pair of intermediate audio signals with a passive matrix audio signal representing
said third direction, said component constituting a cancellation signal opposing said
passive matrix audio signal, and, optionally,

producing a fourth output signal includes combining a component of each of said
first pair of intermediate audio signals with a passive matrix audio signal representing

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

passive matrix audio signal.



signals, producing a third output signal representing a first direction
lying on the axis of 25 the pair of derived audio signals $ggmywnogh 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 te pov¥@pI4§04 at | east a conponent of each of said PCTAB0FA8E 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 pair of derived audio signals from
whi ch the second pair of internmediate signals are produced, said third
out put si gnal bei}gThe methoddf cltim 2whereinythe watnixaudig signils keprdsentBigspidosi t e
polarity, if _the third, qutput signal is produced by conbinin ith the sane
pol arity, or fiEst: seeend; third aﬁ‘grﬂi’PH'i'aI%Q' faurth d!fﬁ@og%tﬁéspﬁ%ﬁvﬁlﬁ'i ?-'5,1"?‘&'“\?31‘@' Mr d

out put si gna%asgig nﬁp&duced by conbining with the opposite polarity, at

| east a conp hent "of “éach of said first pair of internediate audio
signals. 10 2. The nethod of claim1 wherein producing a first output
signal includes conbining a conponent of each of said second pair of

i nt er nedisat e audi4é Thgmathed of ¢léims2 whersinvthe passivé matsixdudiosiggalarepresgitingent i ng
said first diregtion, said copponent constituting a cancellatiqn sjgnal
opposi NG sai 4 Dbt R0 B resibs, rsopetvallo Aot SeuaPElLT put
signal i nc UgPEnGPERd0nG: AMRAREINObacGOE Rabs audfllsthnZ SAbnEA ol
intermedi ate audio signals wth a passive matrix audi 0 signal representing
sai d second commentdof sigmalsd conponent constituting a cancellation 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 at e audi jgnals.wth ssive matrix audi o si.gnal representing
sai d th?irog di rectﬁorﬁ'gg‘gfhad \é\%%%aleﬁﬁerglgr@? Fﬂf‘f{*‘%"“ “&gﬁﬁ”é??fgtpf%‘ﬁ nal
0pposi Ng sai ghmiARS K8 piiFd dflifeAtidiaf 4@nal . and, optionally, producing a
fourth output signal 1ncludes conbining a conmponent of each of said first
pair of intermediate audio signals with a passive matrix audi o signal
representing . .. L.

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.



25 said fourth direction, said conmponent constituting a cancellation signal
opposi ng said passive matrix audio signal, 28 May 2004 W28 MALI(M4

PCT/ US00/ 32383 -39 3. The nethod of claim2 wherein the matri x audio
signals representing said first, second, third and, optionally, fourth

directi ons, WPEH#SEe4 | vel y, are produced by said passive RETGSH/32834. The
met hod of claim 2 wherein the passive matrix audi o signals representing
said first, second, third and fourth di rfoct i ons, respectively, are produced
inaplurality of linear conbiners that also conbine the passive matrix
audio signals with ones of said conponents of signals. 10 5. The nethod of
claim 1 wherein tfe Thesetot of clainu? mheredi guoln variahlecgajir cirtuit compryses 8 yokdgei ng
said pairs of internedjate s 6.. The net rlod of, any one of clainms 1, 2

' | s.
or 5 wherei n%@%?@&’é@%’imgﬁ=%ésng%éﬂﬁW§‘B%Y@”é 18 meh gain 1s
o o J P . . !
anpl 1 tudes. of LA GHOMator Slnaldife ket oF ol Sk Bl chficoll)

met hod of cl amBlifiersher ei n sai d processing includes applying each derived
audi o 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.r onse,to, the a | tudes, of the ouytputs of
the variabl e gai nké'i &E%T“F O‘?H‘e‘fﬁﬁg’nfgg?f%t‘&/@m gaph vg?ab%g@x%{cﬂﬁaﬂéy claim
7 wherel n eagg didlsd ] Gonbiftidhd, shaRGht 353 sRndiUulRtSar

anplifier (V&) awpn ugﬁ%lgll nng, f|1r’lsco 2|Hnat i wiupﬁ a ?su tractive 25
conbi ner, t heighdls ptdduded byatid passBreqmitix.Ci rcuit gain is (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

claim?7 erein each yvariable.gain circuit co | ses_a,voltage .c¢ ol I ed
ol 111 1S (veny, i TG PR R4 Br g™y Rhp s ERRB GRF Farheleesh e D °gar n
I'S for quiescent input signal conditions, such that said signal outputs are substantially the

signals produced by said passive matrix.

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

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

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

of the variable gain circuit having the increased output.

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

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



g, and said cancellation signals are taken fromthe outputs of said voltage
controlled anplifiers. 5 10. The nethod of claim7 whereinzg Reyamion 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 WORH#1594x. 10 11. The nethod of claim 7 wherei RCTNH800§2I8H of each
variable gain circuit is high for quiescent input signal conditions, such
that said signal outputs are substantiall,y the signals produced by said
passive matrix. 12. The nmethod of cl ai m4'} wherein the gains of the variable
gain circuits 15 associated with each pair of derived audio signals are
control | ed bgutpysf phevariahle gain qinguid with frespeas to the pther plgecapsgsisubstantighly po
circuits in the pair tq a.pmagnitude.canparator.that. generates a control

ol gnal that £8ned Bitke efin S P HenR FHESHRR AR ngaf ingRoRR PURS 13 The

met hod of claim 12 wherein the respective magnitude conparators 20 control
the gains of the variable gain circuits associated with the pairs of
derived audi o si gisal Bhesiethod dfadlaimf1@rwifzesife the Bespéctive graghingie Boknpargtos, an
increase in the magnitude of the output of one variable gain circuit with
respect to tepatiel the gains obte variaplegaireiecuithassepdatgrhwvith thepairnel degivediandio gai n
circuit havin he | nc sed aqutput. 25 14 The net hed,of cl ai wherein
Che'respect | ErgRh PRhdoLEmsIIRE Sltet caudifonsy = nefersah 08 grerMidE ot el e

gai n circuit suagoPoheiafiviidah difdfit Rah TSsp&i e ioRe a18¢eHiuses thd Sodlct ofUCh
that, for sone input signal conditions, an increase in the magnitude of the
28 May 2004 the\@aidd &f1(he @driddETgdISAMuBL R85k sulitantially puistacf one vari abl e 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 methpd of cl ajgn - WIELELAANE S GRREE HE YRoRID hbif E QHRAAbAT S 5

control ‘the gains of e vari e galn circurts associ he pairs

of derived aghtio] the ighindbHthe Wardiable @iin cifcits S:060atedWith theipaRabf GaiRel 4dddns, an
increase in the magnitude of the output of one variable gain circuit with

respect to ts$ignals sueh that, for somedapnt sigeal gorgitians, o¥ incredse inythiemeagoitudelof thear i abl e
gain circuit gllt;)lﬁ o? gnes Ea%sz«xhlaengg{n%lirlc}{it (\:v? Srés%&tt to the other causes an increase 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.



10 16. The nethod of claim 12 wherein the respective nmagnitude conparators
control the gains of the variable gain circuits associated yg \fyblpgspairs
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 wael#Her causes an increase in the gain of PAEBUSWGEREBlI e gain
circuit having the increased output. 15 17. The nethod of claim 16 wherein
the respective nmagni tude conparators cqptrol the gains of the variable
gain circuits associated with the pairs 0f derived audio signals such
that, for sone input signal conditions, an increase in the magnitude of the

out put of one variatThe method oficlaimil@ whierein the spia of said veripblegaineeirasits in dhuses
v ng t ho. 1 HENBEE ARy ohhels oMol Resd eif mepiaR Spdnt ke i ghin”
respective npgrwhi H%‘Bgﬁ?ﬁ@&rﬁ}i%@ Faiﬁ g{;‘&gﬂk _a%}grged &b pagRludt BSmpitbARE @ gai n

circuits associate the pairs eri audi o~ signal's such that, for
Some i nput Siegtifidr tha deliveiransoutyun sigmat pameionat to ke logagithm ofligs inputt he 25 out put
of one variable gain circuit with respect to the other al so causes the
product ¢f the gains of the variable gain circuits to be substantially

constant. 28 May .20 0.1/A41504 PCT/ USO - . of
claim 12 wherein %a%@’%‘#@iﬁ“&%ﬁﬁem eé’%g%ﬁ%% 1;@&0%%‘1@}'13‘&{5?%\2 T i near
functions of 3 tdigbrse HaDAteRLat2kAbk IEGTenciRAGAY VERE High YitGudneRPAMEdBVIdeAS finite
gain and the output of each variable gain circuit is applied to a

magni t ude cogendly adsimg respanse overdtb¢ imiddéer ofitheagudibdé rampe.s an 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

attenuatgs | ow frﬁquﬁﬁh lay'ﬁ%tﬁ?él%gﬁ‘;dﬁwd es and provides a gently

ri sing response over e mddle of ange. 10 21. The nethod of
claim 12 further Jegifingioht BEmORY Additioekl @oitrod kighals fromcthe twaddalrolcggiialsahatsi gnal s
fromthe two control signals that control the variable gain circuits
‘associ at ed wrantrobthe Ivagiehle gai cipaiss hsseciated witlk cachdiais of pasgivematrixgudicei n sai d
one or hore %g:%‘_lst, Iw%@f%lin ga? tgnreot)lr msolr Q(?dlitlson rc%ng'glcsri]gnd sralrcv gag:h ggﬂved 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



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

of f setti ng,WaM#HIP¥ude scaling and/or non- 20 linearly prBEEYEI4EH33 he
respective signal. 23. The nethod of claim 21 further conprising one or
nore additional variable gain circuits,geceiving as an input the

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

conbi nati on of two passive matrix signals, wherein said one 25 or nore

addi ti onal c#®%#r@f signals control respective ones of said one or nore

additional wvariable gain circuits.such that.the circuit' s.gal jses to a
e mum when' sai OB Ohg s e AR band rion Faadls§ foby it plteRf o
directions | ybRGi@Rosavaridtld Sdin é‘i%ﬁi@@aﬁﬁ'&%@c%bn@@pﬁd Ne o Htd 504

PCT/ US00/ 32383 -43 axes, and generating one or nore additional

cancel | at i onadditipnall contogl sipmalsr ol | i ng said one or nore additional variable
gain circuits with a respective one of said one or nore additional control
si gnal s. 55 24. The method of claim23 wherein at |east five out put signals

are produced by OGN B AHGR) Anehiled] ¥ AP WEFdRb bl

signals with two "of nore plu ITy Of can Ion sign

sai d one or i eich ioP BAkast AREFIstind @itix i 3lghals Wih twb dN ARk Giisai@n si gnal s
opposi ng each passive matri x audi o signal such that the passive 10 matrix

audi o si gnal plislityudf sarcatlition|signala andsaicoheny mdre additieral taatéliationssignals, thewhen
said input audio.signals represent sj gnal s associ at ed VYIHEQI directions
other than tfECHAHLYEBRS OPPRYREEH PEFVH NATRAUGIANENALSUCR that LeRATNE si gnal .

25. The t had .of, j A j cg&ggﬂﬁn&]' : i s in a
15 fi rstlrﬁgai @th? alué:]i'%) girgﬂn%lgllgg‘wgﬁé%p 0 Si lg%;na S %HH%'%%%E'P lté%?g%g%%dahﬁﬁhe
rralgni t tFJe de oL al.{d(d-sighigls)réﬁr&seﬂt signalsQissockabediwitll diftilionstobter Grag hd diftetionof

., R ) * :
L )7 r)e1)rese?1?ed 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



t he magnitude of [(L,-R*(1-g,)], or equivalently, the nmagnitude of

[(L,-R }*(hJ], 20 and the magni tude of the audio signals inzgh&yozd@qr pair
of internediate audio signals may be represented by the magnitude of
[L,*(1-g)], or, equivalently, the magnitude of [L,*(h)], and the nmagnitude
of '[R *(1-W9P1415#4 equival ently, the nmagnitude of 25 [ PCHUFG/328Bere 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
passi ve nmat kiate thegain of aMariable geip sireuitcasgpgiagpdgyithoth byt Bisuipug af fse PRSSIE t
associated wi th.t ¢ ut put .of th assive natrj S - nd h, are
the gain of'glag-g‘l’ Fﬁ'&#éﬂdg%iaﬁe@'ﬁg ofav @ge&%g}%’éfuaﬂﬁ?c‘?@wié‘]‘%%%t of the
passive matrj utﬂi?%e(l:ghﬁémé’tﬁﬂ, ?t )@ hf 416 ti#Aath SFfa variably ghih 3kb@t gain circuit
associated with the output o %he passive matrix. 26. A nethod for
deriving at hsseddted Witk ¢hedy duiputsofgimapassiveemathix paslq igdtand hyare itheggaindéfracct i on,
fromtwo input, audio signals, conprising generating with a passive nmatrix
in response Y%"ag%iaﬂ“'t%“ﬂﬁiﬁa‘f"a%&’r"h“lﬁ%r?ét(%gt%f thepaspiye BRIy of passive
matrix signals including two pairs of passive matrix audio signals, a

first pair of passive matrix audio signals representing directions |ying on

a first axis and 262 A @iyl BPddrivitly P RESthiBe ARIG tignald) dhch BéoiaRk Swith a
representing directions lying on a second axis, said first and second axes

bei ng subst adiréctibn,\from twainpyt awdiotsigyals a¢ompoisisgch ot her, processi ng each of
said pairs of passive.matrix audio sighals to uce, 15 rﬁépective first

and second pai s BRAREVRAPIEEe RPONIPERLELS S ia 1av: A TRIEA AL udes  of
e Ll B SRRy 50 Sl flgd ST 1
cancel | at i onfisst paifbSpaksivdnstEix Gudidisigal feprasémingditections Bt ¢h a fisgnad snd
a second pair of passive matrix audio signals representing directions lying on a second
axis, said first and second axes being substantially mutually orthogonal to each other,
processing each of said pairs of passive matrix audio signals to produce
15 respective first and second pairs of intermediate audio signals such that the magnitudes
of the relative amplitudes of the audio signals in each pair of intermediate audio signals
are urged toward equality,
deriving a plurality of cancellation signals from said pairs of intermediate audio
signals,
20 producing at least three output signals by combining each of at least three
passive matrix audio signals with two or more of said plurality of cancellation signals,
the cancellation signals opposing each passive matrix audio signaf such that the passive
matrix audio signal is substantially cancelled by the cancellation signals when said input
audio signals represent signals associated with directions other than the direction

25  represented by the passive matrix audio signal.

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



20 producing at |east three output signals by conbining each of at |east
three passive matrix audio signals with two or nore of saidgRidyrajosty 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 ant i alWQoH4A¥el | ed by the cancel | ati on signal s whenPEHUEPU3EEEt audi o
signal s represent signals associated with directions other than the
direction 25 represented by the passive ggatrix audio signal. 27. The nethod
of claim 26 wherein said processing includes feeding back each 28 May 2004
WO 01/41504 PCT/ US00/ 32383 -45 pair of internmediate audio signals for use
in control | i Byr efiatermediate ousdicysignals for use ip Contraaling the Friative amplides of the

i nt er medi at e_audj.o0 Si. |s. 28. T%e nmet hod of claim 27 wherein said
processi ng iﬁﬁ?ﬁhg%m§%§ﬁVF LA APSIBNASe ve matrix signal in said two
pairs of passive matrix audio signals to a respective variable gain
circuit, each circuit including a voltage controlled anplifier (VCA,
having a gain g, 18 Tienhéthad ofadain 27hwieran biid protéssieg toiddesapplying@ckei n t he

resul ti n%r vari abl e-gain-cjrcuit gain is (1-g) .and said cancellation
signal s are PastiuemaEisignabin saidityaPairnef nassive i audio signls (12 WEPeENS i fi er s.

10 29. The neth of c¢laim 28 wher.ei,n..t h i ' gain
circuits as wﬁ%gggl Pty e@ﬁ%ﬁ“‘b"éﬁ 1Pc1%qxﬁ%§§@ﬁ§£éﬂzg{ogl%@grgﬁlgl{e%?ﬂ?ghal s are
control | ed byaa@Pd yiing, t8mbalidivgh 2bubiAeiveRorReinkE, Whektdd ihaésaitggi n
circuits of each pair to a magnitude conparator that generates a control
signal that saibleedain-titositgainris (lof) antl said aancelbdtion gighals atetdenfrom the 30. The
nmet hod of claim?29 wherein the gutputs of the respective variable gain
circuit of eﬁ'&‘ﬁ“tﬁaﬁmfb\“gm%?ﬂm@ %“PA‘ gni t ude conparator via a rectifier,
t he rectH}i ers deliver signals proportional to the logarithmof their

I nput s, e conparator has finite gain, and the VCA gains in dB are |inear
functions of theiz9, coimehod/st dAADS. widtiBhe gAine of ik R@dabtd gaid eirowit29 f ur t her

conprising deriving one or nore additional control signals fromthe two
control si gnagseciatedhwith 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.



control the variable gain circuits associated with each pair of passive
matri x audio signals, wherein said one or nore additional g¢QRisfCloogdi gnal s
are each derived by 25 nodi fying one or both control signals and generating
the | esser or greater of a wunnodified control signal and a nodified
control si dH@PYEFMof two nodified control signals. 28 MAGT/BEA238H\D

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

of fsetting, anplitude scaling and/or non- linearly processing the
respective signal. 5 33. The nethod of claim 31 further conprising one or
nore additional variable gain circuits receiving as an input the

conmbi nation of t sai | ur al i of . cancel |.ati an si t he

conbi nati on of 1y peefeodbrtidty SR SRR RO B B Hehalf b, 'c

addi tional cggbified b%Paaﬁdyﬁnmﬁng, QﬂnPlEtﬁ&O@’FsE!ti}iE, AptitudelscaARp And/BEndit  NMOT €
additional 10 variable gain circuits such that the circurt's gainrises to
a maxi num whhseadgipcbcessingithe esppodNessignelpr esent a direction other than the

directions lying on said first and second axes, and generating one or nore
addi ti onal cancellation si gnals by controlling said one or nore additional

b cancel | at : ; . ( - _
nadi £ Tonal cont r o> SISk & AERRT Reh s8Rt R o pREpdtidARl Bkl
five output gdifBRdusts McRiviigQd Uk Sihubiie cABRALDN Y 10361 saff pladalityesgst five

passive matrix audio signals with two or nore of said plurality of
cancel | at i oncasicgjlatibms sigmadls ercthelcamidnation pbiwe padive matrialsigoals,owdrein isad ose gnal s,

that “the. pact DU TP Corl SEEN o] GISHBE R PLI P o St aRiipa po
aasoot at Sy wHBRRe, HRE, S fral PR Mo Eh R W BN RETAEMBRT
passi ve natr iignabdidp@seit @ @Rbction 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

15 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

20  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.





