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An N-port network 14 of FIG. 2 is lossless if at any time instant, the energy lost through the outputs, equals
the total energy supplied through the inputs, plus the total stored energy. A lossless digital filter is obtained
50 from alossless N-port by using every port as both an input and an output. This filter is the general multi-input,

multi-output allpass fiiter.

An N-port network 14 is linear if superposition holds. Superposition holds when the output in response to
the sum of two input signals equals the sum of the outputs in response to each individual input signal. Anetwork
is linear if every N-port derived from it is linear. Only linear networks can be restricted to a large and well-

55  understood class of energy conserving systems.



25 A | ossl ess wavegui de; such as each of the waveguides in FIG 1, is
defined specifically as a | ossl essERN24882%B4ct i onal signal branch. In the
si npl est case, each branch or waveguide 11 in a wavegui de network 10 is
merely a biosdlsk S€dtteiigakicigl ay |ine. The only conputations in the network
take place at the branch Tntersection points (nodes or junctions). Mre
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i ¥ at eaolkhetd Ay Bt isahd resultdnejutictiénapresaunedipyl astotowed i n the network is the
same as at any other time instant. The total energy at any tinme instant is
found HY sunm ng the i nsWantaneous power throughout the network wavegui des
11. Each signal sanP p"retm"_t in the network contributes to instantaneous
power. The i nstant anaoué"})ower of a stored sanple is ka %? squar ed
anplitude tines a scale factor, g. If the signal is i Sﬁi ; of "pressure",
“force,zor equivalent, then g = 1/Z, where Z is the characteristic
i npedance ¥ he wavegui de 11 nedium |If the signal sanple instead rep-
resents a "flow' variable, such as volune-velocity, then g = Z. In either
case, the stored energy is a weighted sum oR squared val ues of all sanples
stored in the digital network I =4q2ri}Pért Rgdwork - FIG 2 In FIG 2, an
N-port ametwork 14 is shown in which fof N=3*t fAree wavegui des, called
ports, leave the net- workwith one port 15 designated for input and two
ports 18- lpqaRe, 16-2 designated foroutput. Such a structure is suitable, for
exanpl e, for providing stereo reverbgsalp;ane®f a single channel of sound.
Note, however, that 45 really in FLG @yl erg are three inputs(1s, 16-2)
and thre out-puts(15, 16-1, 16-2) begauge 4, an N-port, each waveguide
connect ed t 0pbfif tRGbNBI churicndy k=429 thenddmiEgPYt and an out put since each
wavegui de is bi-direc- tional. An N-pgrtpnepmork 14 of FIG 2 is |lossless
if at any tine instant, the energy d @st 1§pgr40uplg t he out puts, equals the
total epergy supplied through the pnpyps, (plygp.the total stored energy. A
| ossl ess digital filter is obtaingd 50, Qm %;1 ossl ess N-port by using
every port as both an input and an’qut‘1 Ut t’fTh'Pg’fiIter is the general
mul ti-input, multi-output allpass iT%F )FAn' IIf\I-Z'port network 14 is linear if
super posi t i oRMYgovefave. &iN&% nosi ti.on hol ds- when the output in.response to the
sum of &wo input signals equals thé Sdm*off thE?outputs in response to each
i ndi vi dual input signal. AnetwdfkK Ps* MPhed®) ¥ev@ry N port derived fromit
i s |inear . wish igthp oprrmuitiptier dajfice Kiler sestion{minpsitstunit delaydl More agnerally cas Nawry infereections 5
under st oodregyiragN mykipliepanddy1 edditensitaqbiaip Py prd qapgdditien for eacipoytgoing avavs, for giptal of N
Lossl ess Smultiliesand@N-1 agditons.3 consi der a parall el junction of N |osgsless
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[err] as deARUEfigwIynptiop£aa befound by urp.os duality. If-in FIG 3 the inconing
traveling [ S5 WS \{\‘/%geﬁainasr_gledgnot ed by [err] where i =1,...,N the
out goi ng pfessu-r-e—evgaves-ﬂ-re—@'-ven by Eq. (1) as follows: [err] where [err]
in Eq. (1) 1S thiackeSabohid bhaln4B &l shih iPFIBSS EdcH jublité B R6 20 45, 2% dnBibdi
[err] IS WagEfbeéik(t denotes scattering junction characterized by kgt). In FIG. 4, the junction 26-i typically utilizas€" I ]
For N=2 25mustipliers (M) 8 and adders(+) 7 to form the junction. In FIG. 4, the multibiféfs'd-1, B2 8-8 8ndldEmultiply
ref |l ecti onpgiR@fattbes (RRA), hMt){ BIkid], shdR D], frésPettivaly. Anlalternative junction implementation 26'-i of

FIG. 13 requires only one multiply. The junction 26-2 in FIG. 4 corresponds, for example, to the junction 12 in

so FIG. 3. Similarly, the delays 27-1 and 27-2 in FIG. 4 correspond to the branches 15 and 16, respectively, in

FIG. 3. The Kelly-Lochbaum junctions 26-i and one-multiply junction 26’-i (see FIG. 13) or any other type of

lossless junction may be used for junction 28. In particular, the two-multiply lattice (not shown) and normalized

ladder (FIG. 11) scattering junctions can be employed. The waveguide 25 employs delays 27 between each

scattering junction 26 along both the top and bottom signal paths, unlike conventional ladder and lattice filters.

55 Note that the junction 26-i of FIG. 4 employs four muitipliers and two adds while junction 26'-i of FIG. 13 em-
ploys one multiply and three adds.




30 : [err] [err] Thus, we have, for
N=2, [err] [err] Wmch S the ONeER®Q248ISpIBEr | attice f||ter section (m nus
its unit delay). More generally, an N-way intersection requires N

mul tipli epaBikeNadatigddiFids0ngs t 0 obtain [err], and one addition for each
out goi ng Wave, a total of Nnmultiplies and 2N-1 additions. 40 The

seri es f| oWRpdisiohioDilnctioh 26 Gldtheafomiid ertlf @ mptaar afl pushiing del@s 2T alengj thertag raibavounihe
seri es prgsiwbbon) rdil) 86 thateadvbottdne raj) del@y begimeb RDseconds (2t ) dnsteadof TisecondsundSimh use
of duaki tsnopQativn Eabessibik begusedtthSamiination-at ¢ ight by aalifinite (or zefphehargeteristic impadenpei de
chai n 25 6igFiShb imtheitimevar@nglcaserpushingla delay fheoughadnultiply gultin a comespondingitime advance 2 6- M
encl osi ngoftheenuliiphehereffkipgt; ) denotes scattering junction characterized by
Ki€t). |n Finmging eachqelay § Brin BiE. 4 baing @at‘ n ha't'ﬁ 462%*3“ wqetabf’”é?r %emmf 8
and adder Sferpnywaveguide,cambe puilt f’?i'l‘tief"i"’@ s“"

8-3 and 8- 4 "'tﬂﬂ@‘sftaec%!" -pign: *t' are "SR‘? “‘
[ Ki (? ;] ], pid %fét’ﬁ%r paRoe gl mayes ;gaféfmsp g H"(‘f'?‘t" ﬁ%’g@z ?°"8?' FI G

13 requir Fﬁﬁ"tl”%‘t"?/“' Ct'm?m £ on ﬁiﬁ 04' Lo PLTeHaD.

exanpl e, toglhe Iinc L&o‘éﬂ ﬂ-ﬁst} FIGF b he SirdBlyrddt Fit. 8 Is Gtaifisel stn%Ztu.Je a”d |
27-2 ip F tfso;\ﬁfﬁ éﬁ E’a'ies ﬁaﬁﬂm LERREIvRANEH Miticd/Ba-F| G
3. The J; mowmtaqms“ rnhnoarsgi aR i atacat.svc amta&hteoa\.oaﬁg tto deS€E

FI G 13) e,&enamo.sﬁt of HbiarPlo 6?:? | FttipAH ErArciiY, RBXedibn, Bitdsbphe)] dnd (8 the@n  26.

| n parti cidhdlong del3ffrbedimanghth hlBrfg\t ubbdr k4 Qs indGiverfibialéinuctares) apipemia ségarnt id cder
(FIG  11) twsGadtb@Ndng Orhis eistture) formedaib 'Kefi-ratéaveiRia filtsF) sppudty/ e Geule Bette? breaii phapy S

del ay s227 adiéitive thin i 6theraigitd filr strcture imaryapplizfioral Aswantage (2hmdkhsit éspagiayveludot t om
Qﬁgnal pablhﬁarmomlmglpeyswrsymmst onal | adderand lattice filters. 55 Not e t hat
t he j unct i orFinglfy;succeésive buBstitutionsgsthe yestidnotifiG A and iegriplication oftherHielayepnsalidationfrdnse
Junct i on REhatipn ledd t§-thGconyehtionsl lagslenyy dattise Eiterstructurs. Thedfermination ettheiphtby afotal reEpQ
248 527 Bfiectign(eshpwn 8eb XIG. 4} if toauired topobiain thisjstrugtuRcERIEALSEY: GPNV '!!i'ﬂ’@! teigiee filters: o

ot her Por pannetae exiandadion the wight inayphysfcallyinepninahul way. A5 %#'“&FQSY‘@" ppicgies more gom-
around t oPlehiearotmRIhFeries (pr ackdic trag) e wavaguidegectiogsis nafjimm %}rg"ﬁ& % o the
seconds [S?' syyTree path alang the tonrrall Eorsygrapler the outeyl ofa ‘B’We"%PHa'BB‘?f 1 98P PR B ) e

because of"®{R¥ ternination at the right by an infinite (or zero)
character,stlc é%edance 6 in FIG 4. In the tine-varying case, pushing a

del ay Phr 2 iply results in a corresponding time advance of the
mul tiplier

di vi ded i %%&ﬁ@i‘grﬁén@aﬁ%ﬂ igglsﬁg QTn%J r@an }‘ Eﬁ%gkf:p(;%glgé ﬁalﬁefﬁwéﬁi; h%%zsw de
can be bui

rom sectlor,t,s wc @S+ P LA FPSs B. Eh(s By a series of
transf gr mghé@ns, the two T nput - si gngr’ del a?s are pushQ& t hrough t he

junction to the two out- put deb*ayqu_sz(mzlar(pS)equence of noves pushes the
two output delays into the pwe propst- fueEnehawe2CeEes@) quently, we can

repl ace aayfindfhé@ghtgelay dhe Ritigoing miwet, fegpebtivelyd shown in FIG 5 by a section of
t.he form shcanthe R-wiay éavegiide junétiof we haveRysirg|Kirghofi'a hatle pquatians.Fiait) a¢ fokowst r uct ur e
Qf/FIGeo 6 and 7, the structure of FIG 8 is obtained. This structure 15

has sone advant ages rth consw&grl gg (1) ituconso‘l‘i dates delays to |ength-
2T as do conventi nalg | @tt4d cg/ | r stguctyr it ot require
a terni natlon?w ;n iR ?n}’tle cgg&acagﬁl st?d Epgg&nc? al | (;#Ve\f?l(gﬂlt to be
extended to networks of arbitrary topol ogy (e g. , mul ti port br anchi ng,

inters&tio d.l oo ( ere is no.lo d pat h
al ong the UBB@T‘ R'Fgl"fayﬁgct' '%1'5 %ﬁﬂ%ﬁ? %%P%er' eV eﬁ‘r’"é’% qg”se't'%o T wTylfﬁ'é‘ ﬂieé‘g‘%r?t is
only tvvo %elgrtmg reEflfegﬁg This structure, terned the 'hal f-_rat e wavegui de

filter’ ave better overall char- 20 acteristics than any other

di gi tab, i | {gfue el ?ﬁuuaé)j[lnMIoéw hifi@ &ﬁ‘ﬁordléﬂtﬁ%ﬂ&:?élﬁn ke el PSsslebs
especi al | i@ Gireaizable. 1R FixedROVR arifhthetit 8 blodct &Yad fiers Figiidb nlire bitd|GrCddhsrhly €

subst i t ut isgBgacbprdsBRatRfHhbd &ﬂer@fthf&tﬁipli&n@ﬂth&r@ﬁﬁﬁeﬂlﬁaﬂb@ Bro@id o proRiudl Aheatitim-

consol i datyedt bits'naéded to represent exactly a circulating signal grows without bound. Therefore, some round-off

rule must be included in a finite-precision implementation. The guaranteed absence of limit cycles and overflow

65  oscillations is tantamount to ensuring that all finite-wordlength effects result in power absorption at each junc-

tion, and never power creation. If magnitude truncation is used on all outgoing waves, then limit cycles and

overflow oscillations are suppressed. Magnitude truncation results in greater losses than necessary to sup-

press quantization effects. More refined schemes are possible. In particular, by saving and accumulating the




formation lead to the convent'ional |adder or lattice filter structure. The
termnation at the right by a totaEPP&48®RFBtti on (shown as 6 in FIG 4) is
required to obtain this structure. Consequently, conventional l|attice
filters 25iowaadanmf oheacembifphobe 8 jufdliod, Bidrdylc@Be exdttipprdddiel Gidbite)of fiiRa preBigdnom\ay .
Al so, cr eaputstgnsnet wor k t opol ogi es nore com plex than a sinple series (or
acyclic tree) of wavegui de sections is not imedi ately possi bl e because of
t he del ay- BigeatPoyer in TmbecVaeyingiVeveguides ai | . For exanpl e, the output of a
convent sonal structure cannot be fed back to the input. 30 Energy and
Power The i ndhaeansghtienisadgpipibihatithe time yerigtiog of thecheweieistisimaepancegioenotatensbrstrav-
préssur e Pelingarepsumivaves B. g & qaea thy gowen eepispeied bY 2 avelingpeassireways i madgiped; by

f oM ows: Pthe chlnging ¢herastprisBGimpedargeas it propagites) Eheraptual @pwan becoies inverghly prgpirtivgal o d

| ef t - gor ng 'pmﬂensﬂctf@sfﬁew vely. For the N-way wavegur de junction, we have,
usi ng K°rchoff's node equa,t(*gns,(x ngg(@ BexPBtPa 40 derrl 45 Thus, the
N-way junction is | ossl essT "ho—ne wer, ac®e or reactlve flows into or
away from t h&hjspewsr mmlawms mmmeer‘ fhe Eyapungytheory whighypraves abbrace of timit cycles
wavegui de prgrverflgmosciatiopsepausait oceyrsdenticatly ipbothrthe fjgite-erecisiopand infifitepregisientfittersa k e
exact | y,l 0Heveversin serme pplicgtionsit may he Aggypkle t°|°?f“‘f°f‘§?&f9’ kA R?t"e"a'i*th"ﬁtr‘?éts? that ohanges

product of mtt%%g:ﬁ(%éﬂ‘ cimp gq) géhemg m cgh cgg T% alpnmgatmg within.
| 06p ar ound 's;agwaw %8'%?8‘“988’?“&‘5 ‘Et*@gﬂ éw'tsaﬁsg%;%ﬁ E?i;%g?% 7
RN A sy ey gne e b gwﬁlqwgm ook el iepiax i m it

| ki t cycl eSohhpvinaFpmpnPRIROTte siong) eRyer e {RGHI/Z (3 anddRixtliftrutth reersc®Mkur i ng t hat

al I finite-wdelgwehrge methdds arediscussed t?rmalqnasp@tmwerenyswpw mqp@tto time-ypryinghmnch
tion, and ieppdanceower creation. if magnitude truncationis used on all
outgoi ng waves, then limt cycles and overflow oscillations are suppressed.
Magni t ufe Nonmalized Wavegvides | ¢ s~ i n greater Iosses t han necessary to sup press

quantlzatlon effe re reflne 0sS

saving and a3 g g e e,h%rﬁ"r:rzaagr Ek b ;a:'
ml tiply afvav T vadihgh .rg? §%t.o%??.ﬁ Lol bl tﬁafer“g§ ‘I;stﬁrqn te
preci sign |ons I Power

conventlon |s adopted t hat the time varlatlon of the characterlstlc

i npedance does not alter the trav- ellnggpressure waves [err] In this case,
the power rem qsgertt)eq( )y | {tver )] r¢0 Move) j s xmeetul at ed by the
changi ng char&tterlstlcilnpedan as it prdpagates. The act sP r
beconesssi nver sely pr.oportional to characteristic inpedance: ’ﬁwﬁhis
power nodul ation causes no difficulties in.the Lyapunov theory which. proves
absence of |limt cycles and overflow oscillations because it occurs
|dent|caIIy|11_both the finite-precision qu_tnflnlte recision filters.
However, in Fankx P gt (O (45 HenTHY MdesiBpld R toTtbhpensate for the
pawer n#dul at.i on so that changes in the characteristic inpedances of the
wavegui des do not affect the power of the signals propagating wthin.

Consi der alf! %?“B?%?“&’P? 9GPe o performibe pealingunt] the Signal actually repq A2 lunctipny TRssYeIfc e
[err] neasH BeRerti rom the | eft bound- ary, as shown in FIG 9. The

right- gglng pressure is [err] and the left-going pressure is [err]. In the
absence

Pi (CT.t)’Bi(t)Pi (o 't-T)
Eqgs. (9)

P;(o,t)=gi(t) p’{(e'r.t-'r)

where

55 o (©) = [ZOWZ(t- T*
This normalization is depicted in FIG. 10. In FIG. 10, each of the multipliers 8 muitiplies the signal by g,{t) as
given by Egs.(9). In the single-argument notation used earlier, Eqgs.(9) become

7



of scaling, the waveguide setction behaves (according to our definition of
t he propagation nmedi um properti esEPB@48EI B4 pressure delay |ine, and we
have [err]and [err]. The teft-going and right-going conponents of the
signal power arec[err]and [err] respectively. Below three nethods are

di scussed for (Tt ) Biok#eT)i nvari ant with respect to tine-varying
branch i npedances. 25 rmal i zed Wavegui des Suppose t e r@ggl i ng waves
are scaled as the characteristic inpedance changes In order to hold signal
power fsi xed. Any level can be chosen as a reference, but perhaps it is nost
natural to fix thg? p@yﬁj %am) wave to that which it had upon entry to
t he section. In th:"s cask is quickly verified that the proper scaling
30~ is: [err r 40In ractice lEerels no nee to erformthe
scalln unt| e g‘# rategy;hag ihe property thatthe

45 | er cattering jun ctlonsare |mplem 1te wit ;e-mgul;:I ystrdcturest P%nt

| t ; ngp nfes erl . There aeth ﬂnl rs 3
o At %"fg A AT
Si gl €- ar QA e e o T s %‘ Rikg me}?, ﬁ'?ﬁ%ﬁﬁf&” B1
[err] 395 [ Gfakdladde ila'itiogﬁlfn@in pﬁy@ﬂl%de?iﬁd’ é% ch%n ﬁ@rmEI |09£ &R 84 iimited 1B Bppobifd %ndsof

ti me- var Yigighg\Wassaa ¢ $6tiond viith ndfkeriordbitplt pg-unctl ons) 10 conserve signal
pover. |f the mend bREvitySf & hiWmblizeNSavaduiie with figieBRiEith siculbtions) G-sifitdsitdpetform

St r uct ur eSnaghita@étrinButionatier mukplicatidn byl AltBinkteely,@eEndac frbdisivh cdn b8 Bsed Withir the ©8t when
power i s neingmhdtided. There are three additions as in the un- normalized
case. bn’some situations (such as In the two-stage structure) it may be
acgept abl Notmwlized Wewdsi ze at fewer points; the normalizing multiplies can be
pushed through the scattering junctions and conbined with other nor mal i zi ng
“mul tiplies, Angtherapproach o neemelization s tgeropsasteyy-aormelisedavavestit the wiveguide. ']‘ thisceseons
to obt ai n egehsslay-iing contaited | adder/l attice forms. In physi cal nodel i ng
applicétions, normalizations can be linmted to opposite ends of a |ong
cascade of sectjons with no interior qQutput "taps." To ensure passivity of
a normal i zed- \A@?“qg‘u,ltqep\h(txhtfwrpzt gtPnéci sion calculations, it suffices to
perform magmtuc?e truncati on after mul tiplication:by [er!@qsc d) ernatlvely
extended precision can be used-within the scat- tering j 1

Nor nal i'zed Waves Anot her appr oach to normalization is to pr opagate

rms-nor mal i zed yaye =t Q) M 3 1n this case, each delay-line
cont ai ns 25 30M i, @ (¢ VyB”eng(Itqq

35 -
We now consider Pt (instead of P+) to be invariant with respect to the characteristic impedance. In this case,
- o+ + Pt 0,t-m/iz, (t-m) 1 2= BF(t-m)
The scattering equations become
4
iz, 001} 2Yeo,0) = .
[k, (0112, (1)} B (eT, 00k (0) lzi(tn* P, (0,t)
50
Egs. (12)
(zi l(t”§ Py, (cT, t) =
) kg (80 12, (011% B1_ et M0k (012,001} BI(e)



[err] 35 W& now consider [ert] (instead of P) to be invariantwith respectto
the characteristic irrpedance. JIn tEfe2488781 40  [err] The scattering
equati ons becone 45 [err] “[err] 50 Eqs. [err] [err] 55 8 EP 0 248 527 B1
or, solving for [err] [err] [err] But, whence [err] 20

[err] The fi nal scﬂtterrng equati ons for normal i zed waves are [err] [err]
30 where F5sggngfor "1’ [err] can be viewed as the sine and cosi ne,
respectively, of a single angle e[rr]=sin-[err] which characterizes the
juncti on. "qo;h; UIustrates the Kelly-Lochbaumjunction as it applies to

ol ;esyvtrﬁw G it Bk B B Sef S A G S b

fActored out to obtain a one- mul tiply structure. The four-rrultrply

structure of FIG 11 is used in the nornmalized | adder filter F()1.3Note

t hat ndtnmalizin the out puts of the del aylines saves one nul ti gl ative
t ot he NLF wiy.ofqH tes normal i zed waves. However, there ar_e ot her
differences to (ct,rhe (2RO (O)) np(gfu)z;eyd( eg;nq Ipi’ﬁg are
easier, that is, han ﬁg t he propagation i abl e pressuje

velocity or vice versa in the-[err] section requires no signal

nor mal i zatBubn, and the forward and reverse reflection coefficients are
unchanged. Only sign- rever fal (et (i (T ok(®) hBa.fi&ver se path. Also, in
the case ofheRpsrmal i zed waves, the rns signal level is the sanme whether or
not pressure orvelocity is used. [1V\F$Ktllﬁzru£ﬁ»&é¢))]ﬁ’gbfrom a "bal ance of power"
st andped nt, .nornalizing al ['-&YHE&OUZoyORe ! " eVvEI-(1Ban be a di sadvant age
n.t he casTéefl'Fa'WSW'&M@E@"%I@TW#"MWG&P&Ms dynani ¢ range 55 can be
mnimzed by choosing the smaller of pressure and vel ocrty as the variable
of propagatran 9

pi(o t)'ci(t)l’i l(cT t) si(t)P (0,t)

25
Eqgs. (16)
- : Y -~
. Py 3 (ST th=s, ()P _, (Ct,T)+c, (£) Py (t)
where
" si(t) .} ki(t)
Egs. (17)
e cs(t) & [1-kg (N}

can be viewed as the sine and cosine, respectively, of a single angle 8,(f)=sin-1[k(t)] which characterizes the
junction. F1G. 11 illustrates the Kelly-Lochbaum junction as it applies to normalized waves. In FIG. 11, the mul-
4 tipliers 8-1, 8-2, 8-3, and 8-4 multiply by the factors [1-k}()]%, -k(f) , [1-K}{(t)]% , and ki(t), respectively. In FIG.
11, ki(t) cannot be factored out to obtain a one-multiply structure. The four-multiply structure of FIG. 11 is used
in the normalized ladder filter (NLF).
Note that normalizing the outputs of the delay lines saves one muitiply relative to the NLF which propagates
normalized waves. However, there are other differences to consider. In the case of normalized waves, duals
50  are easier, that is, changing the propagation variable from pressure to velacity or vice versa in the ith section
requires no signal nommalization, and the forward and reverse reflection coefficients are unchanged. Only sign-
reversal is required for the reverse path. Also, in the case of normalized waves, the rms signal level is the same
whether or not pressure or velocity is used. While appealing from a "balance of power" standpoint, normalizing
all signals by their rms level can be a disadvantage. In the case of normalized delay-line outputs, dynamic range
55  can be minimized by choosing the smaller of pressure and velocity as the variable of propagation.



EP O 248 527 Bl Tr ansfoT mer - Coupl ed V\avegw des Still another approach to
the normalization of timne-varying ERAMEETRI filters is perhaps the nost
conve- nient of all. So far, the | east expensive normalization technique is
t he nor maljraheembREaGd Wav .mddct ure, requir- 5 ing only three nmultiplies
per section rather than four in the normalized-wave case. Unfortunately, in
t he nor- nmual stiliadethen emepactcie the acrmalizetiva ol}imeeyatying waveguidectiitens ispethepsi tigpasadoae- Of
section i nieptafialt 8o fantheleashewpgisivgnarhalitdiien techniafid iethe namalizerwaveguide strusturenrelpdt h
adj acerft duegantydhreaTpultiplinsper seetion rater than fous dn theynosaligedewgve ease. iUpfartunatelybie the nor-
nodul at ed '\‘%qusﬁ@vegl"ﬂ%%c paindthmefiaragterigtic imaexienast of aepHend FRayitadn Behprging of the re-

i mpedancedleghpn eesdicientsip b?th qgent srgfteringuactionsf coppge. ?%WQEJH"P"WF@"P!“P‘!WM}J
neTwor k i <8ti9py changing aldpunstream ﬁ"%‘i"“’ﬁ% E‘I‘HBE""P?Sé’é t'ﬁﬁa%@ B'i"&lés dé‘@i:’PF Ralpif the,
nor e convél‘f?’é'ﬂf‘e‘Y’ §F°‘€8‘}SF"‘3P 'BH‘° 19V°" ‘FP" ‘ﬁ"*ﬁ'@"

obt ai n&% d'%?'}‘?% . enn SI Isn"; t naTg e”sp re(;n é@g
Fs)g\(/:\élr O|n§ O \Zj?nr om u% zgt sbu gngt ?a‘qgg éJJwav é‘ tot?r%lﬁ%l
structur esoeﬁgf' rg§| Eé trans rrrer coup vvave UI e hre e u

those ysing Eof dﬂﬁl@ eﬁdﬂﬂﬁt érpi’ﬂ'lpﬁtf‘aﬁ&r dléagrﬁiimht? chis dribgeY 'vﬁh‘ﬁo power
subsecti orbha,{gugndqiaecdagmghgn t%"(,wb;daa ns€S can be traded for an addition.

15 From Chm s Law and tl"[pof]znx{(ma& POy af ER.(dgfrpedance di scontinuity
can be bridged with no power ch B& pigaihering using the fol | ow ng

PRz
Can’ bosnnaeaeknbfipd HbE' 3?5“’5?’%“‘@‘*%&5?““ ons for & transtormer

[\err] The choice of ,a negatiye square root corresponds to a gyrator. The
gyrator is equival e?!"iio(g"dﬁir.qnsfor mer in cascade with a dualizer.

Adual i zer is a direct inplenmentation .of Chms |aw (to pyst.{1B)}a scale
factor) where the forward path is unchanged while the reverse path is
negated® On one side_ of the dualizer there are pressure waves, and on the
ot her side there ar ity Byaves. Chnis lawis a gyrator in cascade with
a transforner whose scal e factor equals the characteristic admttance. The
transforner-coupled junction is shown in FIG 12. In FIG 12, the

- mul ti plj ervdes.fomgad(18- 2 nul ti pl {err and 1/&?;]” wher e g(t) equal s
[err]. A single juncti ong@&dCE %tﬁ‘n “ot &4+ W@V KW aFB2P) ary net wor k
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junction. %t%ﬁ
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the two ex d)oﬁgl ihde) fn&s fta 511 J#t%orr;bgt) ﬂ'rtﬁl dn@% d@ﬂceﬁt’ﬁflﬁghe char-

mul ti pl i eSaciRRdtic Hpedan@is dofnarigeddle tﬁb u..smmam ktle 4/a¥bg iy Mctian! st échs@gse

tOér eby? aabing Yiewind-varlig Valie st Beférd (or Sted) itinbletsfite jirtich. wmnaaodﬂp.smtwammé e
stored si ghedoefiBiert£}i(t) ahdy" RO WG, 12 bRBFAIEEF iveRBHDI € the scattering junc-
tions to be ¥k Mdnd drvaEdaviglive cash, QWb el \ulBlies- PLRRBIR FR. h2 @.aeaw ng.
i ”pedanc € dxtrd inﬁlﬁph&&'ﬁ’eﬂébﬁm veatihd'@ (ORISR (BRLNURIplY) cabd) thileby achisvin -varying
one- nul t i pigraljfillerswhiento A6t motuldté stdrodsimaliehérgye MOdoOVRE, Sranéfolmers/engble t&ﬂiat?enﬂg jukbrer e
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three nultiplies and thiee additions instead of four nultiplies and two
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junctions 31 and 32. The meveguides 30-1 through 30-5 have first rai
I nputs 33-1 through 33-5, respectively, have first rail outputs 35-1
t hr ough



35-5, respectively, have secbnd rail inputs 36-1 through 36-5,
respectively, and have second rai |ERAR4BE7B134- 1 t hrough 34-5,
respectively. The first rail outputs 35-i, where i has values from1l to 5,
i ncl udes t4¥e thdlighb-ssi gnals [err]for i = 1 through 5. The outputs 35-i each
connect to the summ ng node 31. Sunm ng node 31 is 50 an adder which adds
al | of therdverbérhtooNayaguids - FIGSf4Brana tthe j unction pressure signal [err]. The
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t he out put ashits opesatipn. () nal equal to [errgﬂI N? s circuit
in the form dfa ‘YﬁXFQ“ld M"'b?"‘agﬂdm%c%@@??‘“? R vavegyide g 'f“ﬁ’@ h\gﬁﬁé""ﬂtﬁa"% ﬁ'g pﬁeﬁsé'ge
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produce the
tigf ormot h tLeeJa 95\% in iéﬂ it%m%g § "rheich6d-R{pERhQF Sise.

consists o vvavegw es 30-1 through 0-5 connect ed t oget her to form an :
arbitrary m\mﬁ@@me gui des 30-1 through 30-5 can be referred to as
"br anches" Tan err points of intersection 31 and 32 as junctions" or
"nodes". Ref | meleffeunsr amplduds madliidn bia vaveguilaadnditanbe s weery thdaimittingetawayfras its
[err] of® t lafiginahtahiesie oideriar thearsmgyki talaain Toaslesa,die sumanfi peoming scatteringreoetficientsdd of he
char act er i $ni(2)] ruspesdal R.d.et Ij(& denpte tigdimeivanying branchadritianceie Thed fem Eaftes al | equal
I s acceptable as Iong as the wavegui de delays N err] are different. Equal
characteristic adm ttances neans thatwhen a gignal cones into a junction of
waveguiges, it will be split egg)alL iy9s3l B put@o ng wavegui des. In the
rever- berator of FIG 19, equal arlacteri gkjctadm ttances result in
[err]5 for all i. Choosing a power of Z for the num ber of branches neans
[err] is afaggv\er of Z and can therefore be inplenmented in binary arithnetic
by nmeans o shift operation. If a waveguide with small adm ttance
connect& to a wavegui de of nuch hi gher adm ttance, the pressure wave wl |
be partially reflected with a sign reversal. Inthe limt: 35 a
pressure wave is conpletely reflected with a sign reversal when it
encounters an admttance which is Infinitely larger than the one in which
it was traveling; 12



a pressure wave is conpletely reflected with no sign reversal when it
encounters an admittance which i sEPRRAMIABIy snaller than the one in which
it was traveling; a-pressure wave is not reflected at all (conplete

transm ssion) when it encounters an admttance which 40 is the sane as the
one in which it was traveling in, tNe "matched-inpedance case. Tinme-Varying
Reverberation The effect of anplitude®gd8lUT4ti on of a wavegul de adnittance
is to vary the adnittance away froAffts 45 original value. In order for the
networkR to remain | ossl ess, the sumof incom ng scattering coefficients
[err] of BfIfi?es nust equal 2. Let [err] denote the time-varying branch
Qg/m' t t anc &8s obipRiR istq YaRy =(f) ip 3 Fomgles yaveguide network such that [err] and 55
1 EP 0 248 527 Bl [err] 5 at all tines. The objective is to vary [err]
(t) in_a conplex waveguige network such that 10

N [errf’ for sone waveguife ggyibt apges values, ferrd (it )c) 15 The easi est
case is the two-junctiogzEmétwork such as shohn irxIFPG  15. In this case,
the [err] (t) are identical at the two junctions. One tine-varying

rever ber ato fimelwaedgliiélatmittancelvafed -] UNCtion case is to vary the [err] such
that Ns20 [ b basleSicasd W Re thEJUREtRBA hetWork sLBIEAS sKown in FIG. 15. In this case, the o ﬁt) are identical
[err] andagdkk tasjumetionsnen [err] and 35 [err] 40 as required for | osslessness
of the net Wk timévéarpifgieadrbetaticretedhfiqid 1€ the tWodiinklidnidase & t gary & Disbieirthatet hod f or
the tinme varying case is, at each junction, to provide one "reflection-free
port" (RFP). Such a port is created \ﬁhen the adm ttance of one wavegui de
(that monnected to the RFP) is equal g q the sumof the admttances of all
‘Qi-her wavegui des meeting at that junchiaen. In this Inplenmentation, the
wavegui de of the RFP has admttance 4% 1, and it does not vary with tine.
We call this a "special' wavegui de. Since every-wavegui de nust connect to
exactlé t OBFANSCOTSHALS: ThePspeci al waveg i_%g {))rovi des a RFP at two

differ ntjautgcti ons si mul t aneously. (“Ats' Ve wavegul de is not very useful
as a sel f?Mop at some junction due to the next constraint.) Gven a
reflection-free port caused by a spgcial waveguide of admittance 1, the sum
of the remmining wa- veguide admttangeegy=3 1. Since the wavegui de
connected to the reflection-free pget Y¥s time-invariant, the sum

as ¢. Then
o (8 =21 (t/c,
and

N .
T a,(t)=2
i=1 1

as required for losslessness of the network. A special case is where ['i+I'=¢; in pairs. Another method for the

time varying case is, at each junction, to provide one "reflection-free port” (RFP). Such a port is created when

the admittance of one waveguide (that connected to the RFP)-is equal to the sum of the admittances of all

other waveguides meeting at that junction. In this implementation, the waveguide of the RFP has admittance

45 1, and it does not vary with time. We call this a "special” waveguide. Since every waveguide must connect to
exactly two junctions, a special waveguide provides a RFP at two different junctions simultaneously. (A special
waveguide is not very useful as a self-loop at some junction due to the next constraint.)

Given a reflection-free port caused by a special waveguide of admittance 1, the sum of the remaining wa-
veguide admittances is 1. Since the waveguide connected to the reflection-free port is time-invariant, the sum

50 of all time-varying admittances will be 1.

A simple method for time-varying reverberation using a RFP is to pair off the time-varying waveguides so
that their admittances sum to 1 in pairs. This pairing is handy because a pair is the smallest number of mutually
constrained waveguides that can be arranged. When there are more than two nodes (junctions), simple com-
plementary pairing of time-varying junctions may be difficult.

55
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50 of all time-varying adnmittances will be 1. A's
time-varying reverberation using;FH#85¥ R pair off ﬁlmj ',H’ ”Hi
wavegui des so that their admttances sumto 1 in pairs.s

handy becc@lsimsa pair is the snallest nunber of nutually constrai "hed

wavegui des that can be arranged. Wen there are nore than two nodes
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ad east th S at
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31, 32) of thearnelth/mekthemby@plmvmg time cnfinguevedegtic charsctapilticai ned at t he ot her
end t_here:& g %I tal reverberation system.as clainmed any of clains.?2
to 5, wherei ﬁ‘ '@éff;’ﬁ"; FREien ¥ °"&‘E?E6F'P Danyqfcipims 2o 7grharepsithednentn ferinypdueing lossips and
adder (7) (Frguré"® o proyide & desire "Hion FB%er ber ati on system as clained in

thai m 8 woer RbighalWblorieRtibrspuinPd ofaRHRl fr LBt ordh said Hobhe W nkrbcbil Wi h
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clai m 8, wheVasyitg chameteristics trovatyt leash precofithe ratatjve toansmissianrand miientiesto the wasguieact or
of the form &ndzwme%te@et@&masort@cgqngﬁme propagatl ng in the network, n

being a I [, 1 han 0...45 rever beration system
as claine P| ép‘,’, 9‘?’ .-tfl&% e a'%’d in g 'ﬁj":u % ’e' ‘?°5'H"sﬁ%t'§“'t i e

inte
\éﬁ{jylrgtgl gg?[gﬁb&ht Jvrﬁt tﬁﬁﬁpugd?féeﬁﬁ:ﬂ ve ldeeé? neg.gsto o] rﬁ}m sg\fasgtjmu ply hesignalfst 8 on

r coefficient and sum it with multiplied signals from every other wave-
guide end thereby to provide a desired signal to the input of each waveguide end connected to the junction.

12. Adigital reverberation system as claimed in any of claims 2 to 11, wherein at least one junction (31,32)

is configured so that a signal from any waveguide end is passed in equal proportion to the inputs of all
waveguide ends connected to the junction.

55

13. Adigital reverberation system as claimed in any of claims 2 to 12, including first and second junctions
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.ends connected to the junction as a function of ‘tinme. 11. m

reverberation systemas claimed i:NERM3ABSRTRY ains 2 to 10, I ﬂl'gllmillu(uljll||ll|
junction conprises mul- tipl iers (8) and adders (7) conflgure

I Nt er connect ($182) andtapledst thiee paraiiel wibgdilles éhch Kvitlg & pradeterming delay admnséhch having
junction wt hftdhendicnmebtecub thedicshjunaivrednd iadecosdehd cannerted teettle $eooridipdcounct i on so
as to nmultip t he signal from each vvave%w de end by -a particul ar

coef fi ci ent dﬁﬂd'%'ﬁtﬁe‘f eWF'?"rfyTﬁI'PPf o clgims 2413 wherdtom every ot her wave- gui de
end t hefebyto pr BV?‘?&“ g vae: me E?i Q?‘? the i nput of each wavegui de end

d h Y | d
e oot e 5 o 113 e.ement( 5 hﬁ‘%%mté@’ﬁ,ﬁgé&agbazggﬁzsgm go claied in
athe firstiid ﬁﬂd jli (&l 0{1 the

conf i gured so thﬁgts%br??cg anf 4qgrp,l°
proport }, oN t Qedofidetal ittt &) fli the‘%’ﬁt\ﬂ@tgﬂh ccﬁ:@qéay%famgrﬁ 5 prtnﬁde

13. A di git algekpeiéh (a(ag:)tlon system as clainmed rn any o clalns

i ncluding first Gélﬂncﬁsﬁ&%ﬂrd\éézgfﬂ)%gublrﬁctmg fréaindsighdiht Rdecthl ohd mpuk(ss) a"élgnaus
(31,32) and a@h tle@inst bieldyihe@o)Iaioning thb filBILRY el (4BAE BroVide/d dighaldo fhe 86bBHEdelEyNE

del ay anmount elemastieavi ng a first end connected to the first junction and a

second gnd conne€itsdblay tnetniuitiplise meand (34 faiuiltiplying 4 dgnallHir@n tHegirst ddlay ligsfelloRing ki on
syst em of anyirsplelaylelemam bPa factorliR* anher ei n: 5 at | east one
wavegui de i s conphérgirad fiesf junctioni(31) receivessigagjs fedmedeiay tine¢ ddphected td ihepid farms4 surelbay
line (43, 47, 49%liows: second del ay el enent (46) in the second delay line

(44, 48,50); means (39) for introducing a loss in signals propagating in at
| east @me of the delay lines; first subtracter neans (41) for subtracting
f\.om t he signal at the first end inputI (33) a signal on the 10 second
delay line (44) follow ng the Butsput & thex sgggorid del ay el enent (46) to
provide a signal to the first del ay jel.egent (45); second subtracter neans
(21) for subtracting fromthe signal at the second end I nput (36) a signal

on the #irst e ,@vyde;t mé&'lgﬁéh ﬂgt&&tdﬂ% ¥)n Sh& R a(sééénd e,

pr ovide a S G 32) |t m R, as follows:
i ne nultlpller neans for miltiplying a S|gna err] on the first

delay line foll ow ng the f| rst delay elenent by a factor [err] and wherein
~a firstgjunction (31) receives signalg fromdelay |ines connected to it and
forms a sum([err] as follows: g0 [err], 25 dgpravides the signal Plerr] to
each wavegui de i nput connecte to t he Junctlo‘nl and wherein a second junc-
tion (32) receives signals fromdel dy=l fnes connected to it and forms a sum
[err] as follows: 30 1 [err] 35
and proewi des andnsovidegthesignalR topachwaveguiiie imtmgtspteld;oihnpmtlorcmandeluﬁtnsdlholenmﬂhers
junction, n &regtefthand. ng V\hol e nunbers greater than 0. 15. The di gltal

rever berat{ st em WneJe n s
rat|
lg rgilu temrrg

i ncl udes a pl

bet fi t es conne in parall *u io! _
e g,,%ggv ) %ﬁ%,;% %ﬁ% § = ?'t e
‘wavegui de i s ggRdN) fi Qu rH;'a ﬂ:&nm efngl"ungr ' '

first end OUtamrEtelﬁQ il .ﬁauém&ﬁ.sﬁ@ Bdflech! seutf.rsiarm ﬁtedll

first juncti Qitpdttolhid fli%féntlﬁleﬁéll FRAWavdgiiliesSahdWhédin Jalﬂ%ecfohdjﬁﬁctlﬁr(@h) ﬂblﬁdéb'f'neans

si gnal s; [ er rdr siifimifisaid sdcdntl &id ouREIGEIBTIRG ko Sl @ 3limmdde¥esdnd aniCbutplidignal] R Jandeans
for connecti (rgiuging rtleains fos¢onmEatihgeids&Andsdng Buithmed SigftNasin linplifito $aitl secdnd edd df 8achend
of each of safshidvmveggdesies, and wherein said second junction (32) includes
nmeans

del ay

16. The digital reverberation system of any of claims 2 to 15, wherein each waveguide has a characteristic
lmpedance and where the sum of all of the characteristic impedances for the wavegundes connected to
a junction sums to a constant.

Patentanspriiche

1. Digitales Nachhallsystem, umfassend: ein verzweigtes Netzwerk mit einer Mehrzahl von Verzweigungen,
die aus digitalen Wellenleitern (11; 30) gebildet werden, und einer Mehrzahl von Verbindungen (12; 26;
31, 32), die die Wellenleiter verbinden, eine Eingangseinrichtung (3; 15; 18;), um dem Netzwerk ein Audio-
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45 for summ ng said second end output signals, [err] :
second end out put signal, [err] an%???féﬁ%?cﬁhg means f or co“mm mmutm.[ﬁm
second end sumed signal as an input to said second end of each of daid
wavegui des. ingangasigral, dishadhhdlienson, bérvatigomy 2 ¥elea BirefAusyaygseifirichtusd (35162191 29),15,
wher ei n each unpsssigsterd einiNachhal-Aulsgengssibrel aus tientN&bfiverk zu liefernpedicimcinriemahg\(@og @ t he
sum of al | ofVetiiste ic Bigmatecetingutirisden alie sich inglam e wérk pusbieitenvimeregui des connected to
a junction sueder Wellegleiteti SGliawel Pignatwege enthiit, distrarallel zuelDpiderNedayfdiaanPigraledyent-e m
unf assend: ergeqangespiaien Risktungen zupefbreiten woria werigstan piner deriWege pine arzigering.i#fy 46),

di e aus di gi teath@lhweke|iedsr\Wellpnleitereinerstes Enlgund pinzwpites Endgbesiiawobeides essternde einen
Mghr zahl von Bingeng 24810 é"ﬁte iezzwez 39%‘![“‘8 "A segmneemmrzw%réqrﬂ?'\\r@meﬁ&én

ei e Ei ngang é’@ ?‘f]’ T‘I‘fe ??dﬁﬂd‘r'sﬁ"wegbeﬂzt

248 527 B13 Wobel wenigstens &in d’er én je fllene ﬁn emg Edung”? 26531 32) an-

i ngand8si gngfeld S§E‘E Ol heuerGhibos o gderv;%rna(aq A5k 3. S WPt B

) weigsten it ih
Ausgangsei nr i, gibHIE Y @” nd Sfirdiol 8 LiAder el 12 2’2"'31"' 2 von einem
Nachhal | ‘AUS%QQ%'V%H .t@r teiftbeis z@Hd a% érd bindl ebf
(39), um Ver hysbieitbiands' dgen ridisiWelsd ﬂgﬁ'ﬂem ren Whife Ieile?e erden
ausbreigen, worn: jederWellenleiter (11; 30) zwei Signal wege ent haI t, die

paral | el mernmdenmmdllaubmmachwrspﬁlog n.aue. dembetdaSugnai{wege dlgltaIngmgdémhm
Ri chtungen zwmfsesdm ei ten, worin weni gstens einer der Wege eine Verz6gerung
(45, 46) ent hilt, vvobel eder Wel I enl eiterein erstes Ende und ein zweites

Ende besi t3t Digiight ’2 slaftynasnjn lede qinzelaga Wel,
: Vggg u;ZI ei ndfple AE?Q ‘{?B‘H‘ 'gFWe “f“é'??"d@ée%;%%"f' e besitzt, und da\évEI
Zvei te Endg iidiails ﬁéﬁg‘%ﬁeﬂﬂia&l%ﬁ}éﬁhmps V6ot Afd ERlAHGReinbLRGIR1S; Y} Bindhedli-

ersten Vg begidwidien VGBI ERdSdn'afhs vEHihdu &cﬁlé‘s@é}ﬁst Lé:&é%'Eﬁu 5n‘§£-3

(11; 30) an esrgaaaVeé.mdastum&dG&é’swﬁme.ﬁ&emg%%hnm _ geschl ossen ist;
dadur ch gekennzel chnet, daB weni gstens ei ne der Verbi ndungen (12; 26; 31,

32) werf ga8. e igitdipsiachiiafisystem nach AtEprichea 8 odded, bel déneilie Ausgangssinrichtaig (16t 19.20einen
Si gnal e, di e digitalpreWelleniajter umfafd Wesger difds EQd®; an 3ihe VEDiRdupe (12,31 n2hdesiNatzwbrkeange-
wel | enl ei ter@Rm@sﬂhmeﬂusgﬂm'mhayeemméné%mﬁ'ﬂﬁa'éﬂl@nwhﬁ di e Ver bi ndung

angeschl osse el tere ert ra d t u dem I nzel nen
Vel T enlgi %ﬁa’f&ﬁr N g éﬁ'} oo o oo kAT P o
nach Anspruch 'zberqr(& ber § %f | gi tal e -Ver zoger ungsl ei tungen
unfassen. 3. pidiaigs N&hl%ﬁsy&i@rﬁ h&bﬁkﬁsﬁbﬁ%ﬁ@ﬂaum KeldlSridkobefiziaftbn SHAMitdbreit ver-

Ver z8ger ungs| gbdrh RgRIAdUrdh ZbiRGBRIeAKIARLRNBINEY¥Nschaftdh zu erzielehenl €i t er
Ver z8gerungen | i efern, die imwesentilchen ei nander gleich sind. 4..

Dgi tal es Nhc rnmtlallesmmsyﬁam hachrigem dec AnspriighberbisJ, bepésim dicEinrighteng zum Einfihren von
El ngangsei nr |\@H¥%ﬁmg°l("9§rleﬂ?:8)dme|nmqwmcyﬁ Nachhallest 2yieferan| ei ter unfal t, dessen

ei nes Ende a |ndun esc Iosse wobei angs- s g
an dem and%r ?8 ?ﬁ%glr %"“@\W“% ‘@"g gﬁ
Nachhal | systeb@n ,,e %‘;?afa@se'" oS R demNerye SRR RLR e fib”

: (‘él..ﬁr 1% 20) el nen Iﬁenl elter unfagt, dessen eines Ende an eine
Ver bi ndungsd lﬂg.ta@émaoaﬂa)nsyd@ﬁ nmmzmamnapmeez 56$) b@ieM Wehi§stens ¥R drbindung zeit-
Ausgangssi gnalersaderihd Elgeisoharcha besitztfutivenigétélis lein@falavie Tbertragung bllefRéflakiéizu den an
Nachhal | syst adie Vestiridugy angesttibasenéigiedléiianden ald iele Bynkiindiderdiainey vetiadevier bi ndung
weni gstens ei nen 30 Mul tiplizierer (8) und einen Addierer

7) 4
it Bt 711 [ighaien N asaoeyetan afch gpart tr AR R IO 1098 ledoorbigiis Milliicror &)
Mul tiplikati ¢t Mf’éﬂ"?"ﬁii"@fﬁ'fté'ﬁ kg'lf'éweﬁf'fd %Feniéﬁgﬁnw%qes ’%ﬂ’ﬂi@md“'@ﬁ?%%lﬁfsﬂ‘f’“

zei tver ander Y ?gﬁ'@e arf & ?1""2'?.5“" ?92?" “W 'ef“'e'
Nachhal I syst difAm m é b T} ot e Eh?i%si %"éﬂm Wﬂ?

zurn Eigaf uhre 'g "%J \lgg‘“’)&

Nachhal | zei t dl;s%z &J P ﬁgen haF 'e ey na es c,grqaléur
dem di e Enrichtunhg zumE‘ nfuhren von VerI ust en eI nen Ver | ustfakt or der Form

1-2- n in yEighlesNachRdIsysinGadleinerfl as ARdpfilthd TbisiABeNR7WRIghtertieie Vebihding (31,
ei nbringt, wos2)$o konfighiflert iktedat lRinSignal vémiryéadelnbm WelldnfeRdrerde im Qleittdh Verhaltnis zu den
55 Eingéingen von allen an die Verbindung angeschlossenen Wellenleiterenden durchgelassen wird.

13. Digitales Nachhallsystem nach einem der Anspriiche 2 bis 12, das eine erste und zwelte Verbindung (31,
32) und wenigstens drei paraliele Wellenleiter mit je einem vorbestimmten Verzdgerungsbetrag enthéit,
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10. D| gi tal es Nachhal | syst em nach ei nem der AnsprCche 2

weni gstens ei ne Verbindung zeit- . VB 0248 6271B1che Ei genschH“m ﬂHmﬂHuﬂEm“I
weni gatens eine rel ative Chertragung oder Reflexion zu den and s

Ver bi ndung amgietjeder s eretadn diéderstecletbinkdiing laRgedehidssthss ERddUAd BikEweltésen dféa»e.tZ%rt zu
veri nder n 4 §indubd angBichlosskres Ehirdiasitt. | system nach ei nem der Anspruche 2 bis
10, bei T[?ed Ver bi ndung Mul tiplizierer & und Addl erer (7) unfalt, die
konf i gurl &f FPEB Nﬁ?'}l?a' AL ?Fg“ieéﬁlégw%fﬁz jsd3:Wefmi ndung angeschl ossenen

Vel | enli ter [—‘;T di e Ver bi ndu angeschl ossenen
Véllenleiterg

Vel l enl ei tergf gm{gﬁ:enge( ég §2}men fsri \wais gﬁ W é d zi eren und

es“mt nulti an er en we?H'Psé "Pé'f‘%ﬁ‘fﬁ'eve?l‘}'

sunmi egen, usne kt @s@mﬁun Maﬁa difie EF.ELJEQ S OS enen
Wl l enleiter Eléiéﬁéite@'l/é?zﬁ%ﬂslgﬁﬁa ggg:éhﬂﬂﬂ&sm%l%aes i‘ H 'iég fol

Di gi t al es Naghdubtrdnfersn uri dem/brstdn \Bizﬂgﬁ Qﬁh&ﬂ%; dih S riﬁg

weni gst ens  sbeinezwéd Hibtraktit@eitiMungd@1), 9 vdhQaini SiHAl hﬂrz{velﬂeﬁﬁnde ﬁ&n@tsa) &' Q&\%l von

i rgendel nem ¥élérersten an&&géﬂ!d@lelltmgq#@,ldi&tﬁﬂ ek IVarzbgaiungséldméift 55 S6igt, zu subtrahie-

Ei ngangen vorenaim dem zasited Verzdgerubgsalemeng (4a) eyeighal z0oeatguRg 24kdign| el t er enden

dur chgel ass eeginenérstel Veri@eruiysipitungiMedsipiimesininetiting \(2:1), @ eiresﬁhalepmm&l esnsaEdgeche 2
bis 12, das BingeltengsdiedenyristonMeizbeeriigselmeniioig, nfiGinem Faktor el zovadliigiaér@nmddr ei
par al | el e W\ewerig ging prste Verkindung (31):Signelenvercantie atgesqiiossandvd/erzOipangsiaisiged eradingt
enthal t, 16 undeneSummpp D foigt pildsk: (tilL! 11212 liii 11

L1 * cz" L M s* wobei jederein erstes an die erset Verbindung

angeschl ossenes Ends und ein zweites am die zweite Ver- bindung

angeschl ossenes Ende besit zt. 14 i yi E lags *Nachhal | syst em nach ei nem

der Ansprui che 2 bis 13, worin: " wenl gstens e| n Wellenleiter unfaat:

sin er tes V arst gp rzoger ungsl |tun (43
7 58 S R e L
Ver zdger UNQStaRe bt behe bl,d Artch 3 zaﬂ ’“'Esﬁ'fo“"?"ﬁg@fr
sines Verlustes in Si gna e d| € sich in weni gstens ei ner der Verzo-

gerungsl ei tungen ausbreiten; 10 sine erste Subtraktionseinrichtung
(41), smvon dem Signal am erstenR}E&degi Ro@rg (33) ein Signal auf der

zwei ten Verzogerungsl eitung (44), dieidem Ausgang des zweiten

Ver z5ger ungsel enents (46) folgt, zu subtrahieren, um dem ersten

Ver zoger ungs@iddaeSignal R} ferere amdiGVebiadung angesdblodsérag Wellpnigkerdiigg 201 Verfiigung stamei t b
Subtrakti ons‘eqbﬂimlﬂ!ﬁt%ﬁng!a(ﬂmgrﬁﬁemlﬂosmlh dem Si gnal am zwei t sn Endesi ngang
(36) s#n g r ersten Verz rungsleltun (49), die demersten
Ver z6geru % @'F ' F °'"e 'E’F%{'ﬁlzé"s 1199' dem dag NetzwerkipingMehrzafibi it en
Ver zoger ungs 2' "¥?'@F4“@9Pa’9§?'ﬁ§°bﬁ'§‘t e
Verzogerung gel rbl dun scl lf : Ende jodgs der
ersten verz - |- us an ss| nal ? rr%}ﬂrs Ig
ke«rnem‘fgakt Orel |ncht n{?z.frivnzde%r ners S dsum ie

Signal s von g #.{Ubu@éa fa & Einfchitahly aﬁ%% n%L ef ﬂ.{l S' ne
Summe Pl W edefn@ksidn EA Ed&WePdnleltJrzu\?&buﬁén. ulaﬁvonndlezvdé eder n
an die Verbi tmhhmamﬂgamhb-@s ERRGIgAGEdigRRL %*tz%rsnhrnaemm%wsu.}(.ﬁ u&asﬁ pelit,
und Wogi N Ci deeusgatigésignal MR Zibdéh \Bd eife Einfoh@Rgenthal, G daSizveits SHASRTHEHe SRaRRN

Ver zoger ungsdireiibgangyeindest 2upiten Eadegbdes Bétt WallshRitépailVabiriden. W € fol gt bil det: 30

Ri | G Rt iwAund das Signal Rl jedem an die Verbindung

angeschl 0% legrpinonalievatem apcbielngm dey Areariope  bis 48 hej dem Jetidr Wellenisitez inen Welldn-i

Ganzz ahl en gv(l elrséa,nd alregit@’ ugp WP d§5 Summe alier Wellenwiderstinde fir dle an eine Verbindung
n Wellenleiter eine konstante Summe ergibt.

ngeschlossene

Revendications

55 1. Un systéme de réverbération numérique comprenant :
un réseau & branches muiltiples, comprenant un ensemble de branches formées par des guides d’ondes
numériques (11 ; 30) et un ensemble de jonctions (12 ; 26 ; 31, 32) interconnectant les guides d'ondes,
des moyens d’entrée (3 ; 15 ; 18) pour appliquer au réseau un signal d'entrée audio & réverbérer ; des
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16 D| gital es Nachhal | systern nach ei nern der Anspr Cche ﬁ
daes Netzwerk sine Mehrzahl, i, wWeP9248527BY, o Wl | enl e I m H ”
zwi schen einer ersten und zweiten Verbindung parall el géschalitet ssnds so

dag das ert sioyésdis spréels 1819, 200 b Barnisawamoirgive signab dessokfie kb raververgrof 3 i:z)mrmnd das
zvei t e Ends rfeaestdigmbiens @9)per bratiraieepertoniali dev/eignsinrisa grofaggnt dans fpadsednl ;os sen

i st, wobei diaeslquel:enl eitbr ein erstes Ends- 40 ausgangssi gnal, Pi 1,
und sin zwel t es chandeaiidetandasd 11 38) compend deyy ygiep de gigrgleyétendent E%"@‘P'em‘%léhmﬁﬁdung
(31) sf ne Eil'AYtredRen a%ﬁ?sS@Wéﬁ“Eﬂeﬂ’é?c“@?@P%é%d&é% sgyqins gpraprenggt  r n

ent hal t, um ‘ERENS.&PmIS %’rm i) unegrepie V?‘ﬁsf‘t %?‘ﬁt‘eé?P‘é't en
Emds | edes d@?s% 9P 428 ¢ eptere2

R b
(32) ebne Elcrgmeéﬁur Iafuﬂem'n u;f? ue "'Ze |°n 0(l;ﬁlﬂ%ge j@'éeuas"g%?’n ?%ung
L e

als sin Ei n@eaaamﬁu&g.ﬁo%@oza@bérﬁem. &t parRéhERerit fdns %&Jeta%e Ailsni@

16. Di gi t al efonbehingibe bR B e pdrticRdrisRiTdridBis eNBFiBre (drS e extrBinfs db guiddiRnddd em
j eder el | erdatticatibreci Nnen Vil | en- w derstand besitzt und wo die Sume aller

Wel | enwi der stande fur die an sine Verbi ndung angeschl ossenen Wellenleiter
si ne kons2arknzy@kmers révedpretion nidrigyedelonia reyendicgon 1, Hans leguel i yoiearle sigeal consis-
rever ber at i dept putepdquy arelionesfJetard aymériayep eseau A branches nul ti pI es,

corrprena bra hes fo nﬁes des dTo .
AT el b el e
wtbrconnect ond es noyen pour

appl i quer au reseau un signal d' entr6e aud| o0 A rever berer des 17 *C L
M S noyensn sigamédelrbvdrbértion hmerith seidPih révontficafion 2/o0 B,rdaﬁueiﬂﬁli IésSndyénsTieftisal  de
sortie_de rqeesrispdomblefientunatité d'éndéslhuihéigGedbnt Uik SaEmDYSEBndc® B ufdjdiiction, et

i ntrodfiire chans Ipquski€sigradentrékosst istrog il Psutthleixtréntits dé cymije dontiasls | e r 6seau; dans
quuel chaque guide d' ondes (11 ; 30) conprend deux voles de signal

s' et endant s de FRverpérptiop pinégqus selon la revendicatien 23 i danplpdistepamoyena de sortign aux
dans des di r(é%ﬂf’o?%“ﬂ}ﬂ Ragkin guidg dondes pumeriane doglime (RTEEIS QSLEPRRREITE A NN iPPCHING nent
de retgrd (4%: AP dh d'ﬂlé“&ﬂ?'ﬁ%‘”d"é‘ﬂ?fé?%ﬂ"&ﬁfm?fwapr%ﬁ‘f"@reé"éé‘iltPr6mt6 et

UNe SECONGIE s b Sl dsfbrttaorHuBidll oich ¥irdeGilbibdia s UaP R YehlsquBOU
une pren eref,ﬁ%'é;a 3% cHtreed aoitd nﬁlﬂoﬁhtaur‘?eaﬁ)‘géﬂlﬁrad&l{b‘ﬁné?élp okt S et s,

et | a seconds ex dmte comportant une entree pour |a seconde voie et une
sortie pomr Wrﬁsyﬂérﬁdﬂeﬂ'é\&rwmﬂm nurinae selog lairélenditatish@odang bduel des 6deffizieatn te iniitkne  au
noi ns se sesplieatiby dasintuitiplied varient au caursii ¢dipe,Te Aul parenef Cubtehir das céra@éristifdes de r&-1,
32); caract orembs@tianvaizst dgooleldmpme au noi ns des jonctions (12; 26; 31, 32)
est connect ee A au m)l 'ns troi s extremt6s de ui des d' ondes ot des s naux

qul arriv nt et‘mfﬁt 4 “2“"’23““3‘?‘ g’? 6 de
gui de d' ond P18 8ﬁ1" se°r'%*’°§‘t’ﬁtd sp"&??*PB‘l“f‘%??@ﬁ‘ﬁ“ ’bﬂ‘f%‘gﬁg’e\‘/‘g}%“’%&%{ Mot

‘ext r 6rPt e de de d'ondes connectee A |l ajonction, et partiellenent
reflechi sgeny tbfr,@devre.reﬁoeﬁﬁ&ntnem&mws%m Iaeevdﬁd.amn%edaqs BGUIASs noYens destings ain-
parti cul i er aroddire desBbrisy fitrdAiBentih ricRiCe Pbried b 1 ForfOHIBF péuisl ricHs@R sibrdl se propa-
revendi cat i Ogeadtdarfé@dvasdatiébint Un@EmbrObritier stigBrigir @0l consis- tent toutes deux .
en Iig‘lges A retard nuneriques. 20 3. Un systene de reverberation nunerique
sol on 1%\idmeystéme fedverbéraienymmiésaye sqlon|'une qubleangue das revendicefioneid 9rdensiequplor t e
quel gui de cRUSHINE Ynejenctign@ges earactiiistiques vadant danle tamps, a?'!!?'fﬂt!ﬁﬂef%fﬂ""tﬁﬁ &itP’mfemant
egaux | es urfdmaymoing fles pgramétresicompyenant Ia trangipissien of layatipxian relativesverm leseiiriiiés deo| on
| a revendi caQ"fd6H°Qdeﬁﬂ"'3°“tEF@PF:?“F%HGQP“'P'ES noyens d' entrbe (15; 18)

sin erstes &ff 98 ‘1‘%%‘4 4@”‘?&‘!’@@9@"%”&'&?“9%@9 SRS ghiune pecprida Aty

conpresanepd i ﬁéh rﬂ 15 16 heldd it B rbvlidafors 2la 10! EfuBt 2
une joncti Oncha gy(ﬁgion compr el?de§ Eéfé@frf @neecﬁﬁflgfngﬁJnQase'
| "autre ext r@iﬁ?e r%oﬁUH agl e%ﬁﬁﬁé deguidd-ord ﬁﬁE@té £1aidhttioh 2R n'tr@eﬂie

nunbrique s o&n@@eleﬁrernﬁtx 88gliide AlohdB cohnebtsn o Ia‘}oncﬁk?ln& thoBRlb RultibiBle SENGEISveRPL @OT L i €
(16; 19, 20)chequsRxtrmitedy guidsid ghidesir i courritRAt paritiiérieth iairetiidinme BiEsighullobleni v est
connec®6e a des @ighauk Multiglids provenant de chaque autre extrémité de guide d'ondes, pour appliquer ainsi un

signal désiré & I'entrée de chaque extrémité de guide d’ondes qui est connectée & la jonction.
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(12; 31, 32) du reseau, ‘et dans |equel un signal de sor |Iﬂla Iju“tjﬂmrlulson

autre extremt6. 30 6. Un systenme E®®#8¥IBRI6r ati on nune

quel conque des revendications 2 A 5, dens |equel chaque Jonctlon corrprend

au noi ns ua. Ilnubistépield@tﬁerﬁéﬂétnoeﬁuméﬁqmddortIluommlnonq(ﬂc)es('dverglsatbnsﬂaa 117 dans ldquel

systene de r ewmvilanejondion (363R) 4 wye eonfigradinn telle quiny eigndl prevenaotd' e extemite deggide |

des coef fi ci dandequkicomuk est trar@®is en propoptiohaggaipmarsihs gntrées deitqytes lopiexdrémites deguides u

cours du tenﬂ'sndee@nwtée?)%\ﬂimﬂiom' obtenir des caracteristiques de re-

verbereﬁtlo e Un.s lt (pe reveLBrertion nurrerl que
Vi ati Ion une dyel ue reve 1cat|on

solen' it Wi it Bl el {@3 i RN

Se ejo cha nun
’[I nes A [ enps
s o s :,%feff;i 4% asﬁﬂ%"ec iy zerazééﬁw bbE ot o

soI on Il{a reven |cat|on 8, ens eque es m)yens destl n~s A in- trodwre
des pertesidi ne sk aemlerbéfatibrotimdtitue del'upe fueizsngdedds Pevbraiicationd 2 £13, d4ne Gueh il

nDi NS un signal semgiisap guiddamnds edicosstitué parseau, n etant un nonbre entier
superieur A 0. 10nprégnierssiégeisde rethed (45)dansiiepramipne ligne @metard #8.4739) on | ' une

quel conque des r evasnehd ééner dere2rdAde) dangdarocinde)ligne A tetard{éd, A% SBine j onction a
des capacteristi desanoyana (3Pkneur inffiodre e pedRRsS desglananiyl ¥ ProRPeBtders MierReMoA du
tenps |'un adestigneséreierd: par anbtres conprenant |a transmission et |a
reflexion rel ati %?WWVQ?S@?E’?%% PRHES ﬁtf"’éféd‘tF'QS'ﬂ'déE"t %,7@ la prppiere extré-
connect 6es AMta( Bﬁé'@i‘%i’féseg'@“"'ii‘m'ﬁﬁ" § PIERe SR 36 B%é'?ﬂﬂ‘}mal"ﬁﬂg

ARPHWeTHD
Jsglng[ll Lmuggrrp(%ig sa %pn?flﬁ I?é%i % ﬁjﬁgilerﬁgeiﬁtsecgl% extré-
)“"s' ap"em de cﬁa ue extre

aopfigurati o %ﬁf "[cgr[
gui de- o onded” "g&{nﬁe ﬁbv E P ;sfz@..gays (mwu?.ﬁu. ergngauﬁa,@wm.sr@ e
gui de d' ondeggfy % Eﬁ@s Ried ddRehi detardl Barly ﬁﬁgtgur st i plier e signal

provenant de Cha%@leﬁ G Bremidre}Enctidh (816 reklo mslﬁénawmnamﬁi@desamqmuu.sont

particdlier ebmeduds bbb RmEUREBonite @ugaﬁbomtvguw avec des signaux multiplies
provenant de chaque autre extremte de gui de d' ondes, pour appliquer ainsi-

un signal desire A l'entr6e de chaque extrem tK de gui de dondes qul est.
connectea A la jonction. EP 0 248 %27B1 ! c . -

Il 'l 12, Un systene de reverbepatio nug@rpque sel on | ' une quel conque . des
revendi cations 2 A 11, dans | eque ax.z‘rgl ns 'uhe jonction (31, 32) a une
configuration telle qu' un signal pro\/en nt d' une extré6m t6 de guide d' onde
quel conque esttransm s e roportions 6gales vers les entrees de toutes |les
extrémtes d@tﬂapme&sasnﬂg P etiep daguidedandes propgotsy a ladongtipn, et gang loqueling e
rever bes at i orfeRIHAICHDN E21rag08 esisiopayx PRYRIRTL ARIFNRS ddeiard AullisAY FRnapGiasR el ole frme o
conpr enant d&8° HMERiRefade BENRRMYANR: j onctions (31, 32) et au noins trots

gui des d'ondes parall el es ayant chacyn une val eur de retard pr6d6ternm nee,
et ayant chacun une prenmiere extrem connect6e A la prem erejonction et
yne seconds extremte connectee Ryla iecm&dsﬂ onction. 10 14. Le systene de
rever béf ati on nuneri que de |"une quglcpnque des revendications 2 A 13, dans
| equal: au noins-un guide d' ondes est constitu6 par: un prem er elenent de
retard (45) dpar abﬁqm&'aar@m a'::hélﬂ&‘eﬁréé 84 Guidd dofiebs chnhectéb)1a johidlios RGO BanedeR MENT
de retard (4&bmbladéntibrasupdicaidd®. | 1 gne A retard (44, 48, 50); des m)yens (39)
pour i:}grodw re une part. dans des signaux qui se propagent dans |'une au
noi ns des 15 daswstiede réyerbiératigp sumdrigys ded’'unernygleqnguesies vendications 2 144dans [sguef le
soustraire duésspygemprend ynepsempled. (the2) #agqﬂeew@ﬁ%wemen Reralldle "S‘SYeslPFP"!%?fal
present sur |sgcosdajenstings, IdP&ﬁ@%elaé’fem'éE ﬁéépﬁ'@suq%'dsewtdp%w B°“§%66ﬁéFP’°'

el ement de r dpiefpigngtiond$1) etigspro "%9“ HQP“

d ces guides d’ondes fi ? éeP gd rtle
ggbg[raﬂbre dﬁ?"gﬁdilm "]'té&gt? :ﬁ ?%’8‘5"@ o g
) iﬁ al 0l

pr esegt (Zg; l%ranlﬁ(rengaﬁa%g é:;::‘g& Cr e "a séf.em tﬁ:re ds sig

' de la premidre extrémité de chacun des guides d’ondes, etdans quuel la seconde jonction (32) comprend
des moyens pour faire la somme des signaux de sortie de seconde extrémité, R;*, pour former un signal
de sortie sommé de seconde extrémité, R, et elle comprend des moyens pour appliquer le signal sommé

- de seconde extrémité A titre de signal d'entrée & la seconde extrémité de chacun des guides d'ondes.
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e 4

our appliquar un signal au second_el enent de retard (46); Iﬁ H Ellml»” "
ﬁoyenspgulgiplieurs ge ligne A ret§?82f5233bour nultiéliér L lﬂ LJ Y l r
sur la premere ligne Aretard apres le premer 6l hment de retard par dn *
fact eur cal6RliLe spstdneile réverbération numégguedle l'unegueicongnedes rexeridisationovc 15, dans (egue) cha-
regoi t des sitynavide dandasannetmpddante ograetérisiique et danglleguel la Banimexdgiqutas dasiranddanees et
el I e forns urférasi@istigepdesquidesd'dessAnneids\une ienctigipest une constante.

P Oi iPi et elle applique le signal PI A chaque entree de
gui de d® ondes connect6e A la Jonction, et dans |equel une 35 seconde
jondtion (32) regoit des signaux provenant de lignes A retard qui lui sont
cagnnectees et elle forns une somme Rl de |la nmaniere sulvante: .1=1 et elle
appfique le signal R A chaque entree de gui de d' ondes connectee A la
jonctiay, n et i etant des nonbres entiers superieurs A 0. 15. Le systene
de reverb6ration nunerique de |'une quelronque des revendications 2 A 14,
dans lequel |e r~seau conprend un ensenble, i, (i > 2) de guides d' ondes
connectes en parallele entre des prem ere et seconde jonctions, de fagon
gquo la premere extrémte de chaque guide d ondes soft connectse a |a pre-
mere jonction (31) et |la seconde extremte de chaque gui de d' ondes soit
connecteea | a seconde jonction (32), ces guides d' ondes formant des signaux
de sortie de premere extremte, Pl+, et des signaux de sortie a. seconds
extremte, R+, I|a premere jonction (31) conprenant des noyens pour faire
| a somme des si- gnaux de sortie de premere extremte, Pl+, afin de fornmer
un sigrfdl somme de premibre extremte, Pi, et conprenant des npbyens pour
fowfnir |le signal some de premere extrenite Atitre de signal de sortie
de la premere extremte de chacun des gui des d' ondes, et dans |aquel la
secondej onction (32) conprend des noyens pour. faire | a somme des signaux de
sortie de seconde extremte, R, pour forner un signal de sortie sonme de
second. extremtA, R, et elle conprend des noyens pour appliquer |e signal
somme de seconde extremite Atitre de signal d entree a | a seconde
extremte de chacun des guides d' ondes. 19 EP 0 248 527 B1

1 0H)if 1y 121222 111 * C L M S * 16. Le systene de r6verb6ration
nuneri gee de 'une quel conque des ravendi cations 2 A 15, dans |equcl cha-
gue gui de d' ondes a une inp6dance caracteristique, et dans lequel |a sonme
de toutes | es inpedances caracteristiques des guides d' ondes connectes A
une jonction est une constants. 5 10 15 20 25 30 35 /'t 40 50 55 20
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