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[ﬁ\lﬂanggJ ")EC Eglveggonpg useful nyeeo};emrg-audlo signals in which each
s1gna1 18 assocmted with a dlrectlon and was combined into a fewer number of

- 10 signals by an encoding matrix. Although the mmvention is described in terms of such _
a deliberate matrix encoding, it should be understood that the invention need not be
- used with any part1cu1ar matrix encodmg and is also useful for gener atmg pleasmg

directional effects from matenal ongmally recorded for two—channel reproduction.

15 |  TECHNICAL FIELD

‘  Audio matri)i encoding and'decoding is well known in the prior art. For
example, in so-called "4-2-4" audio matrix encoding and decoding, four source
signals, typicaﬂy associated with four cardinal directions (such as, for example; left,
center, right and surround or left ﬁ‘onf, right front, left back and right back) are

| 20 = 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 of the original four source signals‘ The decoded signals are |
approxunatlons because matrlx decoders suffer the well-known disadvantage of
crosstalk among the decoded audio signals. Ideally, the decoded signals shouid be

25  identical to the source signals, with infinite separation among the signals. However,
the inherent crosstalk in matrix decoders may result in only 3 dB separation between
sighals associated with adjacent directions. An audio matrix in wluch the matrix
cllatactenstlcs do not vary is known in the art as a "passive" matrix.

In order to overcome the problem of crosstalk in matrix decoders, it is known
30 inthe prior art to adaptively vary the decoding matrix characteristics in order to

improve separation among the decoded signals and more closer approximate the
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5 number 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 James W.
Fosgate, one of the present inventors iﬁcluding U.S. Patents 5,625,696; 5,644, 640
15,504,819; 5 4’)8 ,687; and 5,172,415. Each of these patents is also incorporated by
reference hel ein in its entnety

0 Although prior art adaptive matnx decoders are mtended o reduce crosstalk m
the reproduced signals and more closely replicate the source signals, the pnel &t has
done so in ways many of Whlch being complex and cumbersome, that fail to
recognize desirable relationships among 1ntermedlate signals in the decoder that may
be used to simplify the decoder and to improve the decoder's accuracy.

15 . Accordingly, the pr_ese_nf invention is directed to methods and apparatus that -
Tecognize and_empley_heretofo_re—unappreciated relationships among intermediate
;signals in adaptive matﬁx decoders. Exploitation of these relationships allews
undesired crosstalk components to be cancelled easily, particularly by using

7 automatlc self-canceling arrangements using negatlve feedback.
20 L o .
| ~ DISCLOSURE OF INVENTION
. Inaccordance with an aspect of the invention, the invention constitutes a
method for de’rivi_ﬁg at l_easi three audio output signals from two input audio signals,
,in,whi'c.h four audio,sig:nals are derived from the twe input audio signals by using a
25  passive matrix that produces two pairs of audio sigaals ih'response to two audio ‘-
B “signalls:, a first pair of derived audio signals representing directions lying on a first
axis (such as "left" and "right" signals) and a second pair of derived audio signals
- representing direcﬁons Iyiﬁg on a second axis (such as "center" and "surround"
signals), the first and sécond axes being substantially mnety degrees to-each other

30 AEach of the palrs of derived audio signals are processed in a “servo” arrangement to



Adaptive Matrix Function Matrix Coefficient Generator FunctionL C R
Ls Bs Rs (57) Abstract: A nethod derives at |east three audio signals,
each associated with a direction, fromtwo input audio signals. In

response to the two input signals, a passive matrix generates a plurality
of passive matrix audio signals, including two pairs af FRBfasyWEOSMRLTI X
audio signals, a first pair of passive antrix audio signals represent
directions lying on a first axis and a second pair of passive matrix audio
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for recovering sign each Signa P A with a
direction aidrd)sxmlsaemasanadg dis¢otions lﬁzmgem anfusstomdis aid a]&cmcmmmcffpbssnan encodi ng
matri x. Al tha fhe invention,is descrlpedlnterrrs of el i berate
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t wo- channeiairs exbrpmdsied inwitrix audio signals to derive a plurality of matrix coefﬁments

therefrom, said processing including deriving a pair of intermediate signals [(1-
gL)*Lt' and (1-gR)*Rt,(1-gF)*Ft and (1-gB)*Bt] from each pair of passive matrix
audio signals, respectively, and urging each pair of intermediate signals toward
equality in response to a respective error signal, and producing at least three output
signals by matrix multiplying the two input signals by the matrix coefficients.

The invention may be implemented in either of several equivalent ways. One
way is to use the intermediate signal itself (or a component of the intermediate signal)
-as a component of the output signal. Another way is to use the signals controlling the
gain of variable-gain elements in the servos to generate coefficients in a variable
matrix that operates on the two input audio signals. In every embodiment of both
ways, intermediate signals are derived from a passive matrix operating on a pair of
input signals and those intermediate signals are urged toward equality, The first way
may be implemented by several equivalent topologies. In embodiments embodying a
first topology of the first way, components 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
of the first way, pairs of the intermediate signals are combined to provide output
signals. According to the second way, although intermediate signals are generated
and urged toward equality by a servo, the intermediate signals do not directly



15 TECHNI CAL FI ELD Audi o matri x encodi ng and decoding is well known in the
prior art. For exanple, in so-called "4-2-4" audio matrix encodi ng and
decodi ng, four source signals, typically associated with four cardinal
directions (such as, for exanple, left, center, right and surround or
left front, right front, left back and rlght back) ar e s3%haRP) 2Gpsde phase
matrix encoded into two signals. The_{jwo signals are transmtted or stored
and then decoded by an anplitude-phase matrix decoder in order to recover
appr oxi mat ghal s are
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should be 25 . identical to the urce sjgnals t finite.separation
anong the si gna‘rrg \Rﬁ%}mappteﬁ@  irafanbite Asshs Hedteodehatnss 5880 aar sy
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dlrectlons An audlo x in he matrix characteristics do not
vary i s knpainof mt@rh@d@tet at@zlso sighgda swidesired epasstalk. cdmppapentein the degedasbone t he

pr obl em of sstalk in decode i.s. known 30 .in the.prior art
o adapt | verpRTals ot BRI SORERRE Tt st i PR PR B ' Phprove
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February 2005 WO 02/19768 PCT/USOl/ 6 - source signals. One well-known
exanpl e of olack aghieyetsuheantiat ﬁmstdlscc@a@llat@ theh. poesiepsjngisorcadilyi @xddecoder ,
descri bed iy or at.ed by
reference %ﬁe& ?y ?‘Eﬁtgértt rz/ % %@e DfDo\q?%l%De gg&igr %@T]gaxﬁgﬁé @lratta%&t ](t%ademar ks

of Dol by Leaduss aitanatescahedﬂeﬁ@i dftgm@@sirm eftkétalR corhPenen®60 patent cites a 5

nunber of patents that are prior art tq it of themdescribing various
ot her types Otlwn geneeis %iﬁ? iDRESEK g FraRign @lwter%srdeéwa%nto foadditional i ncl ude

patents by dﬁ%@ ent inventors, including U S
Patents 5, 625, 6%%‘%fogglz’,ggéigg,a&a@%lf%%?%@%z& 687; and 5,172, 415. Each of
these patents is also incorporated by reference herein in its entirety. 10
Al t hough prior art adaptive matrix decoders are intended to reduce
crosstalk in the reproduced signals and nore closely replicate the source
signals, the prior art has done so. in ways, many of which being conpl ex
and cunbersone, that fail to recognize desirable relationships anong
internediate signals in the decoder that may be used to sinplify the
decoder and to inprove the decoder's accuracy.




15 Accordingly, the present invention is directed-to nethods. and apparatus
t hat - recogni ze and enpl oy heretof ore-unappreci at ed r eliatHebhsdty psosmnong,
internediate "signals in adaptive nmatri x decoders. Exploitation of t hese
rel ati onsHP¥/ows undesired crosstal k conponents to be RGHESNEMseasi | Y,
particularly by using automatic. self canceling arrangenents using

negati ve feedback. 20 DI SCLOSURE.CF | NVENTION | n accordance with an aspect
of the inventjt I'y'"Mg t

| east three aug?g out pat ?%ﬂhdai}}]gg romip\%gsﬁiﬁ%}ﬁ% 10 SI g’iffﬁd]yél{é%p 1

f our audhrglsd@g‘rad: of arasstidk cxmckifatiomunder & wide Wpdetypotlinpus sipal @oxbaimﬁs ng - a
25 passive matrix that produces two pairs of audio signals 1n response to
two audi BSI@ggamustry avithi no spegial requirewnts/ﬁm paecisions anth s¢quiriegmesentsial

directions | on a firs ch | ef t right" -signals) and
a second® %p?( traiaﬂtilb af]\yhlciweq;pefgaadm&wm%wons lyi ng on a
seco axis ( uch nt surr first

secoﬁd axes b lﬁﬁllitﬁﬁgf)ﬁlﬁ‘fgﬁlv IHIVﬁ'é*RP E@‘ée ﬁ%@gﬁwﬁw&mw ch of-

t he pair din a "servo arrangenent to
-3 15 Fe%}@sﬁ%&b&ﬁ&p@&éﬁg@gﬁ% |ve a?tlr (ﬁ'ﬁg‘;ﬁd second pa| rs (the -

‘left/right and center/surround: pa| rs, respecti vel y) for internedi ate audio
'signals such that the magnitudes of the rel ative anpl i tudes of the audio
signals in each pair.of inteBRIBBRDESCRIPTIONOE DRAWINEGS toward
equality by a_servo. I n accordance w th anot her aspect of the present

i nvention, thele s %ﬁmtmal ﬂ@tmlq@ﬂgmmﬂar};gl(a‘tart passive &‘%dlmdi 0

Si CI at th a,directiaon, fromtwo i nput audi o signals,
g %Xlgh p g

h -
- conp 'S'%%%Hé? Fr'l'bm e RESTRLARYSHN: response to the two input i

audi o si gnal sg r i .Jncl udi ng two
pairs of- pasm%%pin%éte?ﬂ(ﬁ%lugélmg&i@ma{m}&lfl éra?}?%%%p&ic%na@tggtﬁe@ Fﬁ#ri X

audi o si ge@der h@@ﬁﬁﬁ@&hﬂéﬂt&dﬁl@gvﬁﬁ&%ﬁs éﬁ‘ﬂh@gnreéblﬁlﬁ\lférﬁfonax' s and a second
pair of passive matrix audio signals représenting directions lying on a

second axis, Flg ¥israsfumtidnabandschemesic dieprgn sffasfeadivdckl-derivdd coniedly
degrees to each other, processing each of the pairs of passive matrix
audi o SI @;YF&‘F@ £ va)ea%p%dmgatplaﬁpem Oﬁﬂm?wsc@bﬁwmﬁl@mf@r theeftandaightsai d

pro in erivi.| ryredj at al (1- gL)*Lt'
and (1- Mg ‘?%g%m it ’('prcga‘{ééf]o t’ﬁ1 f P‘{éAg p?ilé ive matrix
audi o si 91'%5?1 A ?és%nt?ﬁf@nﬂﬁﬂ' ng each pair of i nternedi ate signals
toward equality In- reséonse a respective error signal, and producing at
| east three OMIRU is a functional and schematic diagram showing an arrangement

- ey

“according to an aspect of the present invention equivalent to the combination of |
FIGS. 2 and 3 in which the output combiners generate the passive matrix output -
20 signal components in response to the L and R, input signals instead of receiving them C
from tl}e passive matrix from _Which the cancellation components are derived.
| FIG. 51s a functional and schematic diagram according to an aspect of the:
‘present invention showing an arrang_emeﬁt equivalent to the combination of FIGS. 2
- and 3 and FIG. 4. In the FIG. 5 configuration, the signals that are to be maintained
25  equal are the signals aplalied.to the output deriiring combiners and to the feedback
| circuits for control of the VCAs; the outputs of the feedback circuits include the
passive_matrik components. . .
| FIG. 6 is a functional and schematic diagram according to an aspect of the
~ present invention showing an arrangement equivalent to the arrangements of the

30  combination of FIGS. 2 and 3, FIG. 4 and FIG. 5, in which the variable-gain-circuit



signals by matrix- miltiplying. the two jnput signals by the matrix

,coeffl cients. The invention nmay be inplenented in eithgp F@bn‘@@/m@

equi val ent ways. One way is to use the internediate signal itself (or a
conmponent YO 0¥/19368 nt er medi ate signal ) as a conponent of tier/osdiweoesi gnal .
Another way is to use the signals controlling the gain of variable-gain
elenments in the servos to generate coefdsLcients in a variable matrix that
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intermedi ate signals are conbined wth passive matrix signals (fromthe

passi ve ﬁthdﬁnQpiSs the pﬁg?sme mhkix cypupostmn atesexpliciiot her wi se) to produce

- out puf.. si gnal an nt enpl gyi ng a second topol ogy of the first
way, %)al rs ofﬁ :[(ﬁe’?r"%?lei ﬁ gﬁrt@lﬁﬁgﬁ Iﬁfhﬁﬁdlﬁﬁht‘@’p% geingez end guof

signal s. S al .t h ernedi ate-signals_are

gener at olf '?l%dfe? ggéafg Vﬁggﬁﬁtﬁ?]l %%t (‘éelgﬁ%c@“&%"ilsﬁ Bﬁ@?l gangleal s

do not d{k&¢idntal38s)L>. February 2005 contribute to the output signals;
‘instead signals present in the servo are enployed in generating
coefficients EIGaS ¥oun aldatize@ bfdph; Blﬁn@%ﬁ@éﬂ{q%ﬁ HYeRIcE SV @heshins and

rel ati onshi anong t he decoded S|gnas is that by urging to ldg‘d ity
t he magnBi difetiente fereibaclt-cervdd oomrghajl's&:mr@v@mhl axig) agdihst the .
inte di at e _audi nal s esired crosstalk conponents in the decoded
out p sPﬂnapgaaggegzia&ﬂmtﬁbww suppressed. This result is obtained
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cancel | aguf/8iffoGieRIoRERT %RQ éssfoi' %%‘éhitlﬁ%?['qvl{uﬁ{ ﬁie%%wuﬂl{ﬁﬁ n%%l byt he '

use of negative feedback arr gerrents cause a

cancel | avaloes of cmmdebslgﬁﬂsw@srﬂiﬁ Yoleo(Renedliakis) dohfist ARASHINn -
present invention include:the derivation of addl)?‘ggnal contr g %gnal S for

produci n@l%ﬂ@mﬂ @#%ag). out put si gnal s. 15 February 2005 W0 02/ 19768

PCT/ ,JS01/ 270 - ect; .of the invention_to achieve a
measur abl y a %e‘l]ﬂc’e“&t‘ﬁ @thgﬁdgﬁ égﬁ’]é’g%g thelgsser of theewmes iIRFIG9 under a

w de var u5| CI rcw try. with no speci al
‘require nt s a}d%%| Sl gﬂ%gﬁgﬁﬁjgﬁg@nﬁ?%or :

FIG. 1115 an idealized graph, plotting the lesser of the curves in FIG. 9

hmaden)

(vertical axis) against the panning angle o, (horizontal axis) for the case in which the
sum/difference voltage has been scaled by 0.8 pI'IOI' to taking the lesser of the curves.
20 FIG. 12-is an 1deahzed graph, plottmg the left back and right back VCA gains
< gy and gy, of the lefc—bacldnght-back feedback-derived conirol system (Vertical axis)
agalnst the panning angle a (horizontal axis):
FIG. 13 i isa functlonal and schematlc diagram of a portion of an active matrix
X decoder according to an aspect of the present invention m which six outputs are
25+ obtamed
FIG. 14 is a functional and schematic diagram ShOWiﬁg the derivation of six
cancellation signals for use in a six output active metﬁﬁc“decoder such as that of FIG.
13. | o |
FIG.15isa schematic circuit- diagram showiﬁg‘ a practical analog circuit

30 embodying aspects of the pr'eseﬁt invention,



conplexity in the control path, both of which are found in the prior art.
It is another object. of the invention to achieve such{birgBrRey sgysmance
with sinpler or lower cost circuitry than prior art circuits. BRI EF '
DESCRI PTIORQ @AYTRAW NGS FIG | is a functional and schematpcids@agray of a
prior art passive decoding 10 matrix useful in understanding the present
invention. FIG 2 is a functional and sghematic diagramof a prior art

active matri er useful in understandi,ng aspect.s of .t he present
Mvention.  FITAC s 4 Binctionk Dhibel i S aBhuliiby e i alfpadagieg ewbodiment of
feedbackgdenbyggocontrol  system (or "servo"') according to aspects of the
present invention for the le ft and tight 15 VCAs and the sum and

di f f erence VIAG.H6HsG fihchipglal Kook @fsgram Slﬁivﬁ%% arPATRRAAIRIESLBHIhBS of |
present invention. FIG 4 is a functional and schematic di agram show ng an
arrangenigis. l@kcording to an aspect of the. present,invention equivalent to
the conbination of FIGS. 2 and 3. in which the output conbiners generate
the passive AHG-iCoistaplinctionsl beak diagranrshaveingran altoaises embotiment afd Rt

i nput SIC@F_?L][S %nstead of receiving them fromthe Passive matrix from which
the can g q n conponents are derived. FIG 5 is a functional and
schematic di or di n aspect of, the, r.esent invention show ng
an arr angene%tqt‘g? g??/%l aeﬁjt“%ﬁS}]g%@OEg Fetatt E}}?W% ﬁff‘é%mﬁnv%ﬁ’@%gd“&ﬁ#ﬁe

4. In thEEI@AD configuration, the signals that are .to be maintained 25
equal are the signals applied. to the output deriving conbiners and to the
feedback - ci M. 19 if arfunciiénalibledk dierafeAhowing aQuftidly seifvd splbARMRATK
circuits include the passive matrix conponents. FIG 6 is, afunctional
and 18 chdrdhe digitad gloaminsutablerfor use inthespebodiaientsof FEGSsb6A, BoCeat Don *~

show ng _an .arr.an nt equivalent to the arrangenents of the 30 conbination
of FI GS.ang 13&&%%‘?&[&&@53&3541?83@@“5#* & IRYEEIRNY he variabl e-gain-circuit 15
February 200 / ‘ U 7006, 5. gai A- provided by .a VCA
and subt r act a0 S e st uaaTorl MoteciaGR Suapting § ool B imaipuashess®

di recti gn té digiml\a%ﬁih.nstﬁﬁmevféi\ﬁeqn%h@ts{n%klﬁheﬁ@ﬂﬂfq@s%%%” ¢ g S
embodi ment, the passive matrix conmponents are inplicit.  I'n cértiain other
enbodi mamtlsn dther disslossd embbdimernts fahe iivention. explicit. 5 ' FIG 7. s an

i deal i zed gr%{ih, Bl,otti ng.the left and right VCA gains g, and gr of the
Lt/ R feedbatkCedPilyaduectianed blosksdiegram showieg thederjvatipai inshe digitalanni ng

angl e 2 domain of left back and righf back conirol sigﬁals suitable for use in the en_ribo’diment

“of FIGS. 16A, B, C or D and in other embodiments of the invention.

* ]

~ BEST MODE FOR CARRYING OUT THE INVENTION |

20 - A passiVe decoding matrix is showti functionally and schematically in FIG. 1. = = !
“The following equations relate the outputs to the inputs, L, and R, ("left total” and
"right total"): . o )

- L=l S B (Eqn. 1)

Ra=R; - L (Eqn. 2)

25 Coum (AR | | — - (Eqn. 3)
- Swca*LeR) - (Eqn. 4)

(The "# symbol in these and other equations throughout this document
indicates muliiplication.) |
-~ The center output is the sum of the inputs, and the surround output is the

30  difference between the inputs. Both have, in addition; a scaling: this scaling is



(horizontal axis). FIG 8 is an idealized graph, plotting the sum and
difference VCA gains gc and g3 of the sunidifference feedbagly 255 ved
control. system (vertical axis) against the 10 panning angle a (horizontal
axis). FlL-@&o6yissesan idealized graph, plotting the |eft/ri graddst
I nverted sum difference control voltages fora scaling in. %?‘%ﬁztﬂg
maxi mum-and m ni mum val ues of .control gignals are +./-15 volts (vertical

axi s) agai,nst _the panping angle a (Horizontal axis). 15 FIG 10 is an
i deal | ze&%‘??&mm&l 13 Pﬁ"g‘l ‘iOﬂge ﬁe@)& e'B'rerOﬁ%.'ﬂéreWégqxﬁiLaﬂataong Othey sealmgc al

axi s) agal - paini I L (hori,zont.al axis). FILG,,l1 is an
i deal) i zggl‘igfég&ﬁi@ﬁ Bgsgﬂér %eta(gg,t&é@gé}s _%htamé%é'm@}lg&‘tﬁfl& Vil g spalec o -
.axis) ag@hdt he, 1B 2.8 (R0 I8 i i ch
The sam ATt o ened e AifeR, T Granpu s oRindlLy B GARL R "
| esser ofwitlhscate fugsrs (0Lt -32 redpctitelyd 6l lingsh @mPiner Al otting the [eft
back and right back 'VCA gai ns 91b and grb of the left-back/right-back
f eedbatk- der i Vhel passive olatiy of &¥G( \1dhus pedduexs syo pagabfiatdiohdgdsrthedirangl e
a (horizontal -axis),. Fl %q-lB is a functional and schematic diagramof a
porti on BRIR Lag apdRomthe second pairds Gecoddiong In shis example; the tandiealpr esent
invention.in.which,six outputs. are 25 obtained, FIG 14.is a functional and
schemat i QHISF%%?Sa?fQWdWSWJetlﬂ%m&earrﬁ\féﬁ%ﬁ%egf q%f?sx C@&ﬁb%ﬁﬂ&ﬁﬁ: gﬁ“ ignal s for
use.in argi pu cLive mathx o dece :as-ihaty, of Fl 13.,FIG 15
Sirfotid PUAGREERY G BT it AEGRARL o HER AR aeBlods! fomieiich 7 S

is a schematic circul gram showi ng a pra

enbody#ngtheasarbithap ot HRs® HREEHGN ldAVBN ISP adifcdn®Bs Botdr 200Burroud® -
02/ 19768 PCT/ US01/ 27006 -6 FIG 16A is a funcfional block di agram sShow ng

an al® er srowed snddjaidend o left and hight;retenit shouldb&undéBidod thatf thediariiin bl ock
di agram show ng fm al terng%i@&'ﬁ; enbodinent, of FIG, 16A. FIG 16Cis a
functi on® AlEER oA g matras hedngexesakninoli dagneesof . FI G 16A

E: g %22 | :S aAfp"éggit\)e%]a | xb &eo erd . gr?'\rreasnr]l gl?(%\émsri]&a?sn ﬁ%}ﬁ ™ au 1(i') \'élegn% s,(\)vv ier;gnt of
n is greater than m, in accordance Wifh an ihvarjablé relationship (for example, in |
FIG. 1, Cyy is always l/z*(Rout-"l_“ Low)). In co.htfast, an active matrix decoder derives n
15 audio signalé in accordance with a variable relationship. One way to configure an
- active matrix decoder is to combine éignai—dépendént, signal components with the
:output_s_ignals ofa passiVe ma_ﬁi_x.‘ For example, as shown functionallyand
schemaﬁba_lly,in FIG. 2, four ’_VCAS (voltage-controlled ampliﬁers).G, 8; 10 ‘énd 12,
délivering variably scaled versions of the passive métrix outputs, are summed with
20 the unaltered passive matrix dufputs (naimely, the tw@ inputs themselves along with
: - the two outputs of combiners-2 and 4) in linear combiners 14, 16, 18, and 20.
- Because the VCAS have their .‘inpi;ts de'rivec% from the left, right, center and surround
outputs of the passive matrix, respectively, their gains may be designated g, g,, g,
| and g, (all positiire); The VCA output signals constitute cancellation signals and are
25 combined with passively derived outputs having crosstalk from the directions from
- which the cancellation signalé are derived in order to enhance the matrix decoder's
directional performanée‘- by suppressing crosstalk.
Noté that, in the arrangemént of FIG. 2, the paths of the pa_ssive matrix are
~ present. . Each output is the-cor_ribination_of the respective passive matrix output plus

30  the ouiput of two VCAs.- The VCA outputs are selected and scaled to provide the



‘FIG 17 is a functional block diagramshowing a left/right servo

inmplemented 10 in the digital domain suitable for use16Febhaneptomi meh'gs

of FIGS. 16A, B, Cor D and in other disclosed enbodi nents of the .

i nvent i onWOPR@7688 i s a functional. block di agram show ng rcTusmRidack

servo inplenmented in the digital domain. suitable for use in the '

enbodi nents of FIGS.” 16A, B, Cor D 'arlg_i n ot her discl osed enbodi-nents of
19.is a.f t-i onal. bl ock di agr.am showi ng the

t he i nvegt . 5 . Fh G C he

“dor i vat t SesifeRt grhSstafl atpllacosh o hE roftive parstun BT g M He lakbag D)
signal s | : Ik L34 ; ocli . -| A,..B or,D and in
ot hor onoai agdufioh Tateidseldl ARl AR ip Bunki PongNiaadio it

| NVENTI GéindihaA dieestions Becoh ehierisfors ' | Yas@Rdly -
schematically in FIG 1. Théﬂl?gplatg\?\nmr% Sg[%g??gﬁgdé?%}%%e%as%%%ts to the
i nputs, dec 168t afdireghit sigiadd dndadurrouindhigriadhal cioss@lk bothepdseieny 1)
Rout= Rt (Eqn. 2) Cout=1/2*(Lt+Rt)(Eqn.3) Sout=1/2*(Lt-Rt)(Eqn. 4) (‘The"*"
synbél i #eaasleddefmadaight signplmt Asnerdinglyy ecleft digna andputrshould badi cat es

mul tiplicat and t he

jon.) The cenfer outpyt is the sum,of_ the inputs, :
sur r ound® %Pﬁﬁé)wgﬂpﬁace%@% $31§$immé¢n¥%ﬂpnptb@@aSMﬁb deepdedi n

addi ti on, L.0g. |.S al i I 5 February 200 2/ 19768,

PCT/ USO 2765%%%%_ %?‘8@%@% andh 9%“%1?%?&‘6 i’%tntEF ST fopis o g’r“tm BB PHEE ¢

ease i n wkiliafeldi angrels ' v : Tl ; t ut .

i s obtained by ggl)%lih;? ng Lta Iezfﬁﬁbgt}gzv?ﬁdf _ﬁhélll?Bgl%gtlﬁee&)ﬂ]fsgicc?gp%%mQ%ieqﬁl'tgod?gﬁ%{inear
combi nerci@sstalkifigppBessiom uBparyingahe 2édjRetidy VADA! g4 éh tHe ABde BF zeM ) scale
factors of +1/2 and -V2, respectively, to a |linear conmbiner 4. 5 The
]Pas dPve ona ciok thst sqaligg ;Kamlnl@R OﬁFbGuBésngdmlrgibmssgk aompgn%migriatﬂ?e t E_e‘ -
first pair..i out. and Rost; the second pair is Cout and Sour. In this '
exanpl e,pqsﬁ]é’ei%hﬁ‘i’ QHLPRIS i e@FPP‘f?éS‘ifgssi ve matrix are designated

"left," cent "L " '“Surr.ou " Adjacent cardinal directions |i e.
on axes at nmﬁ%nﬁe%ﬁeg'ogﬁﬁ‘g -tBSEﬁ%?‘f‘“‘&éJ%‘ﬂP#W&?; for these direction

| abel's, left is aWo.ﬁ&Etﬂég’éW(f;?mﬁlgs%d(E'HRD0“”d; o (Eqn. 5)
| -Rout-“_“Rt."gc*1/2*(Lt+Rt)+gs*%!*(Lt'Rt) ' ' . (Eqn. 6)

15 | o LAR»E ML g MR, | o EmT)
S (LeR)-g* A Lobg*%* R - (Eqn.9)

If all the VCAs had gains of zero, the arrangement would be the same as the
passive matrix. Forany equal values of all VCA gains, the arrangement of FIG. 2 i
the same as the passive mairix apart from a constant scaling. For example, if all
20 VCAs had gains of 0.1;" . . |
Lou=L-0.05*(L+R)-0.05 *(Li-R)=0.9*L,
R oui=R;-0.05*(LR )+0.05(L-R)=0.9*R,
Cou= 5 (LR )-0.05%L,-0.05*R=0.9*1*(L+R)
S (LrR)-0.05%LeH0.05*R=0.9*14*(LR))
25 The result is the passive matrix scaled by a factor' 0.9. Thus, it will be
- apparent that the precise value of the quiescent VCA: gain, described below, is not
critical. ' |
Consider an example. . For the cardinal directions (left, right, center and
surround) only, the respective inputs are Iy only, Ry only, L = R; (the same polarity),

30 and L, =-R, (opposite polarity), and the correspoﬁd_ing desired outputs are Loy, only,
. H .



10 surround is adjacent to left and right, etc. It should be understood
that the invention is applicable to any 2:4 decodi ng m&tFebrudna2008) axes at
ninety degrees. A passive nmatrix decoder derives n audio signals.-fromin
audi o si gD 83/19M8ere n is greater than m +in accordance wipdingihtwari abl e
relationship (for exanple, in FIG 1, Caul is always 1/2*(Rout + Lout)):
In contrast, an active matri x decoder ‘d_g—[ives n 15 audio signals in -
accordan M th @ vari able,rel gtionship. One way to configure an active
matrix d('eigb‘;%equ’i out YUY 5, ,(§ﬁ ﬂg‘i‘%‘@g%elﬁe\gﬁym owprpomasheuld t h t he
out put sig ?P?la ! Ex. . For sexanpl.e. - as..shown functionally and
schemat i capl%ls?%‘lq—] ,§§H¥ﬁ;%%§1g(%qstsélagfﬁ?]{vre&qogﬂngwpl ifiers) 6, 8, 10
-and 12, deli -Befih&secYidhi AR % i X ‘ne passi A puts,
are sumed w tﬁ %% t he’ unal ?é%gﬁglgggt@gwngﬁgkﬁ ggfgﬁ@“ﬁ%@%,tﬁ?ﬁggt Wo

i nputs t tenespoeingtotig: ddsied dafdinhVdirédtopUtias Ofaif QT HRY the ZeMAthidy onBs

|'i near conbiners 14, 16; 18, and 20. Because the VCAs have their inhputs.
der i ve&d" RFomuchdessdhan Iy thyimt gt alboutpnisendesttheazsided one,ptic 3/ OA sigealpasli ve
matri x, respectively, their gains may be designated. g,, ¢,, ¢, and g,

(al I posiERvR)he ypwanicd Quppise As exnipined shove tinithe Eidcd iconfipurtiongthe s and -
are 25 cqpbi it assively deri-ved outputs_havj.n rosstalk fromthe

i reoti onPrfipide i e EeahsSBI foibmots g i medadiachof pivengl dhescigns o
enhance {#fo WBEER ed[%é I i t per formance by suppressing
crosstal E , Noté tﬂ1at‘, ?ﬁ%tlﬂgtrg{rfrl%ﬁ%ﬂggn%%)bf FIG 2, the paths of the

passi ve:mat 1 i Yhas,doperagple, iFoah ifphte de fi with GaAPImAidRRifald e R, =1, -
respective passi ve'-_rratrig_out put g{*gs 30 the .oeﬁlt put ‘of tv\é@f\a}%- RI‘he \t/CA
out pli s+ Fr(gaxkl.cnddd aandesidhped Tt andgoy; arl ghaxe 2l Foed bnacyr 296Sond\gets:

02/ 19768 PCT/ US01/. 27006 *lﬁ* desired crosstalk-cancellation for the '
respecti ve passi ve-mat rl xzoﬂt"‘dzt",o t/a’f(ilnBTﬂt 0 consideration that crosstal k

conponent.s occur i@ Qut puit s 1 elresepting, adj acent - cardinal directions. For
exanple, a center “si* af ”%ag-%ﬁo*s@t% Lﬂh_ﬁ%e passively decoded |eft and

right signal.s and #, . 03L@nal phasycrpsstalk in the passively 5
decoded | eft and r(?‘)é’ﬁ% s@gggl g.s/}%?coq cﬁgnbl yI,) the left signal output should
be caonbined wi th ast@i(lai-qFstpadal*sorpgient s derived fromthe passively
decoded center and surround signals, and. simlarly for the other four
out ptit s. The Fanmasly dutputndsi fmm%e desiged Cs,.a Aesian red]cupaticar wilkshowrihat
conbined,in FIG 2, rovildes th d_esiLed crosstal k_suppression. By varying
the resptie§aree srplicsdpihe casa aka signghonly framgmepiithe gfet thige cardingtal i ng
exanpl e ‘aﬁeg-&s 2), .undesired crosstal k conponents in the passively decoded
out puts may be suppressed. ' ' -

Equations 5, 6, 7 and 8 can'be written equivalently as follows:

L CAR)M(e) + A LR - (Bgn.9)

0 Cou=¥*Li*(1-g) + %*R(1-g) - (Bqn 10)
Rou=/*(LeRY*(1-g2) - %*(LeR)*(1-82)  (Ban. 11)

Seut=YA*Li*(1-g) - B*R*(1-g) - ' (Equ. 12)

* In this arrangement, each output is the combination of two ‘sigha]s. Lo and
Rou both involve the sum and difference of the input sighals and the gains of the sum
25 - and difference VCAs (the VCAs whose inputs are derived from the center and =~
- surround directions, th‘e_- pair of directioné being ninét'y‘ degrees to the left and right
directions). C,y; and S,y 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 N
‘right directions, the pair of directions ninety degrees to the center and s‘ufrOund o

- 30  directions). - -



The arrangenent of FIG 2 has the follow ng-equations: Lout
Lc-go*%®R2* (Lt +Rt)-gs*%*(Li -Rt) (Egn 5) Rout-=Rt-go*|/25February 2005 :
+Rt) +gs*%*(Lt-Rt) (Eqn. 6) 15 Cout=92*(Lt+R), gl* V2*Lt-gr* /,*R (Eqn. 7).
Soul i/2*MARAY8G| * VoLt +gr*9Z*Rt (Eqn. -8) If all the \x@eumm@au ns of
zero,. the arrangenent would be the sane as the passive matrix. For any

- equal values of all VCA gains, the arredlyéfient of FIG 2 is the sane as the

P Ly Soink a lBaRaRgNal R AR, iFNA TR S il o 20 VS

Rt - 0. 05* mﬂnﬂﬂﬁb)saﬁld)i(lhﬁty%ﬁt—&téiﬁﬁted @M& €bhditidnl rt! gies@n@ﬁ‘ $ibnfl flacdy
0.9*9@* (Lt +Rt) s00t=/ 2*(Lt-Rt)-0. 051t +0. 05* Rt 0.9*f/2*(Lt-R) 25 The

result i Sompwheesbetweendhe loft sndlcerltewalahlﬁdahmcttbng, arithsimuld thesefore be

apparent that the preci val of the qU| escent VCA gain, described bel ow,
is not - oefiygroptpu ?1 mf’éﬁi s rFpitia Littiey thﬁhlll&ff@m\ ut @n6 Saii ons (Ieft

rlght center pe t|v uts are Lt onl

onl y, Lt = % gﬁgr%qrg&){)'lltplg@agﬁ)g: ieved B? PGS aﬁ%leﬁPgltlﬁ),
and the gg lﬁﬁaé) [93?% uts are Lout only, 15 February 2005 . WO
02/ 19768 - PCT/ %g{f)% d%lei&J?Hﬁﬁl y, Cott only and S., j-only. In each
case, ideal | ForRg, ®hé RilitiGmihip f&ogﬁﬁca&%tlaﬁsﬁlsone signal, and the |
remai ni ng ones shoul d deliver not ing. By inspection, it is apparent that

if the VC. As" camagundntoquA’ﬁﬂtﬁm)tmagc)] he one corresponding to.the
desired cardinal direction has a gain of 1 and the remaining ones are much

Ielsls t han I1 tthen amﬂméﬁsﬁdf/s*( KBéﬁ(l—}g@é d33| Led one, tﬂe \é%qmlzhﬁ)al s
wi | ljpcance ed _ou expl aj ne above, in e

conf? gur at i orﬁb?t%e ﬁ%?ﬂﬁa@ga'@fﬁt crosstal k conponents in the -
adj acent cardi nal 1 o] I ch the passive matrix has
crosstal k). Thus, 1x?i ?@Eg%gls[é ‘ﬂtlb%‘m i nputs are fed with equal in-phase

el 50,1 mresan. S 33 2, )L, ) DT,
Rfl~i 1-1%i/.2% @QHﬂgleratlﬁnﬂf%s(lgnﬁl)Iﬁhmled (or, 51mply. positioned) between any two
adjacent cardinal directions will reveal the same two refationships. In other words,
15 | when the input signals represent a sou:nd.pannéd between any two adjacent outputs, -
. these magnitude relationships will ensure that the sound emerges from the eu'tputs
- corresponding to those two adjacent cardinal directions and that the other tﬁvo outputs
deliver nothing. In order substanttally to achieve that result, the magmtudes of the
two terms in each of the equatmns 9-12 shouid be urged toward equality. This may
20 "be achieved by seeking to keep equal the relative magnitudes of two pairs of signals
w1thm the active matrix:

magnitude of [(1¢+Rt)*(1“gc)]

= magmtude.Qfl[(Lt_—Rt)_’_*(I-gs)], S ' - (Eqn. 15)

| _ . and .. E

25 . 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
of ,Equatio_ns 13 and 14 but with the scaling omitted. The polarity with which the
signals are c‘ombined_a.nd, their scaling niay be taken care of when the respective -

30 outputs are obtainedas with the combiners. 14, 16, 18 and 20 of FIG. 2.



Ctlut /2*(1+l) - 0*t/2*1 - 0*~/2: 11 Soot % (1-1) - 0*%2*1 + 0*%*1 = 0 15
JThe only output is fromthe desired C0"t: A similar calsgbaiuageoss! | show
that the sanme applies to the case of a signal only fromone of the other
three car &Y@82/1976H r ecti ons. Equations 5, 5, 7 and 8 can becwusoiaros :
equivalently as follows: 20 Lut=t/2*(Lt+Rt)*(1-9gj+ 1/2*(Lt-Rt)*(1-gs)(Egn.
9) Cout=%2*Lt*(1-gl) + ®R*Rt*(1-9gr)(Eq1-10) Rant=!/2*(Lt+Rt)*(1-gj - /

) O T A B "1
L G A O,

-cent er and selfuictiop feedback conta$ to tlatntpial thef reﬁﬁtfc&fshgﬁns bei ng ninety
degrees to the left and right . directions). Cout. and Sout both involve the
actual input Fignihsdscussitre aaversormerning carédilatimncdfninglesirsComosstalle WAS
-whose _respective inputs are derived fromthe left and _right directions,
l‘ﬂﬁ?jp

the pair SENAYCPRPENeHS apdfeam the geaiementy Ha the sexdinaldlirestionahgasoe

di ti . 15,Fe 005 02/ 19768 .. . PCT/ US01/ 27006.Consj

non- car atharoet et RirdRe Yegitnedusal indiiecekbfterion B mrnarmy aa 2 AV CK.,
no | SIS ! i It . g
Someanor STpaS e nifl URGLERZS G, HloFred Wl tunfboh il Ein i V8s P 20

t her ef or ehelddiadept @uirallt gaih) SHOvidiHE cMRetiCaGithe Phidivd hiatli® WhetoHld fnfrom
Rout and Sout. 5 For Rout and Sout, this zéro output can be achieved if the
two ter mof one & GHula pair needpiiotrisdefromtitsqpiesien vilmegotvardst ynity] GhéotheRout , .
the relati.gnship for this cancellation is magnitude of [~/2*(Lt+Rt)*(1-9,)]
= malfhi t QhEhegpaiy ppymemaig pt ﬁ@-fg@ys}qeeaﬁamlcg)m%moge\m the eppesiredisesiting '

relatio nﬁﬂépccin%enﬂaﬁg mhd %ldaecti%tcﬂ le}elat%gnl'sh’iké i 1{)eLp (t}llzeggfo u@ of the gains of the
pair constant. Using analog VCAs, whose gain in dB is a linear function of their
control voltage, this happens automatically if a control voltage is applied equally (but
with effective opposite polarity) to the two of a pair. Another alternative is to keep
15 the sum of the gains of the pair' constant. As, for example, described in connection
- with-FIGS. 16-19, the invention may be implemented digitaﬂy' or in rsoftwére rather
. tha.n.by using analog components. ' | o
- Thus, for-example, if the quiescent gain is 1/a, a practical relationship between
 the two gains of the paifs might be their product such that
20 : - gtg= l/az,' and - |
gogs = 1/a”, | o
A typical value for "a" might lie in the range 10 to 2_0. .
- F1G. 3 shows, functionally and schematically, érfeedback-derived control
| system (or “seIVb”) for the left and right VCAs (6 and 12,‘respec{ively) of FIG.2. ht
. 25  receives the L; and R, input‘s_igﬁals, processes them to derive intermediate Lt*(l—gl)
| and R;*(1-g,) éignals,— compares the magnitude of the intermediate signals, and
- generates an error.signal in response to any difference in magnitude, the error signal
causing the VCAs to reduce the difference in magnitude. . 0116‘ Wajf to achieve such a
result is to rectify the intermediate signals to derive their magnitudes and apply the
30 two magnitude signals to a comparator whose output controls the pains of the VCAs



= magni tude of [V2*Rt*(1-gr)] A consideration, of a signal panned (or,,
rsinply,. positioned) between any two adjacent, cardiAglrefiaBcidosns wil |
reveal the sane two relationships. In other words, 15 when the. input °
signal s r¥YB4818 a. sound panned between any two adj acentpanvigowtmps t hese
magni tude rel ationships will ensure that the sound energes fromthe outputs
corresponding to those two adjacent cafgdinal directions and that the other
two out pyiif Ly . ' | der.substantially.to achieve that -
result, t eS‘&Qﬁhiﬁbﬁ%aép%P*ﬁﬁaex%fﬁ B IRtk o Vit HieAsPy sl 12
shoul d. -deerélse6d .t ONRuE AN (e id 8 ; ' by seeking to
keep equal the rgrel'ative magniqoagéeégg(#lﬁygm%ﬁﬁza@riiggﬁf@%ﬁ?@e within the .
active natplexen@bionsyaid cldﬁeﬁfsoﬁlﬁdﬂvﬂ'féﬂﬂ{ejccﬂﬁﬂdraﬁr'lﬁw ﬁ'tt'h'% ~[CLrRt):
(I -g,)],(Egn. 15): and nagnitude of [Lt*(1~gr)] {Egn. 116 grr(ryx’;lglr)lelttude of
[ Rt * (1- gi§scemhampdidior gain o substantiallp $oss shmwonity (Egyava)o rérefdmadigita] ar e’

t he gama aﬁ t hose, of Equations 13 .and 14 but with the scaling omtted. The |,
pol ari t yMeHenftions e shawy garslesersbaddbalpwein contectien witcBIGRgl hayd B8,

taken care o en t,he respectiye outputs are obtained as with the
conbi ners 14?11\132‘:‘: aliéglogﬁ%argzgnoparép -a%ZaaW‘ﬁE?aiW§°-1Ml§@elﬁéﬂbﬁuary 2005
PCT/ USO] %gﬁl ' Lon. | t he di scove of, these . -
her et of (1)B/roe- ungﬁgi}-g‘?ﬁ:ﬁ?‘ggétﬁ% élé r@ﬁ%ﬁl P ﬁﬂd’ég' 'b%iqt%ﬂg]\ée F‘iﬂaaltﬂ?%r@%g?%hat

pr ef er athy compariase EBRAL B rathBitHA Aot RimiAfld aRflg. &\'ﬁ%g,g@gﬁh%%om rol -to

‘mai ntain_these rel ationships. Fromthe di scussiton above €O

cancel | #CAs hatve gaiespropdritomd 36 ahlexﬁoﬁérgnﬁthé@ﬂﬁﬁﬁﬁﬁgﬁal?ﬁﬁl thatgmyi he
reqw’re. nts for the cardinal directions, it can be educed that® for the
sca ngg’ﬁéeé‘ FEnily apdiconygpieatiiitalontheransilogef thewasiol dutputs ofBasarithmicailybe
unity. Hggeec{mg%' ?eél%ent_, undefined, or "unsteered" conditions, the VCAs

shoul d adop R ‘Pr'g'ai n, providing effectively the passive matrix. Wen

the gain . More specifically, as shown in FIG. 3, ‘th.e 1, input is applied to the "left" VCA"

6.and to one input of ajlineat combiner 22 where it is applied with a scaling of +1,
The left VCA 6 output is applied to the combiner 22 with-a scaling of -1 (thus
15 forming a subtractor) and the output of combinér 22 is applied to a ﬁﬂl—,waﬁe rectifier -
24. The R, input is applied to the right VCA 12 and to one mput of a .linear, combiner
26 where it is applied with a sc_aling of +1. The right V_CA 12 output is applied to the
‘combiner 26 with a scaling of -1 (thus forming;:a subtractor) and the output of
- combiner 26 is applied to a full-wave rectifier 28. The rectifier 24 and 28 outputs are
20 applied, respectively, to non-inverting and inverting inputs of an operﬁtional
 amplifier 30, operating as a differential amplifier. The amplifier 30 6utput provides a
control signal Iin the nature of an error signal that is applied without inversion to the
gain controlling input of VCA 6 and with polar’it‘y inversion to the gain controlling
input of VCA 12. The error signal indicates that the two signals, whose magnitudes
25  are to be equalized, differ in magnitude. This error signal is used to "stéer“ the
VCAs in the correct direction to reduce the difference in magnitude of the
intermediate signals. The outputs to the combiners 16 and 18 are taken fromthe -
- VCA 6 and VCA 12 outputs.: Thus, only a component of each'infemiediate signal is

applied to the output combiners, namely, -Lig; and -Rg,.



of one VCA of a pair needs. to rise fromits quiescent value towards unity,
the other 10 of the pair may remain at the qui escent gabiFebruapooBve in
"the opposite direction. . One convenient and practical relationship is to
keep the PYOHRIY6%Hf the gains of the pair constant. Usi ngp@amesig7MeAs,
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Since the exact gains are not critical when they are small, any other - .
re_lationsixip that forces the gain of one of the paii',tb a small value whenever the other |
rises fowards unity will cause similar acceptable r.esu'lts.‘- | .
20 The feedback-derived control system for the cénter and surrouﬁd VCAS (8 and
- 10, respectively) of FIG. 2 is substantially identical to the arrangement of FIG. 3, as
- described, but receiving not L, and R, but their sum and difference and applying its
outputs from VCA 6 ahd VCA 12 (cqnstifuting a component of the respective |
intermediate signal) to combiners 14 and 20. o |
25 Thus, a high degree of crosstalk caﬁcellation may be achieved under a wide
. variety of input signal conditions using circuitry with no special requirements for
precision. Thefeedback-deﬁvedcontrol- system operates to process pairs of audio
signals from the passive matrix such that the magnitudes of the relative amplitudes of
the intermediate audio signals in each pair of intennediate audio signals are urged

30 toward equality.



based conparator. Mre specifically, as shown in FIG 3, the Lt input is
applied to the "left" VCA 6. and to one input of a |ing®Eebapmppony 22
where it i's applied with a scaling of +1.. The left VCA 6 output is

appl i ed tWQ®RE%Snbi ner 22 with a scaling of -1 (thus 15 frOmMUSIg/22006
subtractor) and the output of conbiner. 22 is applied to a full-wave
rectifier 24. The Rt input. is appliedyyo the right VCA 12 and to one i nput
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signal is applied to the outp

Febr uar ybi#008y bé@ealRzPIEB silctSGOVAtA fafe gdid- For. steady-state signal
conditions, the difference in magnitude may be reduced to a negligible

amodft by pr d¥itkr metidiesugte linsap, that is, ifftbeisoutputs aré diredtly pepestional tothe )
reduce t.he differences,in magnitude to zero or a negliqgible anount_in order
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chosen :to urge the nmagnitudes toward 1ty In a '
essent i ahkyonpardidelirpaitislegaisialdneto midag shanmio eOMdiiknanevelsDatas is -of the -

choice of time constants: in the various configurations described are 1f
beydad themedicaaldnghatithe resnliistthemindependenitiifithe absalutet signaldeetldng are

chosen t rqvi de about dB of negative  feedhack and sq that the VCA
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- that other things being equal the loop-gain is independent of loudness, and hence that

the degree of urging towards equality is also independent of absolute loudness. At
20  some irery low level, of course, the logarithmic rectifiers will cease fo‘operate-
-accurately, and therefore there will be-an input threshold below which the urging
towards equality will cease. However, the result is that control can be‘maintained
. over a 70 or more dB range without ihe- need fdr extraordinarily high 100p-géin"s 'for
high input signal levels, with resulta:ht potential problems with stability of the loop.
25 .o Similarly, the VCAs 6 and 12 may have gains that are directly or inversely
proportional to their control voltages (that is, multiplie'rs or diiridgars). This would
‘have the effect that when the gains were small, small absolute changes in control"
voltage would cause large changes in gain expreésed in dB. For example, consider a
_VCA-— with a maximum gain of ilnity, as required in this feedback-derived control

30 system configuration, and a control voltage V, that varies from say 0 to 10 volts, so



exceeding, unity for the scaling exanples described herein in connection
with the 15 arrangenents of FIGS. 2, 4 and 5.. Due to B EcBRGAI 2005

f eedback, the arrangenent of FIG 3 will act to hold the signals entering
t he recti WepH19ppr oxi mately equal. Since the exact gains mreus@iziéni tical
when they are small, any other relationship that forces. the gain of one

of the pair to a snmall value whenever i other rises towards unity wll
cause sim |l acceptabl e results., 20. _ 2dback-derived control system
Forthe. Hirthe SRR Gukenonad AN YBReY 85 fenearit ppcomum, w109 | <
subst ant .71\ .4 g%ngi e of. - El 3. as. described, but
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signal conditions using circuitry with no special Tequirenents for
pr ecixsi ofiesult, threffeatibaop-gatr, ianddherey ratslofagspamse, woeldavay Hugehy ocess
pairs of aUdich'gSi gnal s, fromthe passive matrix such that the nagnitudes "of

the rel alPRendingheibridhe conirplksignalovaelarae er smallo Agaimahere parebeh pair of
I nt er medj| audi i |.s..arg.urged 30 toward equality. 1 5 February 2005
WO 02119bg@,ﬁelp_s%ﬁ%%%%%egthel@ppwe feedback-derived control system
shown i.n- Fl G 18&; : -0 . V%? rsely to
urge the i_npurtrglst]‘jc?)rgtB @F%%??Pgﬁg&%%&n%ﬁ%%r sS Q’ggg‘ggl&%‘y@nﬁ?degr ee
to whi chptdiationilo the comtrél woltigeedr bopmEsisl &ﬂfe@éﬂt% vigReRdltagebrichrent
characteristics of the rectifiers, the conparator foll owing them and of
t he B Hagpnoisriependenupon dhes bkpenent of hatilvgref thEhengobaokagd.hA dmalp- gai n;
the closer the, equali ti/,' but _.an urgi r{? t,ﬁwgr ds. equality will occur
i r r especPhRgm qondral yaHags aichsas L0 myf willdhen givethgsamepild chaage bf g6Bur se
t he pol afhtl the si | s.are.such as tog, requce the |evel S
ai 11 en sy e fhe bl e i€ Wi e e BRehmurb fe ot ey aveflabe as
but . may QﬁalBngS,zﬁﬂi iR apitilridict OF aﬁ"a??r&&ﬂia&ﬁp&@'if' is ez?sqw. Icfifed foctifiers
are linear, That'is, If their oufputs afe directly proportional to the
i nput nadigital deplerbdetaggengpar at or or - subtractor output i's a function of the
signal voltage or current difference. If instead the rectifiers respond to
t he I5ogari t hnlb¢ praftheed anslpgrembaghineot derefoae cinploys Iogerithewi reetifiessaell i n
dB a subtraction. perfor ‘3 at, . the conparator input is equivalent to taking
the rati gxmn%llgﬁgmroﬁg updablergain amplification, delivering more nearly uniform
urging towards equality (considered in dB) over a wide range of input levels and of
ratios of the two input signals. | ' |
- Since in human hearing the perception of direction is not constant with
20  frequency, it is desirable to apply some frequency weighting to the signals entering
. the rectifiers, so as to emphasize those frequencies that contribute most to the human
- sense of direction and to de-emphasize those that might fead to inappropriate
- steering. Hence, in pract'ical.embodi.ments, the rectifiers 24 and 28 in FIG. 3 are
preceded by filters derived empirically, providing a response that attenuates low
25~ frequencies and very high frequeéncies and provides a gently rising response over the
+ middle of the audible range. Note that these filters do not alter the frequency
response of the output signals, they merely alter the contro! signals and VCA gains in
- the feedback-derived control systems. - |
An arrangement equivalent to the combination of FIGS. 2 and 3 is shown -

30 functionally and schematically in FIG. 4. Tt differs from the combination of FIGS. 2



15 beneficial in that the result is then i ndependent of the absol ute signal
|l evel but depends only on the difference in signal exps&sse@ni 2008B.

Consi dering the source signal levels expressed in dBto reflect nore
near |y huWho2piig7@epti on, this neans that other things beima/easabokhe
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applied to a feedback circuit such as sliown in FIG. 3 and described in cormection

therewith. The feedback circuit then controls the gain of VCAs 32 and 44.

20 .- Inaddition, still referring to FIG. 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

25 one 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 sﬁbtract'or). The
outputs of combiners 38 and 42 are the signals %*(LAR)*(1-g,) and BEL-RY*(2-
2s), respgctively, and it is desired to keep the magnitude of those signals equal or fo
urge them toward equality. To achieve that reéﬁlt, those signals preferably are.

30  applied to a feedback circuit or servo such as shown in FIG. 3 and described i



urging towards equality (considered in dB) over a w de range of input
| evels and of ratios of the two input signals. Since n@beumaﬂngrl ng 't he
perception of direction is not constant with 20 frequency, it is desirable
to apply Sane/®raguency wei ghting to the signals entering pgmesomestosfiers,
so as to enphasize those frequencies that contribute nost to the human -
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conbi nati_on of FIGS: and 3 is.-shown 30 functionally and schematically in
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FIG 3. Mre specifically, in FIG 4, the Lt and Rt inputs are applied
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a scaling of -1 (thus formng a 15 subtractog3t The outputs of conbiners 34
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110, Loy VCA 48 and with a scaling of +1 to R,y VCA 54. R :
It will be noted that in various ones of the figures, for example in FIGS. 2 and
20 .4, itmay initially appear that cancellation signals do not oppose the passive matrix
. signals (for example, some of thé cancellation signals are applied to-combiners with
the same polaritjr 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. - | '
25 .+, - . Another arrangement equivalent to the combination of FIGS. 2 and 3 and to
,_.FIG 4 is shown functionally. and schematically in FIG..5 . In the FIG. 5
configuration, the signals that are to.be maintained equal are the s1gnals apphed to.
the output der_1v1ng combiners and to the feedback circuits for control of the VCAs.
These si gﬁa.ls include passive matrix. output signal components. In contrast, in the

30 arfangément of FIG. 4 the signals applied to the outpuf combiners from the feedback



~therewith. The feedback circuit. then .controls the. gain of VCAs 32 and 44.
20 In addition, still referring to FIG -4, the "center"15_(piéb%&ﬁo5the .
passive matrix fromconbiner 2 is applied to 'the "center” VCA 36 and to
one i nput W&0249168near conbiner 38 with a scaling of +1. THa/dssaRems VCA' 36
output is applied to the conbiner 38 with a scaling of -1 (thus formng a
subtractor). The "surround" output of ffge passive matrix from conbiner 4 is
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desirably acting to hold the magnitudes of the pairs of signals equal. The feedback

- circuits of FIG. 3, as applied to the FIG. 5 configuration, have their outputs to the
20 output combiners taken from the outputs of the combiners 22 and 26 rather than from
the VCAs 6and 12. - - ‘
- Stll ireferﬂng to FIG: 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 arrahgement
of FIG. 4. Algo, in both the FIG. 4 and FIG. 5 arrangements, the outputs of the
25  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 outpuits of combiners 38 arid 42 to 2 second such
circuit in order to generate control signals for VCAs 36 and 40). In FIG.'5 the output
~of combiner 34-, the'Lf‘f(‘-lx-gl) signal, is applied with a scaling of +1 to the Coy
| 30 - - combiner 58 and with a scaling of +1'to the Sey combiner 60. The output of = -



signals (for exanple, sone of the cancellation signals are applied to
.conbiners with the same polarity as the passive matriXsH8Aky 2605aPP! i €d) ..
~However, in operation, when a cancellation signal becones significant it
will havewDmsivassi ty that does oppose the passive. matriXx pigiglize
Anot her arrangenent equivalent to the conbination of FIGS. 2 and 3 and to
FIG 4 is shown. functionally -and sch_sggtic‘ally in FIG. 51nthe FIG-5
e

configuration, the.si s that are tQ .mai nt gj ned_equal are the signals
appl i ed ‘E%‘“.B“{eﬁé‘ bmepg?%hl“eﬁf) Yery 18 gppliek withan %m&%ﬂ s thedcda eombimers f or

Component o svHERBualf 8PF) B 1% oRNEREn AR St oL onBBePsh R

. applied ¥4 ) i P he "
051 10765 Per L 41 0SS apicd Rtbelsf coRGE s Srpl & SERlalo P And 18
excl ude tieeR pasehbimenslrvith aseplbne of 1. ThHeusutphofile coAnkiABE42 YhE Be* (L
- conmbi natjon of FIGS. 2 and 3), passive matrix conponents nust be
expl i%ci t Ry*€ogpisiganlyist applied towhelis commbites Stewithack] staling 15l to theRgas i n
FIG 5 the ﬁut pu&s of the. f,eed&%gk circuits include the passive matrix
conponent@MBHIT S2aviharilcscakingi dhemondens A% and dovwithintbedashediinedd that in
the FIG r,r angenent e interpedi ate signal. qu ts rather than the VCA -
out put s ((‘(g’}fé Uitge ﬁqmoghoétgﬁﬁﬁvtoﬁt(@ SGhYS? @r@)&ﬁ%ﬁeﬁgﬁ%ﬁl?‘r@f PA iate
signal) gy spplied to the output conbiners. Nevertheless, the FIG 4 and
‘FIG 5 (along with the combination of FIGS. 2 and 3) configurations are

equi val ent. . (ddnlike ?ﬁ_er Eﬂ@ﬁapﬁeé\n@tﬁfa'd@@@déf&%ﬁbé@@ém—@lesﬁgﬁal@ﬁf& efitbd and,
if the summ ng coefficients are accurate, the outputs .from Fl 5 are

t he.10sanfonstheliopets) aspack & the ipwendionherefomblynamploy o tidsk@GSoop 2ontesidn3) . | n.
FIG 5, the, four interpmedi ahe sig aIs,,cgllz*(Lt+Rt)*(1-gc)], _ '
[1/2* (Lt W %@f-@%ﬂ@lwﬁ/@ﬂ ¢ signalsrpviding) the putprts are-megsured and fasl back
equati o : [ and 12 e _obt ai ned.. . 15 processing the passiyve

o b Mo e AR, el Bt SORE prict PSR oa it 8 et

out puts. | : : i £ 1 0f 1 two
foedbaok b et Lae iy e e Tl behahBrib et urhied Pn S BRPhBh LegiRl

~ f eedbackdicéativuistdves dos idepbhd/ oR ah iadeurkte ﬂﬁ@tdlmag b€ cRRGRIIIRS 0Pfhd dignglai rs of
signals equal. The, feedback circuits of FIG 3, as applied to the FIG 5

conflidgurand emird paghs, asidrthe elgsed doow confgi@@tions gneathorddnne itiss neddefor f r om t he
,outputs of. the, conbi.ner,s 22 and 26 rather than from the VCAs 6 and 12.
Still rdEFEIRY Y IGeMIEEUBY. ¢ he connecti ons anong-combi ners 2 ‘and 4, VCAs
32, L Ideally, aside from practical circuit shortcomings, "keep magnitudes equal"
configurations of the invention are '—'perfec.t" in the sense that any source fed into the
L and R, inputs with known relative amplitudes and polarity will yiéld signals from
20 .thg desired outputs and negligible signals from the bthers. "Kuoown relative ©
amplitudes and polarity” means that the L, and R, inputs represent either a cardinal
direction or a position between adjacent cardinal directions.
o Considéfing 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
25 arrangement in the form (1-g). Each VCA gain can vary from a small value up to but .
. not exceeding unity. Corres.pondingly, the variable-gain-circuit gain (1-g) can vary
- from very nearly unity down to zero. Thus, FIG. 5 can be redrawn as FIG. 6, where
_every VCA and associated subtractor has been réplaced by a VCA alone, whose gain
varies in the opposite direction to that of the VCAs in FIG. 5. Tims -every variable-

30 gain-circuit gain. (1-g) (implemen_ted,. for exazhple by a VCA having a gain "g" whose -



36, 40, and 44, and conbiners 34; 38, 42 and 46 are the sane as in the
arrangement of FIG 4. Also, in both the FIG 4 and Fh &Februafy ongement s,
the outputs of the 25 conbiners 34, 3 8, 42 and 46 preferably are appliéd
to two feW@PaBR78ontrol circuits (the outputs of conbi nerrdsoanthedb to a
first such circuit .in order to generate control signals for VCAs 32 and 44
and t he .outputs of conblners 38 and 42 gp a second such circuit in order

tCOm%BO 58 b Rao @t p iyt MR pPiL e i FIOS, Loaking t:séﬂé’%épggeahﬁ
I T
Wﬁr&@m%@@%aﬁ@ﬁmﬁm@@ B2 e SO

the Rt*(stargl-dlope V@A hsviaph! "W & &€ aldaegve conbi ner
58 and with a. scaling ofg- 1ga1?1§)] t he gggut o r?blﬂxgrm%%lxt%t%ﬁ@ut pﬂ%e of

conmbi nerchaseteristics oifaqn '(1RE) ™ i thg sdms iag main "I'sambiflthe deddbatk eirkniis act
conbi ner 56 with a scaling of +1 and to the Rout. conbiner 62 with a

scal f ng igmaintanrggualivpetwesn thvmagoitadnef thegrequinstel pairs( af signals,) the Figs)

si gnal lied tothe out 56 with a +1 scalipng and to the
Roor o ShEnRBRIraBows el valent o eI, ronistens and BiLeID G smE o
dashed | C STAAMAY th rvos f ncl ude
the rel eo\l‘/J1 Spgllrquéegné I ﬁhgﬁ Qf)ed cg}#i 16111150 ( %‘E‘?%wam
decoder s, SWhR$E, &REqRYa Pgﬂﬁl: ifegener at ed 10 from the inputs,, aspects

of the inventioh preferably enp oy a closed-1oop control in which the

magni t udes oRlflfvaghi e HI6. Brovnifiguiaidnie cauinles: AEAIRABHS @ﬁa&ﬁﬂtﬂee.ﬂtn@émk
to provide_the adaptation. In particular, unlike prior art open-loop

sysi®ns as il the prigir r@onﬁgumitcmsonoﬁenhau ﬁheqxasswn ohdterxctirsisnd appemralxplicitdy of f :
unwant e Erhgtgnal S fo on-cardi nal ~ directions, does not depend on_an
accur at ¢ I o lﬁéﬁ@ﬂ GH ua%te@ﬁdm@d@iicghaﬁhp@wmmwomt hs,

and they o) ons educe d for reci sion
" the ti $A il %gélf AR ALRET SR EId B EPntintalior Shorvetmangae
"keep npgRicbHIESy éﬁv@ " pe t"oin
t he senseﬂ!tehat ar?;ﬁtsigﬁro ggﬁr?%dh %{1%&1% ‘%% ?E?gw{ﬂuﬁlgn%&ﬁﬁu]@h%\{fm%m
rel ati velosepoiit, udes and polarity will yield si gnal S from 20 the desired.
out uts and negligible signal.s fromthe others. "Known relative
1t udes:- BaterpogdeiHl{}. Gmaresspecifically the "lafitl oRiputngfiths pasyive serttixei t her

a cardl n direction or a. ppsition t ween a acent cardinal -directions.
consi de?’&ﬂ‘@h fws%aﬁ%ﬁ‘?r@ﬁ@éhe put §1Ena£§b 1@%@1‘&? to a{'lefi"| YCpet4 bavingnat t he

cubt r acEOHE 8 paFRh SRR AR Sl £k TR HR i RO SRS y 1 om

a smal | mayak URhith i"soal%'ﬂle samne as the input signal R,, is applied to a "right" VCA 70 |
“having a gain h, to produce the mtermedl_ate signal Ry*h;. The "center” output of the

20 passive matrix from combiner 2 is applied to a "center" VCA 66 having a gain h; to
produce an intermediate signal %*(LytR)*h,: The "surround" output of the p'assiirc
matrix from combiner 4 is apphed to a "surround" VCA 68 having a gain h; to
produce an intérmediate s1gna1 %2 (Li-R)*hs. As explained above, the VCA gains h
operate inversely to the VCA gains g, so that the h gain characteristics ate the same
25 . as the (1-g) g‘ain characteristic&- The portions 69 and 71 within the dashed lines
constitute a portion of the éervds. :
' Generdtimr 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 -

130 invention and in explaining how the teachings of the present invention may be " -



not exceeding unity. Correspondingly, the variable-gain-circuit gain (1-9)
can vary fromvery nearly unity down to zero. Thus, R5@ebRidp@podie redrawn
as FIG 6, where every. VCA and associ ated subtractor has been replaced by
a VCA al oM 02/83&e gain varies in the opposite direction rOr/umR7EG t he
VCAs in FIG 5. Thus every variable 30 gain-.circuit gain. (1-9) -
(i npl erented, for exanple by a VCA having.a gain "g" whose 15 February 2005
WO 02/ 197 1/ -20 output IS subtracted. from,a passjive matri x
output - ac bl adiad HR GrRad hRNG sighaldieaRl GChariigelarina.
vari abl e- @igéddidy. et i pe b Gl Nt or exanple by .a stand-al one
VCA havi n(g?éad%(gii’n " hh%?ﬁgﬁ%ﬂﬁ@ﬁ&%@éﬁ%ﬂg Pl x out put). If the
-characteri sti da thé foRoWingaldlfsis anB réul@ak il bd1dRdtdd b b@nsrfiﬂ@lhqﬂé‘ﬁh audio
circuits act 5 to maintain equality.between the magnitude of the“requisite
pairs of wugemthat is penfedelockwizentowut tid linena ineatitols) 'ﬁﬁﬁiﬂ%%’t&h@ rédrandd-
configurati.on and wil| deliver the sane outputs. Indeed, all of the
di scl 9sedUBEMYthalatopenter fontaightgadzhackrs the rarGThexvBiabld o i5 2 meabube
are. equivalent to.each other. Although,the FIG 6. configurationis .
equi vat encfﬁhﬁ&.ng Elpiaﬁf?.ggeegiaifwnﬁgg Hheespegt E&a-iﬂf_mﬁhé) giges being at the
confi gur gt t t St. e i x does not. appeal .£xpligitly
ut 1 o1 s AR 190 EetcatEoBRECHIR, T il BB R BRY Fharpreieied
confi gur abioohs the fsllofamgdaippsssibrisal | to small -values. In the FIG. 6
configuration, the corresponding unsteered condition occurs when all the
VCA gains<h rise to their maxi mum unity or «close to iit. 15 .- . Referring
to FIG 6 nore specifically, the "left" output of the passive matrix,
whi ch% s al so the same as the input signal Lt, is applied toa "left" VCA
64 having a gain ht to prod];c_e_t e (knt¥hnedi ate signal Lt*hl. The "right"
out put of the passive matriX, ™ €h %8 allso the sane- as the (Hput 74)gnal
Rt, is applied to a'" 'right" VCA 70 havihg a gain hr .to produce the
internmediate signal Rt*hr.. The "center" output of the 20 passive matrix
fromconbiner Zis applied to a "center" VCA 66 having.a gain.h. to.
produce an internediate signal 1/2*(Lt+Rt)*hc. The "surround" output of the-
passive nmatrix from conbiner 4 T ppli to a "surround" VCA 68 -having a
i

~gain_hs to produce an inter qqd“;gﬁgr",%_@ﬂa -1/ 2*(Lt-Rt)*hs. As explained
abovd? the VCA gains h operate ijnvergel y{to the VCA gains g, &y HFB) the
h gain characteristics are the sane 25 as the (1-g) gain. characteristics.
The portions 69 and 71 within the dashed |ines constitute a portion of-the
servos. GCener ation of control voltages - . §
- There is a one-to-one mapping between the paraineter o and the ratio of the
| magnitudes and the polarities of the input signals; use of o leads to more convenient
20  analysis.- When o is 90 dégrees, L, is finite and R, is'zeré, ie., Ieﬁf(-)n]y.' When o is
180 degrees, L, and R, are equal with the same polarity (center front). When ais 0,
Liand R, are equal but W’ith opposite polarities (center rear). As is explained further
'below, particular values of _intérest ocour when'Lt and R, differ by 5 dB and have -
- opposite polarity; this yields o vaIues_ofBI;degreés either side of zero. In practice,

25 . the left and right front loudspeakers are generaily placed further forward than /- 90
degregs relative to the center (for exampie, +/- 30 to 45 degrees), so o does nbt’ :
a_tctually represent the angle with respebt to the l'istener but is an arbitrary pai‘améter
to illustrate pmming. The ﬁgﬁr_es to be described are arranged so that the middle of -

_ the horizontal axis {o=1 80 _degreeS) represents center front and the left and right -

30 extremes (a=0 and 360) represent the rear.



“An anal ysis of the control signals devel oped in connection with the

enbodi ments described thus far is useful in better ungsteband sepst he .
present 30 invention and in explaining howthe teachings of the present

i nvent i onVREM/IB®815 February 2005 ' WO 02/ 19768 PCT/ USO1/ ¥t006se1210eappl i ed
to deriving five or nore audi o signal streans, each associated with a. -
direction, froma pair of audio input si28mal streans. In the follow ng

anal ysis, _t he Asdisbisseliabbylth boiEiiH Filh e a&f&?ibﬁswc{}%@t?éﬂq‘ig@fe‘f{tﬁg

that is panned cl ockwi se around the listener In a*circle

rear and anggimgtivalaclatienleithetwent thic %ﬁi@@bf a'pgat¥f VO PRCK fééaﬁalﬂ,ﬁ-tq?%d The

variable a is_ a nmeasure of the angle (in degrees) of the Inmage w respect -

to a |isteon&ol spstgafelds thsdt prpdarct chrstasar Wathdexidenidall g esnabllti e/ CABBRE

front. The ‘ihngut .magni tydes Lt and Rt are related to a by the follow ng
expr essi GRdhan# the gaimof ong sises thypgainiaf the gtiwr fallohis Happens antordficaian.
17A) gEqQ)ﬂ 17 There is ,a.one- -o-one.m%pﬁi ng, between the paraneter a and
the ratic ot éan?‘?aﬁ‘?ﬂt¥[dcfé@l gedhothntdhe pprissasm thaembedimanit of FIS, 3use

Finite and R DoRpEIR g Stenals B93h50 R fhe prodbel GEGREVCA pminang m
o, ¥4 ¥:198 el . (W ' L d Rt
e cquatt Bt & b8 T7 RS kol SR ichl1P byt SO0 Bofy i o et

furt her ubglngowasds équily i@t th . iffer
by 5 dB and %ave opp%gi't%lpol arﬁi ty’ hFE?egﬂ?iae{I(%gﬁga\?a grg%lsg§tg§€0ﬁ5(§'e%s

either spdiisiitheeYGA painpsathatdbe faBowhey éqfatioand satighid: f ront | oudspeakers
are H)enerally pl aced further forward than +/- 90 degrees relative to the
center (for exanple, +/- .30 to 45 degrees), so a, does not actually 7
represent the angle with.respegt tq,t “L' ener .but is-an arbitrary
paranmeter to illustrate panni z&t?%ﬂuégﬁr B‘?L'sat“%r)be descri bed a@@faﬂ&nged
'so that the middle of ' : ' :

In addition,
o o o | _
e 7 - g -.gr—;i— - (Eqn. 19) -

Clearly, in the first of these equations, the absolute magnitudes of L, and R, are
irrelevant. The result ﬂgpends 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

20 - the solution (the other root of the quadratic does not represent a real system):

b S TEETS] e
. Plotting g and gr against the pann’iﬁg angle o, one obtains FIG. 7. As might be |
25  expected, g tises from a very lpw value at the rear to a maximum of unity when the
input represents left only (0=90) and th__é-;n falls back to a low value for the center
front (a=1.80). In the‘right half, g, remains very small. Siﬁﬁlarly and synnnet’riéally,
g is small exéeptrin'the_middlé of the righthalf of the pan, rising to unity when o. is
- 270 degrees (right only). '



the horizontal axis (a=1 80 degrees) represents center front and the |eft
“and right 30 extrenes (a=0 and 360) represent the rean5FebtudreBodtry 2005
MO 02/ 197%@8&%801/27006 22- As discussed above in-connection wWth the
descri pti , G 3, a convenient and practical relati dfsHV¥P18&0%ween t he
gains of a pair of VCAs in a feedback derived control system holds their
product constant. Wth exponentially c@¥rolled VCAs fed so that as the -

in of one rf i ' 1S detiDiS . t gt cal |
gai n of .one- rtkesbdVeregaits aff fdrhge %f(t){l?ﬁeefgfehgﬁdeﬁ%& cBRRBE tﬁiél. gg% I cally

when the sane control signal feeds e pair, as 1ot odi ment
of FI G SumBbfletdneg feddbackpdariveidgumaiieol lsystem snsirRexactthengnidh@amigduct of
the VCA gains gl and gr equal to 1/a2, and assum ng sufficiently great

- | oop- gai Meldag plofs ofsem gaint 2. andgliffgrensegais geapshiowy in E1GoRplAxadn, ashe
~feedback deri v(g control, system of FI 3 . adj ustﬁaﬁ,he VCA gai ris so that
the fol | ORI P53 TiSEE o Rty at e qenter front( falligg jo ajlopgvalue (1. gr)
" (Eqn.z:18 di t4: ' L ar .- a (Eqgn. 19) Clearly, in the first of
t hese5 eqﬁlg%ﬁg%’%%rglgidgfﬂﬁf@%ﬁ%ﬁipﬁ%ﬁg@ 'é}lgﬁttﬁﬁée%, are. irrelevant. The .

resul t- dependy ieedBick BRkved @bhfiol Hskéh VAl daihdliBpehd GHRE Lrthichlof”

,fromthe second equation into. ! I rst, I'ns a quadrdtic equation
in gl thdie duatrolQolibge, sl utthe prefefred @ntidtiment @hen e édiftrsluasiagtidepéipRs not.

represent a real systen): (Egn. 20) Plotting gl and gr agai nst the panning
angl e a, onitlke Isigesiths ofitle gain. ABhws, fhumike e@iatmasebibed, omg can desvé rom a,
et onl §sSi0m) forihe Litsh sndISnay SERERES eonTEl WPHRBESSmalGSaBH Off ont
(21020 el R 0Pt P Sk T 0
Pan, )t Lsgﬁt%vsgq ﬂlqulftgr;g%% tﬁe'sﬁm/éi?@eréﬁég &SirdiVodke® th¥ dattdrinefed (2. ( X 82
. effectively difference/sum), in an embodiment where the maxinum and minimum
values of control signals-r are +/-15 volts. Obviously, other scalings are possible.
| The curves in FIG. 9 cross at two poinis, one where the signalsrepresentan
15 image somewhere to th_e left back of the listener and the other somewhere in the front
half. Due to the symrnétﬁes inherent in the curves, these crossing points are exactly
halfway between the a values correépondhlg to adjacent cardinal directions. In FIG.
. 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 fusther 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. FIG. 10 illustrates a signal equal to the
lesse; of the curves in FIG. 9. Thié derived control rises to a maximum when o, is 45
25:  degrees, thatis, the value ‘Where. the original two curves crossed.
It may not be desirable for the makimuﬁ of the derived control signal to rise to
its maximum precisely at a=45. In prabtical embodiments, it is preferable for the
' derived cardinal dir{acti@n- representing left back to be nearer to the back, that is, to
have a value that is less than 45 degrees. The precise position of the maximum can

30  be moved by offsetting (adding or subtracting a constant to) or scalin‘g one or both of



15 February 2005 WD 02/19768 PCT/ US01/ 27006 -23- The above results are for
the Lt/t feedback-derived control system The sunf d|ff1%r|féy|:@a 2005
f eedback-derived control systemacts in exactly the sane rranner yi el di’ ng
plots of WOMEER gc and difference gain gs as shown in FIRGT/GSOLAYMSN, as
expected, the sumgain rises to unity at the center front, falling to a low
val ue elsewhere, while the difference2gain rises to unity at the rear. If

he f h
e {eedbanknAnm Ad sGAMIRLER LS ot B RRROP R GoB NSRS
vol t age adpeyoibo, fotdakimomie hbre-pbsitive ogﬁid’te-n'@g‘dﬁvefﬂlﬁ?%&reFﬁﬂhﬁHn%s

above, qne' can ‘deri ve expressions for the Lt/Rt "and su f'erence control
vol tagef Gwa]rieslwwaﬁhe sautepperafion @s Fi6. 16 exbgsikthdiethio\wran/dofitreate syRigm s
corrparat conparator 30 of FIG 3.. FIG 9 shows the left/right and the.
sum di f fidsdwer S@@lﬁarhyl 0.3oMithibe reswb thes themaximum RO (dcoars at ef¥lect i vel y
diff ren&:e/surr) I n an enbodi nent where the nmaxi mum and .m ni mum val ues of
contFol sﬁ{)%%?rs are + 1-15 volts. Ooviously, other scalings are possible.

15 mge. DERGALPOR 5% Rhrbl? ATk G BRIALEIDRR B RE RS

somewherifivéed S@nfdifRfendialnl er%%y’h%a% la?%fﬁ%rtﬁlgﬁlt' %Emﬁ{g; 'ﬁtsehﬂmi fgwcurves,

t hese crossing points are exact bet'we

cor r espaodinog sipnahcjrabe derived dvlftﬁb rﬂa)ﬁﬁﬁim @bsurslifi a Zjﬁr@deﬂamﬁﬁ&b’ p&&high at 45
and 225 degrees. Prior art (e.g., U S. patent 5,644, 640 of the present

i nvent oconERpending to demright ba@c ehtheslisiensr, tta d&lmnbmd:)pmdeterdnned/e (forom t wo
_ contr.ol rt her- c troI signal that is the greater. (nore .-
poqu i véﬁ‘Stﬁ?c% égﬁgls ?4' éég dBS"sqefﬁ )iegqeeg the ether sidetafwiggn, symaetrial sithar t -
derivesy ferent manner and nmakes different
use of t e resu conﬁ%gﬂﬁ 31? Ofg %? Tllustrat es a si gnal "equal to

the Iesser om@hpz §H6\Xf§§hé BB Sl R dAELOMES] GERTER, R R mum

when a is 45 5.:- degrees, that e va

_curves suds aenhnnlet thetytha etost oditbier aithe gfver a@ﬁn A lest ﬁé‘ﬁleqéft'a‘ﬁﬁd
contr ol naI to rise to its maxi rrumﬁ@emsel at a-45. In practical
t

~ enmbodi n’é!rgb As givepgaine thediriseftorunityeat thietdfvend cimhd candinali dieations, so -
re se Ief Kk e the back, that is, to have a val ue
t ha 5e ﬁieé“s alﬁ‘g%&@%rﬁ'@a&%ﬁﬁ’@ %\} ioEFe Wby When ssignalisiesed30 be

gg;/ﬁdm? 1ﬁ{3 Februaryﬁ%gg%%ko%%cwﬁgﬁ cons?%tgg% d%(’fozems)?%u{ n9 one ot

remain very small for all other positions.

Similar results can be obtained with -Imearly'controlled VCAs. The curves for
| the main control voltages versus panning parameter o will be differént, but will cross
20 atpoints that_ can be chosen by suitable scaling or offsetting; so MGricOHHOI |
x{oltages for specific. image positions other then the initial four cardinal directions can'
be derived by a lesser-thgn 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 negative). - | :

25 The modlﬁcatlon of the main control 31gnals 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.offsetora scalmg It will be apparent that the |
modification allows the generation of further control voltages whose maxima lie at

| ! almost any desired ratio of the magnitudes and relative polarmes of Lt and R; (the - -
30 1nput s1gna1s)



-24- the left/right and sum difference control signals so that their curves
cross at preferred values of a, before taking the mone-fRea|dy ¥GoPr

nor e- negative function. For instance, FIG 11 shows the salve operation as
FIG 10 eX@W19%#at the suni difference voltage has been scRIEGSHRT@6S, E
with the result t h at the maxi numnow occurs at a 31 5 degrees. In =
exactly the sane manner, conparing the.2fwerted left/right control with the

i nverted m.di ff : : i.ng. siml ar- of tting, l'i ng,
second new control - SunPRe B YOG el AR s cour s in d
predet er ni nedFIGS; 3 h6A 4 gﬁfwamfaﬂgbaw@n{aﬁ%x hﬁzgfma%ggﬂfgkfgﬁ%ana%ﬁner , At

.a desired and predetermned a (for 10 I nstance, "360-31 egrees, 31,

- degrees titrensoadued. te vateeloinwated csysstall.r ic tosviches, thre Wake fhaqiossiblét is a |

left/right reversal of FIG 11. FIG 12 shows the effect of applying these
derived écantallationitormas dexived/@isioun VEie el ecohrée A teachede nrosmupmgaini ve .
val ue, gives a,gain of unity. Just asg the left_and.  right VCAs give gains -
that i s&CPgrallyiunity,{or »g0xseat gng 0? f%qfwé&@mmah digestiws iaad§,orr§&p@sﬁng hese

oraceq. o o BB Altebl B BBE 6 i e ot Fel Coltls Menlhilsdaedl 88 L7 o

of zero) & _ ' ' , , AN STy ults
can be. oY A A PeTetine Kehoc that o sfnbl PR BARIChh S sdRldBh Sralil L | °
control JdikthgesyietldisttRpmndtBingaf-emBhtpuld othéd thaf tHbdef @irfRpendity thithd
cross 20 at points that can be chosen by suitable scaling or offsetting, so-
furt her twatadicentcandagd outputsspeci fic i mage. positions ot her 't han 't he
initial four di pal, directions ca be derived by, a | esser-than
oper&ion. a %E{Su‘mnqlplei %lamt@oe%@@aﬂpéctwe sHsters Wb neasadhasn fougiogiputs. and

derive n e aking the greater, e posj tive) .rat her..tthan the

| esser (%Vﬁ‘gahea§§¥ﬂ )sy S%@“ﬁ’é&n@&rtg%agﬁéwl ?mﬂj{él Ishmétéfﬂlpche signals to
nove t hei j kAl ok &1t akin g ek

1 or nat P aa R S e S Bl LRiBRERE by Bor RSB 1 1 o

to an of Esauply; the ﬁﬁaéutput midtridiolf FIGe 13pPFaGens, 4 faictidial an®séengaid on

al l ows the generation of further control voltages whose nmaxinma |ie at

al nost adipgdesiofedpomionof af active matiN serdedingrid the patseukinvehtiontisas of Lt

and (the. . 30 . nput signgls).. 15 February 2005 WO 02/ 19768 . .

PCT/ 1501 P5eAgbaid X phgingism the Panperia whighaposedban fawmovipuls aseoptained.

FIG. 14 shows the derivation_ of six cancellation signals usable in FIG: 13. FIGS.'13

and 14_ relate to providing more than four outputs according to the first way of the-
- invention. An approach for providing more than four outputs according to the
. second way of the invention is disclosed below lin connection with FIGS. 16-19. -
20 : Re_ferring first td FiG. 13, there are six outputs: left front (Ld;t), center front
* (Cou), right front (Rw), center back (or surround) (Sou), right back (RByy) and left
¢ back (LBgy). For the tliree front and surround outputs, the inttial passtve matrix is
the same as that of the fou_r;output system described above (a direct I, input, the
combination of L, plus R, scaled b.y one-half and applied to a linear combiner 80 to
25 -+ yield center front, the combination of L, minus R, scaled by one-half and applied to a |
+ - linear combiner 82 to yield center back; and a direct Ry input). There are two
additional back Qutpu'ts,_-'le_ﬁ 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, coriesponding to

30  different combinations of the inputs in accordance with the equatibns LBy =1L,;-



FIGS. 2 and 4 showed that a passive matri x may have adaptive cancel |l ation
terns. added to cancel unwanted crosstalk. In those c re four
p055| ble cancellation terns derived via four VCAs, ﬂé%%g& n(féﬁo‘%'l\gached -a’
maxi num g¥H2/18768eneral |y unity, for .a source at one of tCTosm/2eeedi nal
directions and corresponding to a dominant output fromone of the four

, out put s (Ieft center ri ght and rear-)Zﬁ-The system was perfect in the
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aCtIVG systens with nore than fodr outputs. I'n such cases, the systemis

not " peréxpected inutmyyraaticdystegnal s may stil | be sufficiently cancelled
that the result_is audi bla/ uni npai red by crosstal k. See, for exanple, the
si x- out put mabdil&.ds, mazil 111311 to il pdsiveuratic térmmsatheamatpat linemt dombiners

f'n'c‘gﬁta. %5, PG e Docnd B gorive anpltinloaota rcalation tatms dond fmm than
C;ﬁzegr; 3 02y 29@%93& 117, fi4, &3 1282134 cfiﬁiﬁﬁ‘ér'e%ﬁn%@@{cénw; the
provi 'F}Shsgﬁ'%em&t*ﬁﬁ;”oﬁt@ﬂ{s omége&émcsa{s(ﬂm&,tpg naﬁ 511 t}é@@bﬁ%@cl@ %g% o

i nvention. An. approach for providi our

the sedapdiswamltifliedsy itev :’s@ﬂV‘Cﬁi\sj 1! e {fRR
FI GS. 16- :pig 20 %{afe:ﬁrall ng %ﬁlst to Flg S%%?%grgmgrngh Sl X%ngﬁg Ieft

front (landthe inputsenultiptiet by(ﬂie gajns of YA S, r Andeddribed) aboventler Viiaokareor
surroun%{SD h ght back (RBout) and l'eft back (LBout). - For the three.,
fronf ré@illeélfﬁd wtl}ﬁm&am% Hse thineity fopm eandinal tapiti conidition hed ezere as t hat /

f the f b b d L h _
oot na SRR bRt 87 SRR b oBhe nal © ant-appl et o & |1 near

nbi 80
Conled by onatR eRfibuEafod GRLRS, 15 B six oA MBI oGD pfvitha Py HEwEd
back, armamnrmmeaaemmtmagﬁhﬁreg adlS dNStieA SHER b%ﬁﬁc}b%la%@ﬂ% | eft

back and rear back, resulting fromapplying Lf with a scaling of 1 and

with. asignls ﬁ:@lmthe— appopriatel autpairomgntyuir]nmub@thnanaﬂcam&ﬂlutmg oflsigrall i
scal with a scaling | to a linear -conbiner 86,
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nothing. Thus one expects that for each output, in addition to the passive matrix-

there will be several cancellation terms (in practlce more than the two shown in FIG. -

20 13), each correspondmg to the undesired output for an mput corresponding to each of:
the other cardinal directions. In practice, the arrangement of FIG. 13 may-_be ‘
modified to eliminate the center back Sy output (thus eliminating cdmbiners 82 and
94) so that center back is merely a pan half-way between left back and nght back:
rather than a sixth cardinal d1rect10n S

25 . . For either the six-output system of FIG. '-13 orr its five-output alternative there
are six possible cancellation signals‘ the four derived via the two pairs of VCAs that
are parts of the leﬂ/rlght and sum/difference feedback-derived control systems and
two miore derived via left back-and right back VCAs controlled as described above
(sae also the embod1ment of FIG. 14, described below). - The gains of the six VCAs

30 arein accordance with Figure 7 (g, left ‘a'nd.g, right), FIG. 8.(g, sum and g, - o



In FIG 13, in addition to the passive matrix terns, the output |inear
conbiners (88,.90, 92, 94, 96 and. 98) receive nmulti pkeepaidry 2005
cancellation terns (on lines 100, 1.02, 104, 106, 108, .110; 112, 114,

116, 118, WO@®2ANW8122) as required to cancel the passive paEUEX/WGPULS.
These terms, consist of-the inputs and/or conbinations of the inputs.
mul tiplied by the gains of VCAs (not shgyn) or conbinations. of the inputs.

+ Vas' aro ARVASERPY b B S 12 1o 3R 3 o D) TG Gemlofon et

i nput  conglé LR A =al Ly Q1 har. - iti.ons. . The
confi gur ;a?? gﬂr?%%%&?:%éﬁ ﬁ%gﬁﬁé_gﬁylgg%ﬁ%%?égﬁéﬁeg gésgﬁg\’l%\?efr}gé%&%a?’ﬁ&t S
Lt and Rhoken ttefriiniedize enatanys] cRethikide deatbedlelowt i €S, each of which
should result in. signals fromthe appropriate output only, with

substantial c&neeiriives enthefregiyed tandetlafibn ttiexing besffiticnts forteaoh sardieal an
i nput _condi tiqgn representing a signal panned between two adjacent cardinal
di r ect i orfSitPutly ernsidering therpplbsignaly and ¥ GAsgrinsifatiavaty dihes ceidimal shoul d
deli-ver sj.gnals but the.remaining output.s should deliyer little or '
not hi ng. d?'%ﬁgf’noweé}i‘_%‘%’?% ﬁla%g}!ﬂoﬁ%o\?&g’a%ﬁn%ksﬁﬁ? unity Oﬁédqui signalpat e passive
mat ri x L k- . n i terms. (i, practisce, re than
the two Shoaephding ZErGRHEETeCRRRRRY o) n8 s xEHamity Birl G P biiee:
for an i msesapfaesponding to each of the other cardinal directions. In
practice, the arrangement of FIG 13 naybe nodified to elimnate the
center back Sdihusofotpodtandd) s thed ¢aze ndthalfconput@ne danslcOkidaahe hat

center back is nerely a pan hal f-way between [eft back and right back:
rat h&? " t §tEnad conditions dexicenter Fonk etght anlyz sight badk,deaterttiack £irst-wteaput

‘syst f Fl .13 its five-qutput alt ive th si i bl
Sancel | atPismaL g in' e iveaibubessLand JIE bRt vio pai re of Vean that
. parts of : J i f f e feedback derived |
Syt enn and . CoaSidePih detadihe B OBt o A S0 Ao B SHodeEY B REEL) e
as descriibedt abartns e @6rma iean HepaaRednIBhL, 19f T6! g{%ﬁc Flf%ng%?%@dti(vgl?éi}gﬁ 0‘;‘?} g

- The gains of the six VCAs 30 are in accordance w

gr right mputiGin the ginteywland ,gr R1ndgh=uabne 21008s @ 0ah 197e3*(L+R),

PCT/ US01/ 27406 -27- difference) and Figure 12 (gib left back and grb right
back}> TRE® é%mﬁﬁf@ﬁr@wMtenwﬁFf@ﬁq%erw ?Eo cansehwdenvhe ingui ixat er ns

' I C | cul at th ] t 1 Ni m t-ed
cr osst ot ot YEER Br ARiER Giiween Sonlr BolE add AR fioat Gheistoeaneliopi | on
m Xxing cepht batSNbeREdS A% R #H.IR N gain exactly as in the four-output system of

FIGS. 2 or 4. To cancel when the input represents left back, one needs a signal from

the left back VCA whose gain gy, varies as in FIG. 12. ‘This can clearly deliver a
20 - rsligniﬁcant' cancellation signal 01'11ywhen the input lies in the regiofl of left back.
Sipce the left back can be considered as somewhere between left front, 'répres@sn‘téd
= by L, only, and center Baék, represented by %*(L¢R)), it is to be expected that the left
‘back VCA should operate on a combination of those si gn?ils. |
| - Various fixed comiainations can be used, but by using a sum of the signals that
25 have already passed thfough the left and difference VCAs, i.e., g*L, and %*g*(L-
Ry, the combination varies in accordande with the position of signals panned in the
- region of; but not exactly at, left back, pri)vidjng better cancellation for those pans as
well as the cérdina{ left back itself.l Note that at this left back position, which can be
: considered as 'i'ntermedi_ate between left and rear, both g; and g, have finite values less

30 than unity. Hence the expected equation for L, will be:



5 out put by considering the input signals and VCA gai ns for every. other
cardi nal direction, renenbering that those VCA gains to u 453/ only for
signal s at the correspondi ng cardinal direction, and P“ﬁ”\%@é romunity
fairly r a§0dA9768%. t he i nage noves away. Thus, for instan@@Tm;gnyﬁ-}gg(, case of
the left output, one needs to consider the. 10 signal conditions for- center
front, right only, right back, center Egck (not a real cardinal direction
in the five-out put case) and left back-"Consider in detail the |eft output,
L ,,,t for the five-output nodification of FIG. 13. It contains "the term

Lot s TR L R S0 SRV M DR ey 1

exactly as in the four-output systemof FIGS. 2 or 4. To cancel when t he
input is at center back or anywhere between center back and ri ght front

(therefore i Mtleudiefifcient glthn Heaiél@ved%ﬂ@ﬁlg%or %‘cﬁﬁ a%nfsi&erﬂién ?Pgﬁ oh |
en the

exactly as in_the four-output system of To cance

i nput é@ﬁ@é@M@AI gaiins whek a sonecaizddsharegignaf li¢ Ilalft bzidk&:dxﬁiﬁal daebtivgeA
whose gg;}ﬁt% rliarle as in FIG_ 12. This can clearly deliver a 20.

si gni fi | i dhe pAssies mreEtix denny Whe femns'4™ gp’i(ﬂ_ﬁRlé,s-‘/é’ngt“(Ia-R&,gﬁruh of
Ol i dered as, sonewhere between |eft

front Paar Bk g Bl ehipent oo lBton fraices St d h{habanipL 1 - Ry )

t t h houl
Lonio?na?.“"‘%ﬁ’“ﬂ?*ﬁ@ﬁé’ﬁﬁl% B ihd% iilingb o FoNE R e G Bty oun
b dicssl h the | ft
and gl P?’Erle?c?%‘é"hef*ﬁfe?ﬁ?&‘?‘i‘% A SRR B R RS oo o var

in Hbcoﬁdwdhtmtthnnhnpmssthmdmm% elwelmmnmpm 13egion of, but
not exactly ,a | eft back, providing better cancellation for those pans as
wel . as thelBaean#aon fef Robtscderivedaimilarly; or bjraymavetryri s | eft back
position, which can be ‘considered as internediate between .left and rear,
both g1 and gs have fini'te values |less 30 than unity... Hence the expected

SR I AR Y T KR AR

- x*gl b*((gl*Lt+gs*1/2*(Lt- Rt))(Egn. 21) The coeff|C| ent x- can be derived
enpirically or from.a consideration of the 5 preci se VCA gai ns when a

soutsce is i nT'ltl&h&rneBR@ms tHe pdseiveahatrixatekme arld teﬁinsd%*@g’fg_ﬁ}ﬂRQ %*g ’K(E';-m (Ll
is. the ass ?n‘g xterm The ternms .9%2*g, *(Lt +Rt) (Lt- , and i
Z* X* gl [g%* 8 ((&"i&f&j‘@n%&@ﬁmentmﬂaaonmfsns RlGed4Filat 14)

t hat C in linear c r 88.(FIG 13) in order to
derive 1F geoc?u ogﬁ'gmeg w1ti1 t111 linear-combiner %gb(ﬁ& lg) 1n( order to d)enve 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 FIG. 13.
20 The center front output, Cqy, contains the passive matrix term %a*(L&R{) plus

the left and right cancellation terms as for the four-output system, -%4* g*Liand -
72* *R;

Cout “[%(Lt“"Rt)] 1/2 gl*Lt* ¥ *Rt o (Eqn. 23)
25 : S : e '
There is no need for explicit cancellation terms for the left back, center back or right
back since they are effectively pans between left and right front via the back
(surround, in the four—output) and already cancelled. The term [V(LeRY)] is the
passwe matrix tetm. The terms ~*g*L and-15* R, represent cancellatlon terms

30 (see FIG. 14) that may be applied to 1nputs 100 and 102 and combined with a scaled

I'nation varles‘, :



audi o signal Lout. As explained above, there nmay be nore than. t wo
crosstal k 10 cancellation terminputs than the two (1qg ;@%0 hown i n
FI G 13. The equation for Rout is derived simlarl Y, ry: Rout
[Rt. -9@WQU2/768Rt ) +96 gs* (Lr Rt) - %&*x*gb*. ((gr*Rt-' gs* (erwj)mstﬁgnoo(,ZZ) 15
The term[Rte is the passive matrix term The terms -V2*g; *(Lt+Rt),
f/2*gs*(Lt- Rt), and -%R2*x*grb*((gr*Rt-g(Lt-Rt)) represent cancel |l ation

G Loy Rrberk G 10 R SRERAD T DR praf leitVe R8BI meq

above, "t heideo abe hore than two crosstal k cancellati on termi nputs than
the two (120 and 122') shown in FIG 13. 20 The center front output, Cout ,

-contains the passhe kfribadi ou tﬁﬂt , ther@hftighRiskivenhbisix, abstdad &bo@n‘i’s L] ght
cancellatlon ‘terns as for the four-output system f/z*g, *Lt and -

9R*gr*Rt - b*8aoff oz pdeftloniRingut,iwhew ot £1% chearlyghs RequitedyeanceBiticibtetheise is no
‘need for E licit ancel lation terns for the | eft back, center back or '
ri ght ® badReISfoiges ey Yo & right @aly 1y, \ﬁbﬁsgnbetlwﬂ@rﬁﬂnéﬁﬁamiﬂﬂngﬁt front via

he back the f al d [ d Th
S ( Ly oo %Lkﬁfe%ﬁ)&sas?%ﬁrﬁ?mﬁg‘i’tlﬁu b 2 S50 e imveanied QUAEg: cont
| at t | d
705 and eoH e RRiyp RrhBCE BeR, chithe AftallEoPtl- &%%‘5%&“7%52%%@@%? 27406
- 29 ver sitaok @hntdllAlvh Bimiis é,L*(g?"Rt )9*%”(]? R§P thé bdzne ad Hle te'i‘mQIs@Erfoi' o '

derive the output - audio sig ‘“he left back out put, the
starti ng Kas mﬂmlmphnuzechmeé’ﬁanendymhm miy aghin-bevdriived afempiritally opnly

input1 {1? %{ av the re U|red cancellation termis 5 therefore’
- g*L19 - p&rlcylated dxo ? d%@m&m e dpit or rightb a,fdmmdltaona;nmmm is
+b*gr*Rt For a center front i nput, V\/nere Lt = Rt.and g, = 1, the unwanted
out put fromthe passive terms, Lt-b*Rt, can be cancel | ed by

o br (o« et b Ffﬁ%t%téf*?tz‘;teﬁa BRI HETE R e LR (1 an

optim.zed coefficient y, which may again.be arrived at .enpiri C@Eﬁ 9%10
cal cul ated fromthe.VCA gains in the left or right.back conditio ,
LBOUt [Lt-b*Rt] - gt*Lt+b*gr*Rt (I-b)*gc*9@*(Lt-E-Rt)-Y*gi b*(gr*Rt-gs*

1/ z* g_t @HlaﬂS,Eq” 24)

RBoy = [Rt-b*Lt]'“g_r*Rt+b*g1-*Ltf(1 -b)*g MM (Lt R)-y* g * (gt Lt g5 (LeRY)
' ' (Eqgn: 25)

20

Wlth respect to equatmn 24, the term [Lt—b*Rt] is the passive matrix term and
' the terms -g*Ly, Tb*g*R,, -%5*(1-b)*g *(L+R,) and -y *grb*((gr*Re-gs*/*(Lt-RD)
represent cancellation terms (see FIG. 14) that r may be combined with L-bR; in linear
combiner 92 (FIG. 1_3) in order to derive the output audio signal LB, As explained
25  above, there may be more than two crosstalk cancellation term inpttts than the two
. (108 and 1 10) shown in FIG. 13. | | ,' |
. With respect to equation 25, the ‘[Rt—b.?“Lt] is the passive matrix term and the
components .-gr*Rb b*Li*g, L (1-bY g M LRy, and -y* g *((g*Le-g*%*(L-Ry))
represent eanqellati_en.te'rms (see FIG. 14) that may be. combtned with R't-b*Lt in

| 30 linear combiner 96 (FIG. 13) in order to derive the output audio signal RBom.:. As



15 Sinmilarly, RBout [Rrb*Lt]

gr*Rt +b*gt *Lr (1-b) *g, *Y2* (Lt +Rt ) - Y*glb* (gi *Lt +gs* V2* ( LLI ~ . 25) 20
Wth respect to equation 24, the term[Lt-b*Rt] is thgéglgéks%a\r/ye&ﬁglrix term
and the tEOMm/1978* Lt , +b*gr*Rt, -%(1-b)*g,*(Lt+Rt) and PCT/'USU:IIZ‘?(](}(» o
-y*grb*((gr*Rt-gs*Vz' k(Lt Rt)) represent..¢cancellation terns (see FIG 14)
that may be conbined with Lt-bRt in |ingar conbiner 92 (FIG 13) in order
to deri V%E} he ﬁ%put udi 0. si.gnal LBO"t.” As expl ai ned . 25 above, there
may, be HOPEOERRAROVGoheremey Hamers than two ensatalksanapllationt team inpets than (108

b
~ and 11'8)th§ 118 ﬁ{dqlgsggkg%ﬁgﬁ@&%gt to equation 25, the [Rt-b*Lt] is

the passive matrix term nents -gz*Rt,' b*Lt*gl,
-%2* (1-b) ' ko, Ih(pshdtiRe) vt k) md AR Ll (L - RY) - esent
cancel | ati on teljr} ns (s’gleﬁ!élgébixfl fs &]g@ l}r%%/d;%ﬁg%%n#j&’ %‘%ﬁelﬁaﬁgﬁfft Pn 30

li near climité hop-86ink Bh& oA inperRictidhs erd 1 LReghgnal -
RBout . As 15h.I|:{g)b§ua'ry 2005~ 1V\g&( 12/ 1g%ggtlgc%e%%%??§%&%@%%ﬁg%%d '

above, t¥hich dmpobdeliver prediselytequaksigasl levlscant eiter tombidaidhs STRUE S han
the two (ﬂééGl-!and 118) shown in FIG 13. In practice, all the coefficients
may needRapiRlicRpggalsanaybpemplogedor the finite | oop-gains and either

I mper fecti onsy0f the fciedback-deri ve_g control systens, s which do not

del i ver preci's&P§ PEGSRICStam f coutss, be extendsd e embosbmeatsitiving fuarh ghasi x
1 gty | : . h i nci pl f , b
oxt ondeq 10N bt Ve AR Y B e HER P o B Erfegibptudierver o °°

~addi ti ompplicatioi of tisd @ang, 68RetBf cdR Hone oM proeessiile ot defcthafledlirdlls - |

scaling,, offsetting or _non-linear processin WO malrnc

si ghhl s Signahs fioen thef lefiiightt amhelus/diffeichite fentback poRbaRioMPkif-aMsacel t he

f eedback- .deri ved fontrol systems, permtting the generation of additional
cancel | SET¥Rd ogkal systems, namithingthe gpmiertion efadditiomadi camcellattdrhsigndissi r ed
pr edet er m] val.ues of a. The synthesis pracess -of consjidering each _
out put %?@%%@éﬁ@@“@fr@q Té’rfa%ﬁl%*i a‘é%tilﬁr 8@31@4@36@‘!@@1111&11 wlnes ofitr ect i ons

I n turnyel Lk ! nd.coefficients for. .15 generating
addi ti onal égll}yjb%% s.@%%&rz #%{g;s?%%-\%{%ﬂ%l (g;‘tp'ﬂl,n t;hﬁé)ﬁ?seélf"@ Hgﬁggq_a«}sg%ﬁﬁpc ofare
appl i edthoothepaarding dif@dtions id 3@t . rdXegiAnal ¢ out put
fromthe Lt input, -a right rlrat ri x\bﬁls?’?}lg u 6%%4 %&%ﬁn%ﬁed%@#ﬁ"t tf:ora
center 8eRgratingragditional wagputsonbi ner. 132 whose

Referring now to FIG. | 14, input signals Lt and Rt are applied to a passive
matrix 130 that produces a left matrix signal outpiit from the I, input, a right matrix

)

signal output from the R, input, a center output from a linear combiner 132 whose
inputis L, and_th, each .with a s_oale factor of +Y4, and a surround output from a linear
20 combiner 134 whose iﬁput is L, and R, with scale factors of +% énd ;%, respectively. o
The cardinal directions of the passive mairix are designated "left," "centef," "right,"
and "sutround.” Adjacent cardinal .directi{ms lie on axes at ninety degrees to each
other, such that, for tlleée direction labels, left is adjaceht to center and sufroumi; _
Surroupd is adjacent to left and righf, etc.’ | .
25 -~ The left and right passive matrix signals ére'apljlied to a first pair of variable
' gain circuits 136 and 138 and associated feedback-derived control system 140. The
center and surround passive matrix signéls‘are applied to a second pair of variable
gain circuits 142 and 144 and associated feedback-derived control system 146. |
- The "left" variable gain circuit 136 includes a voltage controlled amplifier

30 (VCA) 148 having a gain g and a linear combiner 150. The VCA output is



input is Lt and Rt, each with a scale factor of + z, and a surround out put
froma linear 20 conbiner 134 whose input is Lt and R \ﬁa Ph sc&%@ factors
of +r/2 and -V2, respectively. The cardinal directi Oplg SPYhe ssive
Cmatrix arewW@dRilgie8ted "l eft," "center," "right," and "suripgwngoizel acent
cardinal directions lie on axes at ninety degrees to each other, such -
that, for these direction |abels, left j3g-adjacent to center and surround;

surround |j ' nt Lo .Jleft and right, etc. 25 The |left and right passive
matrix si %Lﬁoat@t%fﬁoﬁbﬁ}ei 18§ Ragsrge fl?artglfi Sheh '%F‘W&%ﬂ%t}ﬁ@ S(g&qaﬁ the @‘@ﬁaﬁga@ 6
‘and 138 agfilRSERE f der Ql 40.. The .cepter and
~ surround patslsi ve kg‘%giﬁ;} %&gﬁg?@ %]%edn\égﬁeﬁ)g@s L[to(’fzgﬁ%géﬁﬁ?&l%p%ﬁlp cbrpugéf ﬁ}ﬂ)l e
gai n ci r coombinks dund; cdbinanth A9 sREHASAS e SaN MV e dreopiol 48y st em
146. The "left'." 32% %bl e gain circuit 13?6 I ncfﬁﬁﬁ%oﬁt‘ ageb(r:%t&ldtl?ol led
anpl i fi erouipot ¢igaa), constitnting agraacelatiomdigasidisag ¥Lnear conbi ner 150. The VCA
out put_is 15 February 2005 WO 02/19768, PCT/US01/27006 -31- subtracted from
the |.8ft passilie gt vaspbleaain sirevitddBdncludes s woltage conroledrmiplifigai n of |
t he vari ajl iR,circuit is (1l--gi.) and the o ut _of the variable gain
circuit :t\léﬁgqsgm%ﬁ 83t gnind %iﬂ%@%@éﬁblﬁﬁf ﬁéfﬁi ih%r‘lf@éi eutpukisgnal , is
(1-ga)*Lt - 1..Q ' e CONSELT UL a ncel.|l at.i on signal,
s oL, Rl YO e SR Shcti O Bierx SBARL 1 Pormlhe?, et niyefaide
control | eghiamglihd vefiable i hamL : i I G ORDI 154.
The VCA g%?put 1S s%bt;égg%%%éﬁo t% arﬁcllg t&ﬂ) glts%glean‘é#rl@géagﬁg&ﬁﬁﬁt
conbi ner. ths4oatintradutpht; coustitatihg aai intedinetilte vianhB M €1-BH*R,CTheWCAl 552
(1-gr) and the output.of the variable gain circuit at t'he conbi ner out put ,

constPtut B UEs gnak o Reennstitutss geancellatiopisignpl) The. (1T Ramd G2g) L out put -
"t or e BRSO gtes cofiits 2] PUE obMiPrBediAE LR t i gRARBICI] s
i gnal s LLeelate miihialg o RS KL, O inteliiediait Rlefiiba PrerChefeic: at oo

f eedback-edpmlivie dThRIE AeboByBRA byl aﬁ@ﬁf&d@%@d@&h@ﬁ%ﬁﬁaﬁgﬁéziﬁs@g&ﬁ{ :/CA)

variable gain circuit 142 1ncludés a voltage-.contro

156 havi nigt0a dgsdribegibalow. a | i near conbiner 158. The VCA output is
subtracted fr the center passive matrix signal in conbiner 158 so that
the &veral | S@«en centeg heanahle geinecigenih 147 inalides sveoltagerontrdiledemplifient of

|t er med QLTSRS b e spdn R PTibiG Bib. VERE SBeAGBU isei gnal
/29, . * GhbiRbted FRIRthE YERSr BatCflabit hféﬂaﬂng@o%binerlS 8 so that the overall

- gain of the variable gain circuit is (1-g.) and the ouiput of the variable gain circuit at

~ the combiner output, constifuting an intermediate signal, is %*(1-g.)*(L#R,). The
20 ~VCA 156 oufput signal %*gc*(Lt+Rt) constitutes a cancellation Sig’nal.
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 from the surround passive matrix signal in combiner 162 so that the
overall gain of the variable gain _ciicuit is (1-g,) and thie output of the variable gain
25 circuit at the combinerroutput, constituting an-interinediate stgnal, is %*(1-go)* (L
. .R). The VCA 160 output signal %*g,)*(L-R,) constitutes a canceﬂation signal. The -
72¥*(1-go)*(LAR,) and %*(1- gs)*(Lt-Rt) intermediate signals-constitute a second pair
of intermediate éignals.. It is also desired that the relative magnitudes of this second
pair of intermediate signals be urged tbward equality. This is accomplished by the

30 aSsociatedfeedback—derifred_control system 146, described below.



162 so t

The "surround" variable gain circuit :144 includes a vol tage-controll ed
amplifier (VCA) 160 having a gain gr and a linear conﬁgtﬁ%ru]aﬁ;zodghe VCA, .
out put i sg ﬁ'g}ﬁyfgct ed fromthe surround passive matrix signal” rn conbiner

AP "overal|l gain of the variaple gain circui PCT4S0L27066) and
t he out put of the variable gain 25 circuit.at the. conbiner output, '

constituting an internedi ate signal, i€9202*(1-gs)*(Lt- Rt). The VCA 160
out put si gnalThefeedbidild | & i-an.signal .. The
1/ z*(1-gc) *(Lt+Rt) and Wgﬁ%{}g@)@?ﬁ#ﬁﬁ?%@é&%ﬁ@ﬁ@t cgﬁ%???a]&é’ﬁst itute a
second paermegliate signaieitichndessiilers| 154 antl 165 reb&iQiieaie ﬁﬂgﬁﬂ%}f cb%ﬂ;tiﬁé‘ijsat ive

S

magni t ud of this second pair of internediate signal e urge oward
FSorpna :

equal ity 4 raspaniiyel s hdtie pospentive filtenouipuisarechppdiedtto dip dasifics .
control %g@‘}@% descéyi bed bel ow.. 15 February 2005 V\DOZ/%Q?G_& _
PCT/ US01/" 1 /g bhat eeh uge the/ogad thie oftheiy tnpais. 1 The aectifisdaet Wi t h
th [ | jnte di,at ignals i .udes. filters, 164 d 166 .
r ocervi noeBRLbutus AeIRE i D8ORS pO NS bus lineapeembiner 72 pHaose

; ti | : t . | £ |- [ Lfiers . 168, and 170 that
Do gl o A SuALEI e 99 GRS S iR

. | ogged 104t (devivean 2 apdl I RHcHrbdpodRO $hé ﬁm@ﬁitﬁ%éf E{)@aﬁé}gﬁ??'aﬁ*ﬁ@; gg_nbl ner

172 whose_ output, constituting a subtraction isTapplied to

‘a non- i mbixackyg dplaggedrsignald protedes & somparient ikt orO" A € SRIMHGNES abbfe, .
magni tugﬁiécorrpa_r ator 30 of, FIG 3). Subtracting the |ogged signals
provi des 158%%9t}°§i>W3fYLﬁ%WE}ﬁmeR§ 2 peRiabipe fanbion in thhiavaleg dompaiactlncal

way s 0 gl ar i funchion in the analog domain. In 10 this .~
castd O\ R GEVCASTOBPEI 157 ardiaf Hadat Hiat iirerintake haiastilogobthen og of |
their ¢oRirbPInpufy | ' f .t control output of the
| ogari tgm chl lng/a'_u ' -Bgﬁ;]zsdtaco gﬁ%ﬁgg%%glegﬁ{%%@%ﬁp\gﬁp? ﬁ%%afifi?a“e% Sti tutes
a_cont r bhsedseqnphrator. MAbutplt Sf ARHIERR 174 oRBINES ol nt ed
digitally, it may be nore té%lﬁve-niﬁg)nt to di \(/)l._de F%Egﬁ%%ﬁ?%lufgﬁeg}&aﬁg‘suse
the resdfSanddSds Als mentionetitaboregifimplerharted HiuildDy, iLmaY tfioreds not ed
. above, the fi.lters, 164 gnd 166 may be derived enpirically, providing a.

r espons SORVEHCH; o dhividedbe (toin mpgeiiednsiand usadhe tosylthntsres dired nardtiptiersand
prop degg& Ve L LSLNG nesponse, over, t m dd] e of the audiblep range
These fflf?lt (I'-:lrg s go frlllélf: ﬁgpg.eﬁstrfpgeipgamﬁl&ﬁﬁmgi 166 maybe detived gnal s .
they renpiycalyl efoviltE R 1 ‘ cgains in the ...

f eedbacgéder i veyzjgc%nlt roﬁcggc&)@ﬁ?E%%@ﬁ@%&@@?%@“ﬁ%ﬂ%éﬂ& VBRI system
146 assbeqa¢rmiesandptdvedees eagiip disin b ! Ak Al Aglsdes
filters 176 and 17d§precei vi %g tge oﬁﬁ’?ﬁ%ﬁ%‘?ﬁg‘% 8 aldifbie
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

- 20 systems. | _

The feedback—deﬁvcd control system 146 associated with the second pair of
intermediate signals includes filters 176 and 178 receiving the outpuis of VCAs 158
and 162,.re$p¢ptively. ‘The respective filter outputs’are appl'ied to log rectifiers 180
and 182 that rectify and produce the logarithm of their inputs. The rectified and

25 logged outputs are applied with opposite polarities to a linear combiner 184 whose
output, constituting a subtraction of its inputs, is applied to a non-inverting amplifier
186 (devices 184 and 186 correspond to the magnitude comparator 30 of FIG. 3).

“The fﬁedback—derived control system 146 operates in the same manner as control -

sygtem 140. The output of amplifier 186 constitutes a control signal for VCAs 158

30 and 162, ' ' ' | T



and 162,. respectively. The respective filter outputs are applied to |og
rectifiers 180 and 182 that rectify and . produce the é?_.%sr-i t f their
i nputs. The rectified and 25 | ogged outputs are appl ié WY site
pol ariti esw0o2/29768 near conbi ner 184 whose output, constitpttmgoR7006
subtraction of its inputs, is applied to a non-inverting anplifier
186. (devi ces 184 and 186 correspond to_gfe nmagnitude conparator 30 of FIG

3). The feedbagk-~derived control system 146.operates in the same manner as
control syst Mdiﬁ@.lalﬁ%‘ 'tsiﬁ]’(a?stﬁfeéﬁﬁl‘@@ i"é%m s consrel siguals of feagbaclkol

Y Uso1/ SHYGE CoRdOt sateRRG AN It of R HGo 5100l ofBantrod i Miiscont r o

.si gnal s aofppliegdh ey arﬂfééc\b%ﬁ-&ﬂ?ﬁ%&ﬁsﬁ%ﬁﬁ%&oﬁ&c@%ﬁﬁﬁﬁ @easn%dﬁ gjfhe

signal of control system 140 is _ I st and secon

of fset, iconéio$signal ef controheysicand4638applibdDd0GrsT BRd s6Hd ﬁaliﬁ? 96 betOf
control system.146 is applied to first and.second scaling, o fset, 5 :

i nver §i orivesson, Pt duncnens1 B amdi 190 4Fuketionsi k8 1968192 a0d 199 2manthchede may
include one or nore of the polarity inverting, anplitude offsetting,

anpl i t udPIEAI MRS A olariBrinveriigs pyDbitusiscebetting camplibule swalbing anddoso in
accordangfD %@ _fesc‘r i'%i_o% above,,. theAlesser or .,the greater ,of the
outputs of ¥ UREHIYIHOOPSENG fFS Vet AlFo iR eremrdaneWithdesedntions t aken
in by | esg A CL| ] N6 3BBmct tdgwel W, 4 n order
to produce%g%l’gih? ?%S%g]% 65:6%@‘%"@?’3%%‘?‘2“‘?&% ar E°é§%? ?gggﬁg Igéla tOf“back VCA

200 and dunétifits 19HCknd/CO1 202 takieASABY b8! ¥y gldatdr Fuhichane196 hRd 39d) ti onal
control signals are derived in the manner déscri bed above in order to '

provilfle devpectivelysinneder toyirodidesadditionyd nentro] signals| that ateapplicd s elléft i on -
7, SR LA RIS AA0E, o W e il ™

505 ts oneteEtERR s RelveiIERle SETHRSsAPR PPt Bider 1 pidln goital "
o of or bl RAIBRE (O acherh R0 IP IR ool shBal B4 ¥ Ttahe BRE 00 1 e
~and sur cencellapiansiyealrerhid Mpatitplefisharh CAOPO0 ReobihGldd BPsddtveIgund

passive matrix 20 output, 'respectiveII\;.. The out put of |eft back VCA 200 is
the l12ft cpabrniagibelletinndsurrougd shneallation Zigrals 1 a tigeat corRbiner 208e Thet put

o 90 RSV, ROB AR LIRS BFE, s ERRCELl 1 o o 9Lt o g
P act ftrofihd Eldt BIRANERS 1P RGek Cclibii? 284 KbV dndless ' o' ©"
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 sutround passive matrix
20 output, respebtively. The output of left back VCA 200 is the left back cancellation
- signal gp*¥%* ((g,”th+gS(Lt—Rt)). The output of ﬂght back VCA 202 is the right back
.=.c5ncellaﬁon signai gﬂ,*%*((g,*R{+gs(Ltth)).
FIG. 15'is a schematic circuit diagram showing a practical circuit embodying
aspects of the present invention. Resistor values shown are in ohms. Whefé not |
25 .,indicéted, capacitor values are in microfarads.
In FIG. 15, "TL0O74" is a Texas Instruments" quad low-noise JFET-input ¢(high
input impedance) general-purpose operational amplifier intended for hi gh-fidelity
and audio preampliﬁer =fapp1i§ations. Details of the device are widely available in
- published literr:iture; -A data sheet may be found on the Internet at
30 . -<<http://www.ti.com/sc/docs/producté/analog/t1074.html>>. -



25 indicated, capacitor values are in mcrofarads. In FIG 15, 'TLO74".is a
Texas Instrunents' quad | ow noi se VWET-input -(high inpgtei ?w) ,
general -purpose operational anplifier intended for hi Qﬁffe’:bgﬂé?f y ~and audio °
preanpl i f Weroznapgsl-i cations. Details of the device are w delofifki@b! € 1N
published literature. A data sheet may be.found on the Internet at EO :
<<http://ww. ti.com sc/ docs/ products/ a?gl 0og/t1074. htrnl ™. 15. February 2005
WO 02/ 19768 R SO1/ 27006 -34- " SSM 220" in FIG 15 is a nonolithic

i ntegrated ci P21} dndd. léris aunenolithispintegratednsircuit intemded dos atdin. VCAS -

e Bl LR e ST T osS et e b, et
g { U Sl of etlafL BBl SRRt HEISe| B SlsShait

l[iterature. at a“she

<<ht t p: / bnwiwienaketuded. | @/eﬁuifs/dflﬁe?deviegfafgwid%iﬂgva%ﬁ‘g%@ggga%gf rel ates

terns used in this docunent to the | abels at S and to the

| abel5s o]ri\teta‘terwemdatabhmtsng%&f@ndlﬁqtliEeImsfneﬁgﬁ Label at Label onin the
above output of VCA vertical bus of descriptionof FIG 15FIG 15 gt*LtLeft
VCALVCA Griite:Zwgrw. arademosmipdfFi§ies: cipdfRe) Front  VCAFVCA V2 *gs* (Lt - - Rt ) Back
VCABVCA g*Lt gs*2 Lt.—'Rt)%LefIt Back VCALB_VCA.grb*((gt*Rr]?s*O/a?*(Lt-Rt,))Ri ght
Back VCARBV alipveng tabls relajesderms used snthindogument tgdhelpbels atitleout put

Thei 1 sorcoeMrpffd o B hds ondne VB bys oG 182" Saci ng Lo the feft

front output are as follows: 15 February 2005

Terms “_Séé‘l" ol Labelat | ~ Labelon
in the above ' -o'iltput bf VCA. ‘vertical bus of
description | ofFIG. 15 . FIG.15
g;*Lt. o — Left %/CA: | | | | LVCA =
&R, - |RightvcA  |rvca
RATRI (SN - | Front vCA o FVCA
WieHLeR) Back VCA | | BV.CA”
g™ ((e*Litg*%*(LeR)) | Left Back VCA LBVCA
g,,,*((g,*Rt-gS*l2*(Lt-Rt))' Right Bacl; VCA  |RBVCA

10
In FIG. 15, the labels on the wires going to the output matrix resistors are
intended to convey the functions of the signals, not theii' sources. Thus, for example,

the top few wires leading to the left front output are as follows:



WO 02/ 19768 PCT/ US01/ 27006 -35= Label in FIG 15Meaning LTThe contri bution
fromthe Lt input CF Cancel The si gnal to cancel the u t for a
- ‘center front source LB Cancel The signal to cancel theqéﬁ%ﬁi Qg%cpaltjput for a
~left back-wowerewe®BK Cancel The signal to cancel the unwant edcmﬁgmmﬁﬁora
back source RB Cancel The signal to cancel the unwanted source for a rjght
back ‘source LF GRLeft front gain ridingsz.to nmake a pan across the front
give a nore constant |oudness Note that in FIG 15, whatever the polarity
of the VCA terns, the matrlx itsel f has provision for inversion of any

terns (U\, etes et T o —Ser Vo -t o—to—o—refers=te=thRe=fteqgdback
derived ¢o sybabel iaFIGd6ri bed herlei n. | nspecMeanigf Equations ¢-12
.and-Equa' 1-25 suqggests a further Pequival ent approach to the

f output signals, namely the.secon the |nvent|on
-Tl;lerjl efIy above. Accord| ng to th@%&%&ﬁ’%ﬁ%ﬂﬁﬂ%&gﬁm‘l .

the 107 | C&?Gﬁﬂcalt e si gnal s do not di recThy sipomal to daricel fhe llilhEalﬁHdput
signal s; llinstead signals present in the servo are enployed in generat
coefficignts used for controlling a var9ouipubfora ednter Tontssaises for
exanpl e, | i : quati : rewritten by collecting all he Lt

N nterrred 0,

ng

terms anfilI® Cahbel Rt terns: Lout=[ 1/ 2* (Lygek; fol | t

[1/ 2*(1-Ec)-112*(-1-gs)th (Egn. 26) 15. Febr?a‘]r]a T %‘8%%‘119%8

PCT/ US01J 27006 5 The coefficient of thel é tpuefmlm)bdekwﬁmd en as "Al" and
t he coef icient of the Rt- ternms nay be witten as " such that Eg@ation

(Ban” 20 PREGEFEan" D) 2ha Sour :?'Ecﬁ“m%bg%%#%acaﬁ%‘awe@‘r' v, Joout

output for a back source

RB Cancel ' The signal to cancel the unwanted

source for a right back source - -

L.F GR ' . N 'Left front gain riding — to make a pan
- | across the front give a more constant

loudness

Note that n FIG 15, whatever the polarlty of the VCA terms, the matrix itself
has prowsmn fori inversion of any terms (U2C, ete. ) In addition, "servo" in FIG. 15
5 refers to the feedback derived control system as described herein.
Inspection of Equations 9-12 and Equations 21-25 suggesfs a further
, equivalent approach to the generatien of output signals namely the second way of
~ the invention, dlscussed briefty above. Accordmg to the second way, although
intermediate si gnals are generated and urged toward equality by a servo, the
10 intermediate 31gnals do not directly contnbute to the output signals; mstead signals
present in the servo are employed in generatmg coefficients used for controﬂmg a
variable matnx Cenmder for example, Equatlon 9. The equatlon may be Tewritten
by colIectlng all the Lt terms and all the Rtterms:
Lout'—[1/2*(1-gc)+1/2(1 gs)]Lt+ [1/2*(1 -gc)- 1/2*(1-gs)]Rt | (Eqn. 26)



Cout =Bl *Lt +Br*R. t (Eqn. 28) Rout =Cl *Lt+Cr*Rt (Eqn. 29) Sout-Dl *L-t+Dr*Rt ( Eqn.
30) In the sane way, Equations 21-25 may be rewittenqke oget her
all of the Lt terns and all of the Rt terns such thagsggﬁgjta}%%ésoél- 25 may
be expreswOd2iiged0 t he nmanner ~of Equations 27-30. |n eachpegagsy/iifags out put
signal is the sumof a variable coefficient tinmes one of the input signals
Lt plus another variable coefficient. ggmes the other of the input signals
Rt. Thusyp a f uit her ui ent way, to Inplemeps, the invention is to.
gener at e & 8%%"?‘&1?# 8%#@%%@%%19? JALiden a9 ,fgkr%n cogfiacigat pithe Ri n

whi ch s GEENO4m . Sd gna gener at b | oyi n . .

ur ged-t owar_d-i%aé}u%? %]f%ﬁﬁégg ﬁllg t u%%“@@%&gﬁg&}fi}zgHé%&@ggxpléﬁ%%ﬂgpplyﬁlﬁs |
addi ti onal. lapa=adehtSe+pppl i cable to both analog and digital n, 27)
inpl ementations, .it is particularl'y useful for digital inpl errent(gﬂ ons
because Sifritarky dimit ¢Eqin Q) Rotit Egal 1 Doamd BosORmof2) heaybo S8 sisddss; My be

performed at_a | ower sanpling rate, as is explained bel ow - FIGS. 16-19
funcéi onal | {-ouEBFIEEBa*Riof t ware digital inplenentation of the ZBqn.28)

just-referrgd-to rthey equival ent way of inplenenting the invention, the
second wayﬁ?ﬂ‘%ﬁ&iiﬁ@f%t the invention. In practice, the softwdEgnnay) be

witten in Al < -, anguage and inpl emented on general purpgse djigit al
processi ng S%dﬁy‘gﬁﬂ%c*‘fcwt chips. Sanpling rates of at 32 k 9n4§6)lkHz,
or 48 kHz, o 3 :  A&U Wi QiRL in y be
el oyed. " FI CuMEmE 2F, Earib 2PN hoBe fedltef E cPUBLABESHELINTEY  °Cr e
e e S T
unctional - bl oc iagramis shown in ic ere is an audio signal path -
(ab¥Ve thenpaokedf Hgratioms27-3Di dr)eashdase, tenoutplt siggnabis thatstm 6pel ow t he
dashed hor.i'éﬁegct;ﬁal | J negi. An Lt input signal i's applied via a gain function
210 (thyarg ciept Yimes ong pidhe iepisignalalt plusemothervaziable eveffidianti ve
mat ri x funct | . .Simlarl an,Rt' audio input signal is applied via
gai n fie 083 Stife bl eABSmY RS This oo irthed sunbralentots vopsplobrent (1 hus
becom n ' : ' o >l apti mat 4 i.x
functi oﬁlﬂf&nﬁg'ﬁé@gbagﬁiéfr%?{?gﬁé ?%)f%%gfri\%p %6%?‘%&%‘1& ﬂ‘d‘%’l%g‘f%?a Iéllvg‘fi:’ci ng -
 the i npin wdiichnsdme log\atll of thBdidRlS SR Eerlehfed i il B B8] Out put
cl i{) ing.. They do not for mlge;% -ess%nti.a?'ggr%gnﬂg?yﬁn%eﬁgﬁegﬁﬁa%%%ﬁe Lt
and £et Hlagnatude sew campgementtak Adthough thisexddim] appraichiikapplidablisits, or 48

ke o B Sy e e emations i & e ot B i 7P 1
- implementations because, for example, in the digital ldomain some of the processing .
may be performéd-‘at a lower sampling rate, as is explained below.
FIGS. 16-19 functionally describe a software di'gi"tal implementation of the
20  just-referred-to further eq’uivélent way of implementing the ir_wenﬁoﬁ, the secorid
way of practicing the invention. In practice, thé sbﬁware lﬁay be written in ANSIC
code language and imple_mented on geheral pﬁfpdsé digital processing integrated
cifcuit chips. Sampling rates of at 32 kHz, 44. lkHz, or 48 kHz, or other sampliﬁg
_ rates sz;ifablé for audio processing may be employed. FIGS. 16-19 are essentially a
25  digital software version of the previously described FIG. 14 embodiment.
~ Referring to FIG. 16A, a functional block.diagr_am is shown in which there is
an audio signal path (above the dashed hbrizonfal'line) and a control signél path
 (below the dashed horizontal liné).' An Lt input signal is applied via a gain function
| 210 (thus becoming Lt") and an opti‘bnal delajr function 212 to an adaptive matrix
30 function 214.- Similarly, an Rt audio inplit signal is 'applied via a gain function 216



provides four outputs: Lt', R', Ft, and Bt . The Lt' and Rt' outputs are
taken directly fromthe Lt' and Rt' inputs, In order1g_@eg%p§m Ft and
Bt, RR' and Lt' are each scaled by 0.5 in scaling functions 222 and 224.
The 0.5 sceibedivegsi ons of Lt' 10 and Rt' are.sumred i n comeirnisigvegcti on -
226 to produce Ft and the 0.5 scaled' version of Lt' is subtracted from
Rt' in conmbining function 228 to producgsBt (thus, Ft=(Lt'+Rt')/2 and
Bt=(-Lt"'+R}')/2). .Scalinhgs,other. thapn 0.5 are usable. Lt', R', Ft. _.and Bt,
are appl i@“%eéé’l%gi %ﬂ‘fb?ﬂ H%Pﬁ%laffeéa)g\éwﬁ&fl@rl Srigradeptive marigfupetionn 230

i x o G L6 PGPy R0 AR 218 48 brinuity Rof EPRRSRE she iprid bR, oL,
gR gF, dBveldlaBd t836a18RRe Elzttﬁ?to & dBo iz e 1155‘5'116261 F’?ﬁég{) g? gg’lco ond to

coefficient generator. fun 232. The six-contro

the gai nsfooin art deMifspalB6f thbdBvedtitn. TROLt 40 Rt siithI2 % mpleS taltén, bR

principle, they may be the same as the gain control signals of the FIG 14

ci rcuft aeamjerant? kiim, 4 dkHizcer 48 kélz Aanmbyg bediowignalar bitrarily close to
those signal s, depending on inplenentation details. As is explained further
bel ow, the vamhﬁﬁffe a&éﬂ% §1gME Fegdseapnlind towpassiie maix fimstioad20dbat ar e
referred rein. as, " servQSy. kN r on t.g, t si x, control, signals,
gener at 'orﬁ rﬁﬁ{%ﬁ &48121 ‘S'é‘?“gserme%t ? qugsﬁﬁmﬁ?'?%%c GE‘E%CCPEWPEE,‘ etgl{ﬁfh ated

mat. a, MedirditlyRbmGhe T8t iaﬂ Rfaﬁxp%ts.”ﬁfongr f@%%rékr%tlg\‘ﬁt%d B fﬁf?tan& tand mall,

. d
as, explained”further below In princip sion @8 uncti1ons

bet ween .fashistoled b3ANS5dndeRazs flfiyiobe 223 andN4d By 0 5adaRsd vakions dETitvel v,
function 230 containing servos nay generate and apply to function 232 only

two $9 gnaingd Ri§eme semeeednin ¢nmbining Sercion 26aogirgduceBt 4ndrheadd sc#Bd error -

si gnal s, descril% d,.bel %%Earbd' funét,i_on 232 may_then derive the six control
si gnal s gf*TSigRo EF* isbtgcted from B dn srmbinise function 228 ta paodyaedds ¢thes,si x

pcTi USo1 297006 Rd/ZHERF PR CLEPRel B Safed Pl T 6 RpbleamiZ e P

and equi \adem dé, Bbll@d%"%'ﬁé‘%iab}%éﬁgiégﬁﬁl%%fé ﬁt%i-%uﬂayorf %@gg{nl%ﬁgn%bw ly

fromthe LR and FB error signa SAows an a at i ve. “vari abl e
gai n si grahtmigesavas,ors it enplainsd Bgowhhat applies only two.signals, the LR
and FB error signals, to the matrix coefficient generator 5 function. As

di scidsed fur ImEsppasoie thepassiveanatrigRiguals,r genesitgn s tivay? 3egeterates dix f r om

the LR erro ignal , the gk, and’ control signals may be derived fromthe

FB errof® ngraﬁﬁll%ﬁi&ﬁﬁvtgig i @Erﬁ%*%@%ﬂﬁtrtgﬂtg@egﬂhmmgmrﬂi a1 r om

the LR a %%efﬁcient generator function 232. The six conirol signals correspond to the gains of
the VCAs 136, 138, 156, 160, 200, and 202 of FIG. 14. In principle, they may be the

same as the gain control signals of the FIG. 14 circuit arrangement. In practice, they

20 may be made arbitrarily close to those signals, depending on implémentation-details. o
- As is explained further below, the variable gain signals generator function 230 -
.- includes what are referred fo herein as “servos ”
In response to the six control signals, generator function 232 derives twelve
matrix coefficients, designated mat.a, mat.b, mat.c, mat.d, mat.e, mat.f, mat.g, inat.h,
25 . mati, and mat.l, as explainéd further below. In principle, the division of functions
. ~between functions 230 and 232 may be zlls just described or; alternatively, function
230 containing servos may generate and apply to function 232 only two signals
generated within the servos (namely, the “LR” and “FB” error signals, described
| B_elow) and function 232 may then derive the six control signals gL, gR, gF, gB, ¢LB,
30  and gRB from LR and FB and, from the six control si ghals to generate the twelve
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E

FB error. Thus, the adaptive matrix coefficients for the outputs may

alternatively be 10 derived directly fromthe LR and nal s -
wi t hout using the six control signals gL, gR etc. 'as1|EEF§{Jﬁ§rd2|§%s The

adapti ve wWetgiigreg uncti on 214, a six-by-two matrix descri b@@tﬁﬂg@imﬁm bel ow,
generates. the output signals L (left), C(center), R (right), Ls (left
surround), Bs (back surround), and Rsj3gright surround) in response to the
i nput signals Lt.. and 15 Rt’ and theg trix, coefficients from generator
function %’Z‘ch ﬂﬁ'i’g S’&?@Et G?gfr%'&t%fx%&ma&}iﬂ&’%@eﬁw@iﬁm%d}e twelgesi r ed.
For exanphgi ' | ‘ " t ut may b 14 ted,
or alter ngﬁ %@?ﬁr@eﬂﬁgﬂ%&é‘%&g\ddd%&bpﬁgﬂtgl%r‘!’gé ag@'ﬁd%epp&a{gna&?@% of
about - 5 P6B khe®s el el iHilvedy Ridbl & Lo Shd {.88@bn KBB4 ps 212
and 218 in order to allow tine fo? élengl%ggggﬁ&gﬁﬂtﬁgegg?%gggfr]ﬁt(r%gjp?%ggnal S
(this i somdiyttern s2ghalefthe Ldlahd M edrof kigaklsaivetd)matFhecsigtiaient g@ﬁ‘er@foﬁ s was
determned enpirically and is not critical. FIGS. 17, 18 and 19 show how X
t he Gai nflagtiorol  si gnals-preferably are- generated by the variable gain

si gnal s gene 232. FIG 17 shows a left/right servo function

tor f ti
t hat gener at ggs &%‘é“%gﬁ ﬁﬁﬁgdo@@m the sbiagd g1 controksigaalsanaypbedetivedand Rt ..

cont rof S9aEeLIL FAPLGRAK 58 st 8 ool i ghaliGher Biclatved afem S P

gener at ( | S} d.S .1 ! - n.FBreyr

si gnal 'e%“fdergg%?ﬂ’:_%(?ﬂg @;ﬁg‘g{a}%ﬁé@f@g‘r&\?% ﬁlr?gP %ﬁ%e?%?%&%éﬁ% Lga]ﬁ? error
signal pFBsewt. Thus heladhplive aitrixRCIRCiEMBThE (e dilthifs th8Y alibfna®Rely HOUT _
out put channels are desired, the functions of 15. February 2005.WD"02/ 19768
PCT/0S0 Wezivgdalitectlgdromitie LR andFBerrontighald withowtnpimp thedie cohtrobes nmade -
in the generator functiop 232 and the adaptive matrix function 214.
Referri %bgqaés LGB glc. phEmtexmewptpfal s applied to a conbining function 240

ar” e out piie Babi0E b WRCATEE it Bto aptadielBad i o |t e

con, G REHRcE i sl AR COLRUER) (RIS B iRes ™o

o Sngerentbnk shCund] eSS FABobfto WRUSHAEERIE S dpa!
oL o T r et oo et he cant To! pat b (B pig e areral |
- decoderdjtputs may be omitied, if desxre(i.; For example, as explained further below, the Bs
output may be omitted, or alternatively, the Ls, Bs, and Rs 'dutputs may be omitted.
Delays of abo,upS_ milliseconds (ms) - preferred in the optional input delays 212
and 218 in order to allbﬁv time for generation of the gain control signals (this is often
20  referred to as a “look ahead). The delay time of 5 ms was determined empirically
and is not critical. |
FIGS. 17,18 and 19 show how the gain control signals preferably are
generated by the variable gain signals generator function 232. FIG. 17 shows a
leﬂ/right servo function that generates the gl and gR control signals in responseito
25 Lt and R, FIG. 18 shbws a froni/back servo function that generates the gF and gB
control signals in response to Ft and Bt. FIG. 19 shows a function that generates the
gLB and gRB conirol signa-—ls in response to an FB error signal present in the
ﬁqnt/backvservb function (FIG. 17) and an LR error signal present in the left/right
servo function (FIG. 1 8). If only four output channels are desired, the functions of



responds, the conbining function 240 output is filtered by a bandpass
filter function 244, preferably one having a fourth 8§¢%BL% eristic
wi th a bandpass from about 200 Hz to about 13.5 kHz. her bandpass
char act erive@ bz'®9708y be suitabl e dependi ng on the designer petgisoi/enia. 15
In a practical enbodi nent, the bandpass filter has it response based on an
anal og filter nodeled as two i ndependenkgsections -- a 2=pol e | ow pass

ro, high-pass’ filter:; :The analog filter

filter,,];a@?@}.olelz-zqe , | . lte

char act erf $FilcsMay begmittnd yykaprrppyaeshengecmadsin e gencratep fepctiar2 2 o
#2 = 641 = 7. Pol. 2 = 1878 Hz Low pass section: 2 Poles
at 13, 466%%115%@81%&? %ﬁ@ﬁﬁ%%ﬁ} Iter characteristics to the digital
.domain, the hmﬁrer@ﬁ% fijcters. +he i etd.zed. ysing.:a Rid i
transformati on and.- t.stg ]{?1(9\# {37ésﬂs¥@¥;it Fét?%l?élﬁgésélelé&gl) g?ro {elﬁn?g f&is}?tﬁ%{ %4%iafl|dnear

tr ansf or remubtiplyirghfupctioar P tatinulittiesd 1 By aihl conifod BABE YL OfTHAIpRA! 09
filter (13,466 Hz). Discretization was perfornmed at 32 kHz, ~44.1kHz," and
48 kH safpnikiglying fusetior 240 isskbroied froADDE inkbe@hit8iHs MEFHAH22027006
-40- The ﬁ%ndﬁass fil tfr ed signal is rectified by an absolute val ue

funct i on 286, hgtpuke -flilt!‘dl%l%ﬁqmwé’ﬁ@im@sgﬁdlas i($-glyd&ht’sansl enoistitiptes an

pr ef er abl

v, b . first. thing f i 248 havi ti : t ant
b “about ibtserediate ikal {THE seoRCrsmestiay o E1GuI7 aneeroepo Bt agresriiehe .
. , 80U TS | CONST S e N ‘ o
combi ni no FLEeHELs SgmAlet Mo o b cdsitil RERTOS AT BB B e, ™ °
f uncti on idkfmediaiaBisahlaetheaditutl dMEnRinP AR Bon2 SUTRSGUM bddweton 258.

The output of combining function 250 is anm internediate signal of the form
(1- gl - * mader. to-lithid femmuencissrtangeivkithe ofntFolpath (and enatths overalsddovderige t he
intermedi ate sigpnal at the output of conbining function 250 to be equal to

the 10 i AERORES e combjnmg Binotivg 24diuipuion fdemd hiygbandpess Gitephiviction
the_ pr oo Zelelably gng HoF i fulueRleRgTaRist vk Wab S AROTEM il AL
respect i e03¢Rtd Mt et 1aps éﬁ%ﬁ%@gﬁ%é}@ﬂ%{teﬁiﬁg&}Iﬁgﬁpeﬁg’nﬁ&%"cﬁp“ Ay

(AOis chosen to mnimze the possi
- on the designer’s criteria.

15 Inapractical embodiment, the bandpass filter has a résponse based on an
~ analog filter modeled as two independent sectibns- —-a 2-pole low-pass filter, and a 2-
-pole/2-zero high-pass filter. The analog filter characteristics are as follows:
High-pass section:
Zero#l=0Hz
| 20 S Zero#2=0641Hz
Pole #1 =788 Hz
Pole #2= 1878 Hz
Low—pasé section: -
| 2 Poles at 13,466 Hz ‘
25 . To transform the filter characteristics to the digital domain, the high-pass filter
- ~may be discretized using a bilinear transfonﬁation and the‘loﬁv—pass filter may be
discretized using a bilinear &ansformation with premeing at the -3 dB cutoff’
frequency of the analog filter (13,466 Hz). Diédretization was performed at 32 kHz,
44.1IHz, and 48 kHz sampling frequencies. = - - |



the followng log function is zero). The resulting signals are then applied
to 15 respective |logging functions 264 and 266 that pig¥edgiah®odsog to the
base tvvo\}g{) Epei r inputs.. The resulting | ogged signals are applied
respectiy 39 {5 urt her scaling functions 268 and 270 t hECTA0197080 Al
scaling factor (chosen so that the output:6f the subsequent conbiner 272
Is small at |east for steady-state sigd@) conditions)., The resulting.

‘processed R The/npaliBen SNSRI TN DB PG Riosesped L' in

a 20 conbining function 272, the outp 'S ap
furt her Beeatdctiiedfandcfiliered 27ghal imm&maﬁdc&ﬁecﬁ@ré‘%r@a?wgiw &r@Er (the val ue
su

of A2 affects the servo speed in conjunction with sequent vari abl e
-gai n f uritieadhing-fumetion 24&i avie s tindovondsnitdfaibappBO@ thss i Qe tirer eases i n
-anplitude). The output of scaling function 274 is applied to a variable
gain fur SigHtsmey berariablnigpending opthendesjgners eitepe. FheoRt tsignalriansf er
function_in the.fi,gure, the variable gain functiqgn is piecew se-linear in

t hr eé pg’rr{’és]‘?ssﬁ‘iﬁ $Ang anney }S&PO@%‘%HW @FIQH%SQ, ﬁmlﬁ@?ﬁﬁgafnpcmmde
within @sna ' . 3at t first sitive val.ue and a
second, 1 qernipA& Rty fubSliof 298] Y EpidthisSiale Bncrioo B ind p Skt o
a pract ifuﬁd;tiéﬂTDﬁ&nHﬂhfeQidq?l' i oft cHnbinitS fiftlcti | 19%nlj '

fol |l owi ng pseudocode sta_err%n@ﬁlhgggsflfﬁ{ciuﬁnglg%dﬁ%?%gé%ﬂ)%g}e. WO
02/ 1976dorm {1-gR)Rut. . Thé iseput arfardedTct ITFIG, 17ipetatss @ a2 49%idb the: 0) out put

= ((input * 0.406707).+ 0.593293) 15 February 2005 PCT/US01/27006 |f input
= [ - 1. 0, Intepmodigte sigaal uhe ouipis e conthindg7bMmytion 25698 2eBqual tettrat i vel y,

i t han.th i i se-1j : ts t id th
non i nddierediats Siebal dtdhe ot seRbipmE Betior 248udesstibedaboxpore of 10 |
. t i | r eNENL S, tput of th Jjab i
oo ToRroRsSEEEE Aen AN SEMLEETRRARop 208 A B prcess e R igRabBat |
Pref wothi i aqt - L B . .
et St ompothifg fRIBRONLDS aré HASAPR ¥PectivaFRIIfE T Ans Y6 RRRL B6Z gt
fact or, applyss BY sabchctorg AGistodbséi e trii Qitni28 the possiGidiey tied the iR Egt hIS-

I n one 'atgi1 the qQne that devel ops the gL signal, the A3-scaled ™15
si gnal lovaaglpe fusctignisezerek t Bhe resultingsignalsiane tger appdiddoto 282. . The

g(r)] . . gggqsﬁisgtri]\% loigsgiﬁg%]nc f(cﬁl%rb%qte{n%it 586 %hrzllt %rc?%ag tlgea%g-et)é)p’c(l)l?;%ggé ?\;[vg Fof(%lrleir .
inputs. The resulting logged signals are applied respectively to further scaling
functions 268 and 270 that apply an Al scaling factor (chosen so that the dut‘putbf
the subsequent combiner 272 is small at least for steady-state signal conditions).- The

_ resulting processed Rt’ signal is then subfracted from the resulting processed Lt’ in a
20 combining-function 272, the output of which is applied to yet a further scaling
function 274 that applies an A2 scaling factor (the value of A2 affecis the servo
speed in conjunction with the subsequent variable gain function in which gain goes
down as the applied signal increases in amplitude). - The oﬁtput of scaling function
| 274 is applied_to a variable gain function 276. Preferably, a- ;h0wn by the shape of
25 . the transfer function in the figure, the variable gain function is piecewise-linear in
three parts, having a first linear gain for signals having an amplitude within a range
from a ﬁrstnegatiye value 1o a first positive value and a second, lower, linear gain
for signals more negative or more positive. In a practical implementation, the -
| transfer function is defined by the following pseudocode statements:
30 If input = (-0.240714, 0.240714) | |



function 284 (thus undoing the prior |ogging operation) to produce the gL
signal used to multiply tinmes Lt' in miltiplier functilggezr@. ﬂé)ﬂ the ot her
- path, the one that devel ops the gR signal, the A3-scal ‘-lﬂﬂ i gl is '
subtract edvonpmiexal e factor A4 in 20 a conbi ning functi onp@8@siiHes °
‘conbi ned signal is then exponentiated in a base two exponentiator function.
288 to produce the gR signal used tO--:m_Jﬁ_i,pI y times RR' in multiplier
function 252:: The operation of the left/right servo of FIG. 17 may be
conpared to the opEPHE Fdit “tHhe/1432)/ ri ght sérvo 140 of FIG 14.' The
transfer function fromthe 25 output of the snoothing function. 278 through
the output of the respective antilogging function nodels the gain of a VCA
.such. as VCAs 148,7f téf@ﬂ‘ﬁt@ foh Fig. 14. The signals gL and gR are

t he equival ents of gai'ns: én 9 increases, gR decreases and vice..
versa as in the pragputlelthbhiet 06707 _q.r(gggygg)" ts.- Thus, gL -and gR are
.directly derived fr]gir% t h(sa(gelr)ror si gnal PLR. The only outputs of the, '
l'eft/¥ight 30 servo are the gL and gR:signals.: Functions within the dashed

| ine 289 are 15 February 2005 WO 02/19768 PCT/ US01/ 27006 -42- downsanpl ed
- computation is rléquwéﬁ [y 0240 18kr a fewer nunber of ‘sanples, eight

That. process ng. copBEcginet 0 Bl 2 €50 5 22 Toal enbou rent of
| ol Scussed, RO N T e bl e Bt e R M R o e

f act or s.. smpotifere iRl Bi€As: trd fordRNBRS Rhb RS es RITHAARLO Bt atC@BRixpXhidof S
decreased wi thout any significant degradation of the resulting audio

“out plit .- Stesferdegresiang powenedisranesienie byt aheppriablei iz fpdfomisi ng as
expl ai ned hel pw. The fonpt/back servo of FIG 18 is essentially the sanme as

“the |eftPPP t%%}%h"’éﬁﬁFF erder smonihingifunetien 27 8s Poeksratyy: thetsneehing FI G

L RSO D L BT TSR o TR AR b o
Fr G g7 TR il S RhAE Eodby 8Tabids b ATBY R otihd Pacefi irfeli8ipstiiney

pract i cahpisiiédetl fRd pathish dnA¥RetfAtIOURE ofd HEANRLBIYS tR i -
left/ri ghlglﬂand fr on??backnsere\%s of I(:)I GS. 17 anﬁ.leglrLgéiggalf gﬁ%\%ss?a}ed

15 - LR signal is summed with a scale factor A4 in a combining function 282, The

combiﬂed signal is then exponentiat‘ed in a base two ékpbnentiator or antilogging. |
function 284 (thus undoing the prior logging operation) to produce the gL signal used.
to multiply times_Lf’ .i11'-mu1.tip1ier function 242. Inthe o{her path, the one tllaf |
develops the gR signal, the A3-scalcd LR signal is;S}lbtractéd from scale factor A4 in
20 . a combining function 286. The combined signal is then exponentiatéd in a base two
i expcnenti_atdr function 288 to produce the gR signal used tor‘:ﬁiultip_ly times R in
. multiplier finction 252 | - e
_ | ~ The operation of the left/right servo of FIG, 17 may be compared to the
operation of the lefi/right servo 140 of FIG. 14, The transfer fimction from the
25 - output of the smoothing function 278 thiough the output of the respective antilogging
+ «function models the gain of a VCA such as VCAs 148, 152, 1‘56,- etc in Fig. 14. The
signals gl and gR are the equivalents of VCA gains. When gL increases, gR =
decreases and vice-versa as in the‘ pri'or described servo arrangements. Thus, gl and
gR are direcﬂy derived from the error signal LR. The only outputs of the left/right
30 servo are the gl and gR signals. Functions within the dashed- line 289 are



AO = (0.707106781.* 0.000022) Al = (3.182732./ 4.0) A2 = (32 * 4). A3 =

-0.2375 .A4=X0.2400 . FIG 1-9 is a functional block g;ﬁ?g%am s{bg)ﬁn ng the
- derivation in the digital domain of |left back and -right EGN trol
signal s sw0vamres for use in the enbodi nents of FIGS. 16ApPrarkdifinet her
enbodi ments of the invention. Referring 25 nowto FIG 19, the LR signal

fromthe left/right servo of FIG 17 i_g’zgip’blied, to two paths. In one path,

it is inverted by multiplying.it by -1 1n a nultiplying function 290 The
i nverte owg?p%@ 7??@?5‘&%%@ Bregyined anty onegyPeLm devernuober ebsampless t he

greater ' | gnal qor .angt her .si gnal scal ed versjon of
the FB s ga%a%lﬁsr]#ﬁé%é tt 1grbseﬁgﬁ%f ﬂ{eﬁgéggﬁﬁ ﬂr%Flb‘ g guﬁ-ﬂ?&bﬂgﬂpﬁgﬁﬂl to
anot her p@@@@'srﬁ ' [ Ak L6 101 : Lt Lgral or
anot her- si gnaln,Zgl %%s%%%??gg?‘ggﬁagf l-Itl ﬁtetﬂ%g&sa? gﬁ% ._dﬁ‘gléﬁlﬂ_%ﬁﬁgéﬁge%ihﬂ@@

02/ 19768n BT eXi50p1e3 4e0forti Bereil) lommsahiplitle By eipht id\@isbaeel/ Rawkvae it\/&ilgf |
FIG 18 is nultiplied by a'scale factor B ina multiplying function 296.
The ¥al be appredeigdithaedowhemapliigbyother fabtorsmmayrberemgliyedo®yrs in the
rear seﬁ'f)‘cvié-rcle (thus defining the positions of the Ls (left surround) and
Rs (rig

b t need b h to.b bstantially th in th -
anal o SRiadiREN 1 the Pt Ao e St raduidnean b lererhbpl | od as
one of %—ﬁ@dﬁ%ﬁgé&&ﬁﬁﬁ%?%@léﬁ%l&%cuOns’ 292 and 294 as rrentloned. .

above. gr eat romfunction 292, and 294. are each

mul tiplied bYhafic@attack BirvorofId. i 18 % dagentidIRcthicWe Mfgeﬂ./.r;?ﬁ‘iﬁzsewo .

. respectively. The value of gain factor B I | osen to m ze the

L

SArRling) computationabeemplexibt isidecrepsed withossany Gigtificaihat  angle - -

“posHi bi bf FjGot 71 Femotiopsicarrespdndit wRces 4e BIGNY7 re Bosibnaibdtich el  scal ed |

signals_are |jnmited by a mininmzing function 300 and'. 302, respectively.
" Bot h ni FTHP FeieEERGERENSiMs Bwovith pree (1) hnarkamdn ledditiom &t ceplnees Bt| Biti c,

Dero. EARRTERS B SRS £10"eh fratiSeen ER o BB olecrs bior Agan the RRa 51 yi ng

i i Ve oo T oaFRARER aft o gL B ARGl Y cBior Bt o

si gnal sFBre then. exponentiated in respective base two exponentiator
functions 312 and 314 (thus undoing the prior |ogging operation). The
resdl ting silgraprcticel enbsdimdny, theva0 dhrodighi A4 20dsthinesslohedinehd unct i ons

316 and, . .: -
T ,dleft/r_lght and front/back servos of FIGS. 17 and 18 are as follows: -
| - A0 =(0.707106781 * 0.000022)
Al=(3.182732/4.0) - |

| A2=(32%4).
20 . . A3=:02375.
| o A4=-0.2400

B FIG. 19 is a functional block diagram Vshowinrg the "deﬁvation in the digital a
domain of left back and right back control signals suitable for use in the - |
embodiments of FIGS. 16A-D and in bther embodiments of the invention. Referring

25 now to FIG. 19, the LR signal from the Ieﬁ/righ’i: servo of FiG. 17 is applied to two
paths. In one path, it is inverted by multiplying it -by -lina multiplﬁng function 290
The inverted signal is then applied to ma}-(imizing'function 292 that takes the greater
of the inverted LR signal or another signal, a scaled version of the FB signal, In the
other path, the--LR signal is applied directly‘tb another maximizing function 294 that

30  takes the. greater of the LRisi_gnaI or another signal, a scaled version of the FB signai.



- 318, respectively, and then nmultiplied by a factor B5 in nultiplying

functions 320 20 and 322, respectively.. The output of PT%Fl I:tyriuﬁl idﬁ% function
t o) I;yiyn.g function
322 provi déeogmegai n function gRB. The various scal e facporssansoss f set's
are chosen to mnimze the possibility of gLB and gRB ;exceeding 1. All- of
the FIG 19 functions may be downsanpl egisuch that conputation is required

320 provides the gain function gLB and the output of

Func | onervobE gl EETLE rBiutl feRe ol B8 rmuliphosbcuretacdorbe.
021 19765 BT ORDYY BoBRetty B0 T Yalgs 57 B s e bl Folof Myl

‘manner  ofgaih Geoth® in O réd sERTiCirald ((ﬂidsQﬁﬁnil e }%Slﬁd)m tﬁer%)’g@ﬁ suHBARAPL ed.

in order to facilitate the derivation of additional output ectlons.
Doi ng 5 ad-Re(ughtssirrdund) efidre pdiptivef mawit 204 oS FIBS) 56AIDR T8k digdealay .

coeffi ci;)(rg matrices, two further output channel calculations and the
r eopt ? mi 26t (bgkneed patbeehosgn to befsubstentially tiresame asip thgainalampeEbalimds,

(L ¢ RO D ASRleciry samel i fhes apmljod e ane O the treves o @arpl o) - 10

15 L L i ol 5 ol S, g™
o L WA 29 o iy ) 5 RO N L
al | condifthainss2Dand 898, respectively. The value of gain factor B1 is chosen to

10 minimize the possibility of the outputs gl.B and gRB-exceediﬁg' 1. Each of the B1
scaled signals are limited by a nﬁnimiziﬁg fu_nétiori 30.0 and 302, respectively. Both
minimizing functions should have the same linlifing characteristic, preferaﬁly that
positive inputg to the rlimi‘ting function aie claﬁlped to zero. ‘Each limited signal is
th‘en multiplied by a factor B2 in mulﬁplﬁzig ﬁ@ctions 304 and.,306, respectively,

15 al}d then offset by a value B3 in additive combining. functions 308 and 310,
respectiyely. The B2/B3 scaled signals are then exponentiated in respective base two
c}iponentiator functioi_ls 312 and 3 147 (thus undoing the prior logging operation). The

_ ;esulting signals are offset by a value B4 in additive combining functions 316 and
318, respectively, and then multiplied by é factor B5 in multiplying functions 320 _
20 and 322,-_respeeti\{¢1y, The output of muitiplying function 320 provides the gain
function gLB and the outf;ut of multiplying function 322 provides the gain function .
gRB The various scale factors and offsets are chosen to minimize the possibility of -
gLB and gRB f,exceeding 1. All of the FIG. 19 :functions may be downsampled such
that_,computaﬁon is required only once per eight samples as'in a portion of the FIG.
25 .17 and 18 functions. '

s Ina prac'ticalrembodiment,- the BO through B5 constants are: -
B0O=0.79 .. .
Bl=1451
B2 =-0.15415

30 , - B3=-0.15415... .

zero for



provide five outputs. Alternatively, if only the basic four outputs are

desired, Ls and Rs may be set to zero (and the functi qg%eBFuaﬁ} o519
omtted fromthe overall 20 arrangenment). The variable matriXx ‘elenents -
(mat . x) .2¥@0¥a176%1l at ed or obtai ned using a | ook-up tabl epicpuseisiog
coefficient generator' function 232 using:the followi ng equations
(preferably once every 8 sanples) (matg4lf_and mat.| are not required when

‘the Bs output is guit : .a.=.a0 + al*gL + a2*gR + a3*gF a4*gB +
a5*gLB + a' 6*gRB ﬁ?;@{?lgﬁ%b%p% *gL + b2*gR + b3*gF + b4*gB + b5*gLB

+ b6*gRB mat,c =p6Q t 3b 5gL + c2*gR + c3*gF +.c4*gB + c5*gLB + c6*gRB.
mat.d = dO + dI*gE + d'Z‘“ g]gk+ d3*gF + d4*gB + d5*gLB + d6*gRB mat.e = eO +

el *gL + e2*@iRille B3HAE of BHLIB twRRS | fi feis mav.
=f O+f 1% gL+f 2* gR+f 3* gF+f 4* gB+f 5*’gLB+fIgI*h§Ir?%a§gnrgr§fﬁ. ng@oé@l@agl? maybe, goxgR +

g3*gF + gpaegiied igbrdet B facilbtagRthelderbrhiontsiaddR@dnal Yoo diddGfons. Doing
PCT/ US01/ 27006 . 45 mat.h = hO + hl*gL + h2*gR + b3.*gF + h4*gB, + h5%gLB +
he*gRB SRaequires,for each paiyof eciizelgRgnals Jtvgradditiohalfoeflibleal Batricéd, ombB

mat . j . =j0+} 1* gL+ 2* gR+j 3* gF+j 4* gB+j 5*gLB+ 6*gRB _ mat.k = kO + kl.*gL + -
k2*gR +fg§i1§%8'41p hdgaeﬂlﬁfﬁglﬂgia@lonsweﬁggsremtmmﬂmonaf the giatsix rpeffivients3* gF
+. 14*gB. + '15% + 16* : Athe coefficients,. are fixed once

det er m ned, %?&gw#&%ﬁ%ﬁ%ﬁ@ H’?i Y Y-“’tfbﬁ‘[?}%}? [ﬁ@a@ﬁ%t%mébl e. The
X0 coef Chth@nbsité 8% olRBuis@iC O . CTRY, ix.coefficients. The
ot her fixed coeffi ci%tﬁ?g,sa é%%@%ﬁ%%ﬁg@@%ﬁ%ﬁhg%gwm%Fg'ﬁ%}?%nsobt ai ned
from t héewagtsaniplg)at h function. 10 Preferably, the variable matrix L
coefficients (mat.x) are upsanpled to achieve a snoother transition (a
smald change everly=datfprat.ai-hRidaut.bf a | arger ‘change every eighth sanple). -

fromone state of .t variable matrix to the next, w thout the substantial

conpl exity that Vot ot " mada + RtFmatdecal cul at i ng the variable matrix every

sanple. FIG 16Cy shows an alfernative enmbodinent in which a 15
snoot hi ng/ upsanpl ¥ nggtf E}'r‘f'?tei %#tzﬁ%%

outputs from fungtigr+23g,Al jvely, and with simlar. results, the
control path gain s?’gnlgﬁs'gnaié%’gg%%sanpl ed. FIG 16D shows anot her

al ternative embodigreiit*inat.i MR@4na jsmoot hi ng/ upsanpl i ng function 231
operates on either the six or two outputs of the variable gain signals.
gerférator functi s 23¢*mahkei Ritmathse, 1inear I '
The notations “mat.a”, “mat.b”; etc. denote variable mairix elements. Tna
practical. version of the embodiment, Bs is set to zero for all conditions so as to”
- provide five ouiputs. Alternatively, if only the basic four outputs are desired; Ls and
Rs may be set to zero (and the functions of FIG.'19 omitted from the overall
20 arrangement). The variable matrix elements (mat.x) are calculated or obtainied using
a lqok—-up. table in matrix coefﬁcieﬁt generator function 232 using the followﬁng
-equations (preferably once every 8 samples) (mat.k and mat.] are not required when
the Bs output is omitted): '
: mat.a:l =20 +al*gl +a2*gR + a3*gF + a4*gB + a5*gLB + a6*gRB |
25 mat.b =b0 +bl*gL + b2*gR + b3*gF + bd*gB + b5*gLB + b6*eRB
mat.c = ¢+ c1*gL + c2¥gR + c3*gF +c4%gB + ¢c5*gLB + c6*gRB
mat.d = d0 + d1*gL + d2*gR + d3*gF + d4*gB + d5*gLB + d6*gRB
mat.e = e0+el*gl +e2%gR + e3*gF"+ e4*gB + e5*gL B + e6*gRB
| mat.f =0 + fl*gL + £2%gR + f3%gF + f4%B + £5*g1 B + f6*eRB
30. S mat.g = g0 + gl¥gL + g2%gR + g3*gF + gd*gB + g'S";gLB + g6*gRB

perates on the twelve matrix coefficient



20 interpolation may be enployed. If the control path gain signals (gL, gR
etc.) are generated every eight sarrpl es, a slight ti . eis

i ntroduced between the audio sanple in t he main si gnf’glil?SF'g!%'LJ &2?65

control pa¥R W78t s. Upsanpling introduces a further ti nePCWUSGlé!’m%ce in
that linear interpolation, for exanple, inherently has an eight sanple 25
del ay. The optional - 5 ns Iookahead nmor e4ghan conpensates for this and other

- E‘r{lgg n tnb:?. ters) %’”ﬁi&;d'}@t@%&? ALl e ChePeb AR R
ot orm ned and opt P aed nives 1?333* AN Nt R

.apply input signal mmg#mgm*%meﬁwﬁﬁlpm% c;qrj%kgggopﬂg*%g%g 0 each df

t he adaptive matrix's outputs r-cardinal directions) and to February
2005 WD 02119768: M%M+klﬁgh+mglhdjkﬂ§‘@thk4ﬁgﬁ-ﬁ k67 gl - IseftgRB hat
-the outputs at all but.the oqutput corres ondi n direction to that of

the i mput signal af®tdlti ﬂé’&gLﬁbﬁgﬁﬁ' Jglst g"prﬂﬁ)é‘dﬁ*ﬁhBJfl@‘gBIB i n
When 1 he. encodt ShFICES Tt ARb KR ORCRISHANIIEG. BHAE he Ra CHEOSIEs:
cardinal gy blE %%(fé?ﬂz?mw? Jﬂ%alﬁﬁé xbrl:‘ao fﬁ’(ﬁ{eﬂfs hGY lelt@zéegygg%ﬁlﬁ ﬁ%stcﬁl e to

m nimze cro ef Ween or al’

~ directi ongatrBhbSeffiBlends ’vfﬁéQﬂHéﬂ ﬁi&moeffﬂéleﬁfsadfe'sealem%%g%ﬁw@%ame
arrangerrents of FIGS. 16A--Din an off-the-shelf conputer program such as

MATLAB (" WﬂAIbtamechﬁbmdmmmﬂtmifpaﬂaﬁm«:ﬂtlsns0I d by The Math Wrks, Inc.).

and recursively varying the coefficients until a. 10 result deened optim zed

or adfept abl e Hreferatilydt warighle mastx sopligientp(ehx) axe, upsanpled toatshéeveer i x
?ﬁeéf dor “BdodR RSuBR I RyRA %se%%%f%ﬁéa?a&w@%f'a&%%%‘rF e | Rgry O
tvery. ef gnehRaae) Bbhfens MauOBr PR npl AR} MedleR WRIbARET ¥, 5"

mat ri ces amstatibDeempldxifsihiat wowld iésﬁﬁ frdlﬁ%%aﬂbﬂauhg tﬁé‘@aﬁﬁilé nfiftfix etveﬁy | ast
row of all the coefficient matrices, kx and X, Isomtted). |x—,mat

gl = mat spmple nﬁ‘f[GgMCZﬁwafB a:b@ltemlatw@émbodﬁnelﬁﬂn wlichha3, cO, do cl, dl,

c2, d2, c3, dﬁ fo, el; fi, e2, f2, e3, {3,
15" “smoot mg/upsamplmg function 233 operates on the twelve matrix coefficient outputs'

from function 232 .Alternatlvely, and with similar results, the control path gain
signals may be upsampled. FIG. 16D shows another alternative embodiment in -
which a smoothing/upsampling function 231 operates on either fhe six or two outputs
of the variable gain signals generator functlon 230. In either case, linear
20 ,mterpolatlon may be empioyed
If the control path gain signals (gL, gR, etc. ) are generated every e1ght
., samples, a slight time difference is introduced bétween the audio sample in the main
signal péth_ and the control path oﬂtputé. Upsampling introduces a further time
difference in that linear interpolation, for example, inherently has an eight samplé
25  delay. The optional 5 ms lookahead more than corﬁ;ﬁensat’es for this and other minor
- time differences introduced by the control path (bandpass filters, smoothing filters),
and results in a system that is quite responsive to rapidly changiﬁg signal conditions.
The fixed coefficients may be determined and optimized in various ways. One
way, for example, is to-apply-input, signals haviﬁg an encoded direction

30 comresponding to each of the adaptive matrix’s outputs (or cardinal directions) and to



go, ho, gl, h2p g33L h3, 0, joO, il, j1, i2, j2, i3, j3,.

Up g2, , 25 kO,
10, kl,. 11, k2, 12, k3, 13; mat gb = mat gI b matgrb =, a4 b5, a6,
b6, c4. d4, c5 d5, ' - c6, d6, 30 ed, f4. e5, é‘# ‘%“‘39(60%32/ 19768

-47- * 9MWNO 0p2Y1¢%, h5, g6, h6, 14,j4,i5,j5,i6,]6, k4 14 k5, 192CHAjSNE27006
February 2005 PCT/US01/ 27006 5 One or nore sets of coeffici ents. may be
defined depending on the desired resul.gg. For exanple, one m ght define a

Soaod; nad f‘?siﬁ?‘é?ﬁaﬁif@%mggﬁabﬁ@?ﬁ%]ﬁlﬁpu%ﬂwf@ﬁgﬁé&ab' SAPAMIEiRensed by
Dol by Lf&iﬁ%ﬁb th ¥Batdf R b e{f il Gfe ns an' g@@b@gaﬁ *pﬁ&ﬁalsg” such

practical odi nent's ar 20 25
mat fix rEsLﬂt iDurd¥dredielobs. Mﬁl Qreﬁ?eﬂ%rosst&’lkoam&ig ﬂﬂ@betv&beﬁfiﬁﬁputso 1700,
0.0, 0.0, -0 1700 0.7600 ) mat 1 { mat gr nat git 0.3200 0.0.70.0, 0.0,
- 0. 3813, when 8@ khicoded diretfion of i inpudsign@l &0Mer thaahe defodicardind), 0.0,

0.0, 0.3200,, -0.3813, -0.3813,
5 directions. Pr eferably, the coefficients instead are chosen to minimize crosstalk

- among and between outputs for all encoded input directions. This may be
accomplished, for example, by simulaﬁng the arrangements of FIGS. '16A~Drir'1‘ an
off-the-shelf computer inrogram such as MATLAB (“'MATLAB” isa t‘rademafk of
and is sold by The Math Works, Inc.) and recurswely varying the coefficients uritil a

10 result deemed optimized or acceptable to-the demgner is obtained.

Optionally, the Vanable matrix coefficients may be upsampled by a factor of 8
using linear interpolation in order to reduce the slight reduction in perceived audio
quality resulting from generatlng the gam control signals by sampling only once -
every eight samples. ' ' '

15 The coefficients ére defined in terms of 6x2 matrices as follows (if Bs is
omitted, resulting in 5x2 matrices, the last row of all the coefficient matrices, kx and
Ix, 1s omitted). |
| mat_fix= mat _gl = mat_gf=
20 a0, b0, al, bl, a2, b2; a3, b3,
c0, -do, cl, .dl, ¢2, d2, o3, d3,
ed, 0, el, fl, e2, 2, e3, {3,
g0, h0, gl, hi, g2, h2, g3, h3,
0, jo, i, 1, i2, % i3, 3,

25 k0, 10, k1, 11, k2 12, k3, 13,
mat gb= mat glb= mat - gtb=
a4, b4, a5 b5, a6, b6,
c4, a4, o5, d5, .6, d6,

30 ed, f4, €0,

- e5, f5,

f6,



-0.7720, 0.0, 0.0, 0.1920, -0.2930, -0.2930, 0.0, 0.6, . 0.0, 0.0, 0.0,
0.0, 0.1920, 0.0} .,0.0, -0.7720) 0.2930, -0.2930 } - 0. 2850;
0.2850, 0.0, 0.0, 0.0, 0.0, 0.3510, -0.3510; . @%e"%”a’y(?oé%
-0.3700 } watozgotss= { . 0.0, 0.0, 0.0, 0.0, O. 2850 - 0. 8BRS/ 3700,
0.3700 0.0, 0.0, -0O. 3510 0.3510 } Note:.when Bs is onmitted, the fifth
row of the above coefficient matrl ces |g omtted. mat_gb -0.3849, 0.3849,
0.0, 0.0, 0.3849 O 3849, 0697 g9 0.0, 0.0, -0.0697, 0.0697 }
Pro Logic Emul ati oB4Coebéi m@mts maltg@,x q,matglg': {mat gr = {mat ¢f
300. 7400, 0. 0, 0. 3200, 0.0 38 3811, -
5.5240.0. 5240, - 0 54b0. 0. 0'i8; - 0iBao0i®. 2380 0. 2250,
0.0,0.7400,0. 0, 0. 0340.0 3 38 811, 0.5370,-0.5370,
.-0.5460,0.0,0.0,0. 46014802180 95’0011%'0%0000000000 0.0,
350. 5370, - 0. 5370 }-0.5460,0.0 }0.0, 0. 5460..0:0, 0.0} mat gb 0 = { mat_glb
{ mat grb = {
One or more sets of coefﬁc1ents may be’ deﬁned dependmg on the desired

results ‘For example, one lmght define a standard set and a set that emulates an .
analog variable matnx decodmg system known as Pro Loglc which is manufactured

and licensed by Dolby Laboratones of San Francisco, California.  The coefficients in

such practical embod:lments are as follows L o .
10 . e S _Sl_‘andaid Coeﬁicients:
mat_fix = { . mat_gl={ T ‘mat_gr={ mai_gf={-
07400, 0.0, '~ 03200, 00, - 00, 00, 03813, 03813,
05240, 0.5240, - -0.5400,00, " . 0.0, -0.5400, 0.2240, 0.2240,
0.0, 07400, . - 00, ; 0.0, .00, 03200, -0.3813, -0.3813,
15 07600, -0.1700, . -0.7720,0.0, 0.0,  0.1920, -0.2930, -0.2930,
00, 00, 00,7 06, . 00, 00, 0.0, 00,
-0.1700, 0.7600 } 01920, 00} . - .00, 07720}  -0.2930,-0.2930 }
mat_gb={ mat_glb={ S mat_grb={_
20 -0.3849,0.3849, = -0.2850,02850, . 0.0, 00,
00, 00, 00, 00 0.0, 0.0,
03849 -0.3849, 0.0, 00, 0.2850, -0.2850,
0.0697, -0.0697, 03510, 20.3510, -0.3700,0.3700 .- |
0.0, 00, 00, 0., - 00, 00,
25 -0.0697, 0.0697 } 03700, 03700} -0.3510,03510}

Note ‘when Bs is onrutted, the ﬁfth row of the above coefﬁcmnt matrlces is

omitted.
Pro Logic Emulation Coefficients:

mat_fix = { mat gl={ . © mat_gr={ mat_gf= {

30 0.7400, 0.0, 03200, 0.0, 00, 00, -0.3811, -0.3811,
0.5240, 0.5240, -0.5400, 0.0, 0.0,  -0.5400, 0.2250, 0.2250,
0.0,  0.7400, 00, 00, 00, 03200, -0.3811, -0.3811,
0.5370, -0.5370, -0.5460, 0.0, 0.0,  0.5460, 0.0, 0.0,
0.0, 0.0, 00, 00, 00, 00, 0.0, 00,

35 05370, 05370}  -0.5460,00} © 00, 05460} . 0l, 00}

mat_gb_0={ mat_glb= { ' mat_grth= {




15 February 2005 WO 02/19768 PCT/ USO /27006 -48 -0.3811, 0.3811,0.0,
.0.0,'0.0,0.0, 0.0, 0.0,0.0,0.0,0.0,0.0, 0.3811, -0.383%3 bRk £o0B- 0, 0. Q,
0.0, 0.0, Oﬂ%ag,pmo. 0,0.0; 50.0, 0.0,0.0,0.0,0.0"0.0, 0.0, 0.01}0.0,0.0} -
.0.0,0.0 V" &:"When Bs is omtted; the fifth row of the PATN®IEHEE T ci ent
matrices is omtted. 10 Conclusion It should be understood that "
i npl ement ation of other variations and-48difications of the invention and
“its vari-6d¥LdgpEct s wi b6, be.capparent 000 thgse skilled in the art, and that
the invexyiongs not |jgnteg by thesgospegific embodi ments described. It is
t her ef oroeisfl:lo%?gggl ated to cover by the present. invention any and all 15
modi fi cations,” variatiohs, G equi vaP@nts®®hat fall within the true spirit
and scopf® of %he basi clundeé¥d yi ng praci ptes di scl osed and cl ai med herein.
-Thos® ofo.opr diomary skildoingdne art wphl rggogni ze the general equival ence
of har re d soft e i nmpt enmentations and of anal og and digital
—-1 npl ene%%,@ti 8%3. Thu\é\el;’t he(ﬂ’gr esent’ ?"P{ven‘f' n may be inplenented using.
‘anal og har dwa¥ele: dilgért Bs i2ofitted, dhafidih fo of thedtrlveWodttibat i chags e
and/or digjtal signal .processing..Hardware elenents nmay be perforned as,
funct i of¥Mtedsof tware and/or firmmare. Thus, all of the various elenents
and functions (e.g., matrices, rectifiers, .conparators, conbiner,.  variable
anplifiers or attenuators, etc.) of the disclosed enbodi nents may be
i npjgnent-ed i n_hardware -or softwar e'gj n either the analog or digital
donmalns. 25 1 5 February 2005 WO 02PA&HE¥7bCT/ US01/ 27096 -49. CLAIMG 1. A
met hod for defing t - Js I 0iS1: Q8 PINCE-Y socjiated with a |
direction, from td\}gb?#ggtgﬁzﬁ%‘? E{ag?%‘?ﬁ?&@éﬁﬂpr%@hﬁgq@%@ﬁéﬁwng wtha .~
passi vemedificatibns bé#poinsention aad dstvariduB REpe Ay HiN bel patentdo b Rinidy of -
passive,matrix audi o signals including two pairs of passive matrix audio
In the art, and that the invention is not limited by these specific embodiments

described. It is therefore contemplated to cover by the present invention any and all
15 modifications, variations, or equival_enté that fall within the true spirit and lsco'pe of
the basic underlying principles disciosed and claimed herein. 7.

'ﬁf‘hose of ordinary skill in the art will recognize the general equivalence of |
hardware and software implementations and of ahaibg and digitel implementations.
Thus,_ the present invention may be implemented using analo g hardware, digital |

20 hardware, hybrid analo g/digital hardware and/or digital signal processing. Hardware
elements may be performed as functions in soffwarje: and/or firmware. Thus, all of
- the various elements and functions (e. g., tn_atric_es, rectifiers, comparators, combiner,
‘variable amplifiers or attenuators, eic.) of the disclbsed embodiments may be |
implemented in hardware or software i-n'eitlher the analog or di gifal domains.
25



signals, ‘a first pair of passive matrix audio signals representing
directions lying on a first axis and a second pair of sjve i X audio
signals representing directions |ying on a second axi@?EEQP&Vgﬁbét and
-second axewoleitsmgs substantially at ninety 10 degrees to eagdroshiervoe
processi ng each of said pairs of passive matrix audio signals. to derive a
plurality of '"matrix coefficients there §om sai d processing including
deriving a pair of internediate signals [(1-gL)*Lt' and (1-gR*R',
(1-gF)*Ft and (1-gB)*Bt] fromeach pair of passive matrix audio signals,
respectively, and urging each pair oﬁgégébﬂiernediate si.gnal s toward
equality in response to a respective ignal, and producing at | east
three output sj gRghshBY B ¢ty ' inCks [ t ce S (=3 sai d
matrx coet 11 o enraetd FRUEiinE AR rad b Sicatlls, M aes i dBRNGIEY B,

gener at eddirecticas fions ewbd dnpiRGiidie sipghhh{ co@pfiiapi t udes of the pair of
internmediate signals with which it is associated. 3. The nethod of claim1l

or cl & m 2 whegeserating withlayaasiveymatiixnmatresponse oe diddineninpuaaedidsignadsiaf r om
said error signals. 25 4. The nethod of claiml or claim2 wherein said
pl ur al i t yPlraligiofipassive anatriziaadie signalsdeeludmg twapaisoef pasiv gattixsaudio

gener at ed_.by said processing. in response .to,said error sigpals. .5 The

met hod of SENARYA TrShRacrTPARe TaeREUAHES FiEsalstsaesSnnG FEoRs DHE oRgnal s
associ at egdppi j & ' el 10| . 1 .

Fabr uary. DBoe B re0Y Pt ol R Huid ¥his RRLeRHREHREp i |

wher ei n tRéngTeh AcEcsiR hxigssAill firsiuh Dseebhd dkeSb&inalsabstana Ry af fie¥y th. the
directions left, center, right, ‘teft surround, back surround and” right @~
surrdgnd._c_}@westﬁmchm]hmd; of claim1l wherein the nethod derives five audio

output signals associated with the directions left, center, right, left
surround and MIQERSSIng Fach pfgaldippiss ofdrmswmmmxoﬁudawlgméswdeﬂwm 1-7

R 4 i RN ST SR T LS TR W R
intermediate signals [(1-gL)*Lt' and (1-gR)*Rt', (1-gF)*Ft and (1-gB)*Bt] from each
| ﬁair of passive matrix audio signals, 'respectively, and urging each pair of
15  intermediate signals toward equality in response to a respective error signal, and
producing at least three output signals by meitrix multiplying said two input
signals by said matrix éoef_ﬁcients. | '

2. The method of claim 1 wherein each error signal is generated in response to

20 the relative'magrﬁtudes of the pair of intermediate signals with which it is associated.

3. The method of claim 1 or claim 2 wherein said plurality of matrix

coefficients are derived from said error signals.

25 4. The method of claim 1 or claim 2 wherein said plurality of matrix
coefficients are derived from control signals generated by said processing in response

to said error signals,

5. The method of claim 1 wherein the method derives four audio output

30 signals associated with the directions left, center, right, and surround.



10. The nmethod of claim9 \/\herel n .sai. d matrix coefficients are upsarrpl ed.

11. The nethod of claim9 as dependent on claim 3 wher sai d or -
signals .are upsanpled. 20 12.. The nethod of claim?9 iipalg @W@H%’ on claim®

4 wherei. W%%’H""@bntrol signal's are upsanpl ed.. 13. The n‘BPﬂHﬁSQlVZ'iGﬂGaI m 8
further conprising delaying said input signals to 25 produce del ayed i nput
signal s and wherein said producing pref@ces at | east three output signals
by matrix nmultiplying said del ayed input si gnal s by said nmatrix
coefficients. 14. The nethod of claim13 wherein said delaying del ays said

i nput - si gnal §. Bhe3hetftRlidf Slaffh 1 wherein the method derives six audio output signals
associated with the direetions left, center, right, left surround, back surround and

right surround.

7. The method of claim 1 wherein the method derives five audio output
signals associated with the directions left, center, right, left surround and right

surround.

10 8. The method of any one of claims 1-7 wherein the method is implemented in-

the digital domain,

9. The l_nethod"of claim § wherein at least a portion of said processing is
downsampled. |
15

10. The method of claim 9 wherein said matrix ceefﬁcients are upsampled.

11 The method of claim 9 as dependent on claim 3 wherein sald error signals
are upsampled
20
12. The method of clalm 9 as dependent on claim 4 wherein said control

51gnals are upsampled.

13. The method of claim 8 further comprising delaying said input signals to
25 produce delayed input signals and wherein said produeing produces at least three
- output signals by matrix multiplying said délayed input signals by said matrix

coefficients.

14. The method of claim 13 wherem said delaying delays said mput 31gnals by
30 about 5 ms. |





