2258746 -1- FAST WALSH TRANSFORM PRCCESSOR BACKGROUND The present invent.on
concerns a fully parallel inplenentation of a Fast Wil sh §éﬁﬂ@j0 m (" FW™)
5 rocessor, for exanple acircuit structure on.a sili ﬁ{) for very -
rapi gty perforn1ng | ar ge FVWS by parall el conputatlon of all conbi nations
‘si mul “aneously. A Walsh tréarsformis almathenatical operation that converts
a set of M= [err] nunbers to another set of 10 M nunbers by addi ng

and/ or subtracting themin .predeterm ned sets of conbinations. Each set of

conbi nations conprises, | NFRGPCWALSHATRANSFORM FHOCES88OR Or i gi nal nunbers,
but with their signs selected according to a respective predeterm ned
pattern. 15 M different sets of conbinations can be cal cul ated t hat
correspond to M predeternined si gn pBACKGROUNDat have the desirable

roperty of bein th an
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|t posgible O%Po?&&é&?ﬁ?g&r“&x&ﬁb%‘ al ARl tM Aol take ooa af sﬂ./uabues |nto

a cal cul ati

suns_and rzihdlfferences whi ch hi it
signi fi cant ¢liBct for VﬁthEaH&ﬁB¥rPGF &é@g- d-axar ¢S PYoRRFEL LY 0 M x
N.  An efficéamputatiohUbg A2l eombinadiolis ianel tondoaslyons is described
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cel lul ar radn:onirei:tahansetomfum wtaf‘onunlyersntosaubtmn tsﬁtercbﬁnced CDVA
Strer h or db HASBErd By a8 P SRAYCLS sElAe ek (BREn B8, 10 S 00 s
al ‘|~dvved co- p@ﬁadﬁ'gemsneﬁaseﬁs of comﬁq@maq@an%ﬂ Jach| sep. c’67/ 628, 359,
filed Decenbgbmdinations comprises, in essence, a summation of all

M original numbers, but with their signs selected

according to a respective predetermined pattern.

15 M different sets of combinations can be calculated that
correspond to M predetérmined sign patterns that have the
desirable property of being orthogonal, viz., comparing
any sign pattern with any other shows like signs in
exactly half the positions and unlike signs in the other

20 half. , o

The mutual orthogonality of the sign patterns makes
it possible to decompose the calculation of
M combinations of M values into a calculation of
N x (M/2) sums and N x (M/2) differences, which is a
25 = significant reduction in the number of adds and subtracts
from M2 to M x N. An efficient structure for carrying out
these combinations is described in more detail below.
The present invention is particularly useful in code
division multiple access ("CDMA") communications
30. techniques in cellular radio telephone communication
' systems such as the enhanced CDMA demodulation scheme
based on successive signal subtractions, in signal
strength order, of multiple CDMA signals that is
described in Applicant's allowed co-pending U.S. Patent
35 Application Serial No. 07/628,359, filed December 17,



-2- 1990. "An enbodi nent of the present invention that “processes one hundred
- twenty-eight, sixteen-bit serial values is particularly useful in such a
system The capacity limts and other aspects of CDMA 5 comuni cation
systens are discussed in Gl housen, et al., "On the Capacity of a Cellular,
CDVA Systent, |EEE Trans. on Vehi cul ar--R=chnol ogy, vol. 40, pp. 303-312"%
(May 1991). As set forth in Applicant's above-cited co-pending U S. patent
appl i cati on,199WA aAn cembadimenhnofii thei presentalinvienthon gthatal ity of o

users to OV‘;S}é@eéébé’%HethHﬁgi‘Ed u,sﬂu?negghtl N AU e Gihial

i nformational data strea fransm i's’i npressed upon a
nuch- hi gher -Yaluesit s deart sentariyeneetnddipy Sb}cﬁls SuEERRdmM code .

generator. The 1%@&5;95@& omﬁuéat an8! beasraR@Gpeltt d1ich dmarate dat a
stream are conbi ned %hnU|tl wo.-bit. stre to ether, whichis

cal l ed c&ﬂldaxm8¢n%$ﬁ H?nﬁygﬁémgpﬁtﬁrQHFSPSSFﬁelPh 4 fta stream
Each informedl ona#oﬂameseapaﬁityrofhanaeuluuaraldnmalsyhtﬁereo IEERUE .

oorr et 9 EEaniy OF hh BTN S83RAS LBy YRR, ABL B SO CT O
on radio freqmmmcySQbrrleASMQBBsfanUhJmnnhpylnsaamVSda&sﬂubﬂpumede si gnal s
by receiver Sc n% ©fgt hﬁaegﬂgdag%gﬁégﬁlgﬁer % all1Rfg the ot her coded

signals, as wel ise-refate equency and tinme. By.
correl at}hg @Pm@é@i%’ﬁl‘é@nﬁhgnﬂéssfﬁﬁal a.PiurgRdtyr ofhalsars kO codes, the

carrespondi ngyé Al 4% "Bh | VS E! €E 888 bgeqaehayed qmpianﬁwedea@hng the
present FW processor. Af rd|n pres I.N\y there is o
provi ded a hﬁﬁgﬁgﬁiﬁ PRA g@ ﬁﬁaﬂ Vﬁlgﬁ gfﬁﬁgmdaﬁ 2§hbstant|ally _
si mul t aneousimpressed alpdng aﬂmuch -higher-bit-rate data stream " o/
generated by a pseudorandom code generator The-'- -
15 informational data stream and the hlgh -bit-rate ddta =
stream are combined by multlplylng the two blt streams
together, which is called codlng, or spreadlng the:
spectrum of, the informational data stream. -Each
ihformational‘dataVstream. or channel, -is ‘allocated a
20 unique spreading-cede, whibh'fdr'many_feaSOns is'®
advantageously a block—errbr-correCtion'cedesi
A plurality of coded information signals are
transmitted on radio frequency carrier waves and
jointly received as cemposite éighals by receivers.
25 Each of the coded signals overlaps all of the other
coded signals, as well as noise- related signals, in
- both frequency and time. By correlatlng a reee;ved
composite signal with one of the unique codes, the
corresponding information sxgnal can be 1solated and
30 decoded using the present FWT processor. L -
' Accordlng to the present lnvention, there is
provided a processor for generating a Walsh' ‘transform
by substantially simultaneously calculating M
combinations, each combination being formed from M-
35 input values, whereln M= 2“ N is a- posltlve 1nteger,_
and the input values are two 8- complement blnary . -



conbi nati ons, each conbination being formed fromM 35 input val ues, -
wherein M= [err], Nis a positive integer, and the input values are

two' s~conpl enent binary -3; values, conprising:, N stages electrically
connegled in sequence, whergj:n each stage conpri sesa respective
criss-¢éross network of M cohductors el eedfically conhected in a 5
predeterm ned pattern to a set of M2 butterflies, each butterfly
conpri si ng neadnebor comipxilsdnigrg a sum and a difference of two respective

val ues present ed 0 36 DUl S UchridtRF 110 6GhEACEY 055 Nt Or

and presenting the sum-and erence"to respective, 10 copductors of the
next stage' swheredncegsh SEage ICOMRYd A8 HAFPETELER FRYSERETPRBuUt val ues
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rred. odi nen e inventdon, .t ' [
a serial addgﬁ_ encg, 9, |twh X %é;ﬁﬁ%,v%iﬁ%éﬁéEgéééggaa 2§§F%grﬁéc:es
rregtns f?r st bluitlt@nflqarbyy daiid detspedtiste wrise-cxieee nehworkeasdri al
subtractor ing . QI ' ' by th
pﬁe§%§}ﬁ;r]1feg§?% Hur (?Qfed nb'&é.fé‘x@r{é’e bié Fekpestigd by the

subt ract or. preterre ment of . the invention, ﬁS %ES

cal cul ?t LAy m@mz:geé'—l‘@ e LRI T FTIRRFF 8Bt PFREVET ¥y nBPGdi ng
means for storing r G¥dsertiingdtheeiisut ovabhési Nng a subtractor
carry bit. BRI EF SE%ERIPTlcgﬁéF THE SEAMVNGS The featu gdvantages of

thg/present'@GWM%R%RQQH?%MI9°tﬁuﬁﬁﬁ?%ﬂﬁﬁﬂ%ﬁnn? kg eggfag ?%8

stage bit-serially and least-significant-bit first,
" such that, substantially synchronously therewith, the
15 Walsh transform of the input values is bit-serially
produced least significant bit first by butterflies of
the N-th stage.
In one preferred embodiment of the invention, the

calculating means comprises a serial adder and a serial
20 subtractor, and the serial adder includes means for
storing a carry bit determined by the adder, and the
serial subtractor includes means for storing a carry
bit determined by the subtractor.
In another preferred embodiment of the invention,
\; 25 the calculating means comprises a combined serial.
adder/subtractor including means for storing an adder
carry bit and means for storing a subtractor carry bit.
BRIEF DESCRIPTION OF THE DRAWINGS _
The features and advantages of the present
30 invention will become appareht from reading the
following detailed description in conjunction with the
 drawings, in which: - o
Fig. 1A illustrates an M-point Fast Walsh
Transform; | :
35 'Fig. 1B illustrates an eight-point Fast Walsh
Transform; : - '



foll owing detailed description in conjunction with the draw ngs, in which: .
Fig. 1A illustrates an M point Fast Wal sh Transform 35 ' Fig. 1B °
illustrates an eight-point Fast Wl sh Transform Fig. 2is acircuit

bl ock diagramfor a serial adder that nax’be used in carrying out a Fasg;ja
Wal sh Transform 5 Fig 2A is a ciftuit bl ock diagramof a serial ¥

subtractor that d Fast h_Transform Fig. 3
is acircuit bl ogE‘y"gl aar §§1 fo ?ﬁ%@onbl%%gg’ éﬁ-aﬁaa“a%fﬁﬁ?ﬁ&? - Fig.:
3A is a circaddeti shatinmayr be uaeddn Qanmﬂlngunuwmw'ERBUSﬁdlsh t he -
conbi ned ser @é ggggh/subtractor and Fig. 4 illustrates a criss-cross
network fo Si xt een- point Fast \alsh Transform DETAILED - :

DESCRI PT@N Wi | eFige 23} igwAngigevdti pliosk idagnam ofh a seniakt of -

cel lular Co@ﬁﬂtfabteﬂstﬁxét ﬁal} bBY Q%N d nP &R} i ou®ba | Bagadi 0

t el ephones andi é erso 1 conmuni cat i on "networks, it will -be
under st ood a1 BBsEraRp PEH'ln the art that the present invention may be
usedI : nI ot her appFigatons. aApmacaﬁgsbcLek:sﬂ g agyranh £V a@dmbd fuedse FWI in
a cellular ca pertinent 15 consi derati ons

t her ef or aréggguéi Bég Fzsiﬁg%ggéﬁg s above-cited, co-pending U.S. patent

application. The present: FWI' processor nay be advantageously USéd as the



bl ock decoder described in that application. As described in nore det. ail
bel ow, an apparatus in 20 accordance with the present invention

ef ficient| y processes Mbinary input values presented serially, |east

si gni Lgcant bit (" LSB") first, on Mrespective conduct ors or inputs. As
descrined in Applicant's above cited, om-pending 25 patent application,
.superior methods of spreading the spectrumof an infornmation signal use
error correction @idj.nBA \¥era achragie didgramt fon &i twoswaypawdathy a

proad wit hottisty Al e G H P RSHBHEEN aBhish ynBery BRRRRRRNAL

termed "si rrplaéldspreadl ng" . 01 t he ot her hand, spreadl ng a bl ock of P
information bits, pjhere Fif.l tfﬁ&s%%@@ ﬁgg‘yggﬁe X R bits
I'n

provi des error, correction co %Jg#lin W t the sane sprea |ngafactor 35
a

This | &ter Féé‘l#tﬂ%]‘é’qlsn‘% eﬁ‘@ﬁﬁi k| Traps®oBPr eadi ng”, which can invol ve

ei ther orthogonal or - or t hogoyETAYIHIK D!BHMOﬁ he | nf or mat i on- si gnal
to be transmt Itﬁ}or onal bl ock codj ng, lts tQ be transmtted
are converted to gﬁ’é']tﬁ % Wing i 4eRFEIpLI0 b?tng?ﬂoéBnéi codewor ds

Sets of ort hmgmtdxtcm:ﬁemmxm dommimictatides! spsteasr ihedlvdngopl i cant' s

above- 5 il S AR e A1 S Al BREO U, LvaLYERRRY T el 2t or

of a recei veg Sign ers onar codewor ds,
and t B@ i ndecommuricatvcavaretwonksg mermlgm@tumreteodohywtem t he

desired i nfoigiglilRd il ¥he P hat ferfe ]%resen@'mnélsglrj gat he I g est

si xteen 16-bi,t codewords _I hdex- nunbered through 15 pro
carrel ation &R OtRar ARPLIGALHIME- t he desired signal information is the

four-bit binary wapbaktu irelyirgron rtlié WY )and SsVeAs€OFRT indlaso
termed a [16 gll%&tar{'o%%%unbi!coactkigfsd esysr{:em and pertinent '

15 considerations therefor are described in Applicant's
above-cited, co-pending U.S. patent application. The
present FWT processor may be advantageously used as the
block decoder described in that application. Aas-
described in more detail below, an apparatus in

20 accordance with the present invention efficiently
processes M binary input values presented serially, least
significant bit ("LSB") first, on M respective conductors
or inputs.

As described in Applicant's above-cited, co-pending
a 25 patent application, superior methods of spreading the
spectrum of an information signal use error correction
coding. When a single information bit is expanded by a
spreading ratio R into a pseudorandom sequence of R bits,
the bandwidth is spread without error-correction-coding

30 gain; this technique may be termed "simple spreading".
on the other hand, spreading a block of P information
bits, where P > 1, into a pseudorandom sequence of P x R
bits provides error correction coding gain within the
same spreading factor.

35 This latter technique is termed "intelligent
spreading", which can involve either orthogonal or
bi-orthogonal block coding of the information signal to



15 has a spreadlng ratlo' R, of 16/4 = 4. 1f the conplenentafy

codewords are al so used (i.e., the codewords in which all bits are
i nverted), one nore bit of information nmay be conveyed per codeword. Thus,
five bits are conveyed by transmtting one of sixteen 20 ‘codewor ds - @pd

their sixteen conplements, for a totafpof thirty-two codewords. - This fype
of coding is known as bi-orthogonal coding. For higher spreadlng ratios, a

[128, 8] blwgﬁmwéack gﬁdOr&h bnansm,odla\cmng,ld?letseﬁdl bgl
ratio. ee 512. 1 5 |1 d hogona

bl ock code%ﬁ?ﬂ@zﬁ r?ﬂEYﬁ]ﬁng g «E’?‘ n‘%% o%leaﬁ}q‘t?é’ added by
modul o- twozﬁébutlomthmgdnalﬂcnﬂewnxﬂsto $etarefthtthpg@naiﬁqqpewprds -
di fferent f g€?ﬁ he.s Landon1y
from bl ock To' b ogﬁ thﬁ gs gg&@?&b%%bggg?ggﬁg. ﬁ at: nD ?g .
addi 8i on ofcited Gibi i pytenticapplieabda®s, in a Galois field, to applylng

an axis rotati Orbech]fnéciﬁGBlvag ééi‘ﬁet[ﬁl‘u.% B &F’é&@ﬂvéd gignagcei ver
by nodul o-two .addi ng the correc scranb de to alugﬂ he_axes 8?ce

nmore with twlbcﬁ%ommbess of the sey; Qﬁu qpal, ¢ rd3np8a
si gnal cantife eindexedt! theceo&éabed gmihgamwaﬁ;gmsm abrrelatj)gnnal

o o o find ot {tn Yot Snflpackn i Slindle, AEFR. ) P00 -“_”
t r ad®f or necsiignal s IGerpelationl Uﬁlthpsimtam ms-«mu: tcms@ecindexpm nt
reDrese”t5ﬂﬂﬁb%?%uw(fth#ﬁﬁg@hléebﬁbbﬁaegfth@?ﬂi tébfr&ﬂﬁ% deta n°

a respective co spectrum val ues represent ree of

correlatio hﬁﬂﬁﬁﬂﬁht¢@@¢@€€¢veHhEZGeEéFﬁF &dpad dntoxpationgigatheort tQ_J
one hundr ecfduwmt%ﬂi&rfr%ﬁaomoiocwemr deenlfi Bend®Y}) val s&chhat he

conveys’ e {5 BH20 ST, Bl L6 Ao %ﬁépgm%%q% w@eﬁ?ﬁ 2‘;#’& S0
be ndentifiheds a spreading ratio, R, of 16/4 = : e
If the complementary codewords are also used (1 e.,
the codewords in which all b;ts_are inverted), one more
bit of information may be conveyed'per codeword. Thus,
five bits are conveyed by transmitting one of s1xteen
20 . codewords and their sixteen complements, for a total’ of
‘thirty-two codewords.. This type of coding is known ‘as
bieorthogonal coding}_ For highér'spreading ratios, a-
{128,8] bi-orthogonalablock code may be used,~havin§fa
16:1 spreading ratio. Indeed, [256,9], [512,10], . . -
25 [32768,16], « +« .. hi—orthogonal'block“codes'may'be“ﬁSed. A
Furthermore, a scrambllng code may be added by - |
modulo-two addition to the block code to insure that the
coding is dlfferent for each: signal.. The scrambling code
may . even change randomly from block. to block.' It will be
30 ‘appreciated that modulo-two addition of a .scrambling code - -
corresponds, in a Galois field, to applying an axis
rotation. The scrambling code may'be'descrambled'at-the
' receiver by modulo-two adding the correct: scrambllng ‘code
to align the axes once more with the codewords. © -
35 - Significantly, an 1nput comp051te signal can be
efficiently correlated s1mu1taneously with all- orthogonal-
block codewords in a set by the FWT. In the case of a



a total - of 'eight bits are cOnveyed (bi -orthogonal coding). The val ues of
the ot her spectral conponents are due to noise and the differently

scranpled signals 15 present in the conposite signal. It will be
appregiated that in real IVA: commruni cat i on systensis orthogonal ity can be
mai nt arned only when the refative (tinmg)l alignment-'between sign patterns is
strictly maintained; in nobile 20 communi cati ons, such as cellul ar

systens, tinmd 8 ghheerde afobeexianple, | one chundredectwentiyseightd input
Applicant’s Hisosd paéf?ﬁ | y! € rtheaonal idy
cannot be guar gnt e%%égsc’)%és!z%ase ;s?%%%c?rfa?ﬁ%go%qgﬁgrgﬁgg, QbH’tB %i ﬁﬁﬁr{é
compari son t dakih FpeFhHam, im which ereh sspeatrahcpgint, representsy of

t htehnoi seI _sit mlféf sﬁmexmlwe tse@d:i:elaey&ﬁt@sl a&% i céﬂﬁoédﬂtéhgiﬁhhtlﬁ'with

ort hog@nal i e sign patterns, it is _ppssible jo decoppose the

cal cul ;ytqi on é %ﬁs&ﬁ“f“tﬁ"n i‘g e%qrci,' v-a* : swﬁ')ﬁ-lb %p%ém ¥atB8Fati on of N x
(M 2) suns aneptesdnft AHhelidédgreacast, cotrehatton sétweéhcthe rediediviesn from
e[rr] to MX s Sl S e 0Skty Is.idlustrated for
o General M A BT OB AES bo L Shd SSABROGE LAY ofe paHayEY
appreci at ed tt¥entyreiiit pisthogenakicedewdsrds. rEnéhaximalovallbe Hast

Fourier Trandhy Waxsy Fedl o dd e VRl | : howg i n Fig.
| A, N.input values rgi_%vvhere M E[ RR] 16, are c% nedc?%eégﬁaé' \ie%ea first

er I
st agelc?o_rrpri Jndex, 4‘7 rEich jconveNs sRYeRhidita -af dfermatienset |2-1 of
butterflies. (_dianfbd_bﬁa]erdd?&n'ﬁ .cul1afeEjl &hé ffi%tvrﬁﬁﬁldaﬁso _ bediééﬁtiﬁgﬂg da
respective pai i t_~values,. as described be.ow, irs of serial adders
and serial sU &fa&lo;%]oﬁlﬁ'b‘?&#é%%icﬁnv / T?ﬁ@?%ggnﬁﬁy be used to
peH/or m t hes eosding)l.at iThes vallies mfitihe afthert tspéctrsl compahéatsf aadders
and subtract @y t45Gfbidl and the differently scrambled signals
15 present in the composite signal. o
It will be appreciated that in real CDMA
communication systems, orthogonality can be maintained

only when the relative (time) alignment between sign
patterns is strictly maintained; in mobile
20 communications, such as cellular systems, time alignment
can be difficult to achieve as described in Applicant's
above-cited U.s..pateht application. When code
orthogonality cannot be guaranteed, noise-based signals
may be-generated( but in comparison to the originally.
\J,ZS coded signal energies, the energy of the noise signals is
usually small. 3 : :
Nevertheless, due to the mutual orthogonality of the
sign patterns, it is possible to decompose the
calculation of M combinations of M values into a
30 calculation of N x (M/2) sums and N x (M/2) differences,
which is a significant reduction from M2 to M x N adds and
subtracts. Such a decomposition is illustrated for a-
general M-point FWT by a network 10 shown in Fig. 1A. It
will be appreciated that the FWT has a structure
35 reminiscent of the Fast Fourier Traﬂsform, and both
- algorithms are well known.



10 the first and each subsequent stadge is N 2; for exanple, sixty-four
pairs, or conbined serial adder/subtractors, "are used in each stage when M
=128. The Minternediate values [ERR] that are produced by the first stage
are conbined in a second 15 stage conprising a second criss-cross A,_,
network 11-2 and second set 12-2 of b@terflies, both of which are
advant ageously identical to those in-the first stage. The m i nt er nedi at e

V?' ues [ERR| thahggéaoﬂhocinc y.1ahe M5 damput Sxtmﬁegr wm-met hird:
stage conprisin "GLi SSGILOSS, net ies
that are ad¥aft 2§eoBTPy SR Vit - st o1 ﬁa\t,%er§ %dgée dages |

and so forth, fimsitl ch:-lissf-lc:mlss Meﬁwmﬂaga-dorq:ndsar@lmtl\se‘h &Brﬂ-sctﬁ 0SS
network 11-N. %%dE%L}%‘erset hq{th&% fedfcﬁalage@ b PEhS g{.lft he. | ast

stage of 25 Prl i 889aY & sh spectrum component s ERR] For . one
hundr8d t wedifferencei pfua wespestive palpk RpRt valvesit At ed woul'd

have seven §hLageipel! p gllolw beaAy ¥ Hedd dhadddis | ahdt serihdr mediate and

out put val ués can be identified by an ar nber i
convent i on, SBhtragEoxsn, A: CoRRined fera t?lh %@%aggﬁﬁﬁsmﬁg S’ﬁ terfly
operations @gedctiol ipefort Eﬁnﬁswrdaﬂ.@uxw&mﬂsuuornefnuhBefo ‘Under one

suitabl e co ugnt i (r)f suclgf%ﬁé # &Oéquédaﬂ@ gﬁ%réétofgpuhgehhq_tn have

i ndex val ue I nputval ues
are gonbi nedhe Airats padd feacmmxhdea:uemtg staye himsMA2 FV\foneemmplfeor N =

8, In whi C%ﬂ.&% u%u@%’hiﬁtlrrst stage (#ec# N AHEK YRAEE, shbﬁracﬁ:g%] and -

[ERRlare co Irst criss- cross net wor k 11-1 and
set 12-1' ohrguused Inrie9a°h1§tr9aﬁul"ﬂserbfnt=he1%%m and difference : U
cal Cg' a}jl ons 5 dTh : T it d RaaldestiTgeto 1], ‘ahdtitdraf|ies, ~ whi ch
can be designate E N
%ro uce[d b)) eo rf:lfr.l'srtS tstalgnet ea{r”eEdéé‘;%&%ed in a second '
15 stage comprising a second ch.ss-cross network 11-2 and

second set 12-2 of butterflies, both of which are
advantageously identical to those in’ the flrst stage.'
The M intermediate values 2Ioto_ I», that are produced by
the second stage are combined in a third stage comprising
20 a third criss-cross network and: set of butterflies“that
- are advantageously identical to those in the first. and
second stages, and- so. forth, until the f1na1, N-th stage
comprising an N-th criss-cross network 11-N and N-th set
12-N of butterflies. The outputs of the last stage of
25 butterflies are the Walsh spectrum components W, to W,.,. W
For one hundred twenty-eight input values, an FWT '
processor as illustrated would have seven stages.
It will be appreciated that the input, 1ntermediate
and output'values can be 1dent1fied by an arbitrary
30 numbering conventlon,-but;the connectlons between the
successive stages of butterfly operatiOns-are critical to
the correct calculation of theeFWT."Unaer one suitable
_convention such as that illustrated in Fig. 1A, inputs
that have indeg values'separateafby'half the total
35 number, M, of input values are combined. ~As a specific
example, Fig. 1B shows a FWT network’ for M =8, in which
inputs that are four apart in index value (i.e., S, and



are arranged in the following order for the input to the second stage of,
butterflies: etc. 15 Using this convention, the selection by the
second,.cri ss-cross network of pairs of first intermediate val ues for

conbi kgt i on by the second sfage into second internediate values is carried
out according to exactly the:isane rul eA.e.,, first.internediate pairs
separated 20 in index value by M2 are fed into the second stage

sun di f f er encs;, ;ci5; cand sS, 01S,handesj} i asd S;Tlard $Ar artee conlyined sinvichén
Fig. 1B, [ERRlare. c | hede by, second. set 1 §haflai €S dd) ERR]
and [err] ar?&%i_%ign% ié?%f %’dﬁ%l‘é}‘gﬁé gg%‘[‘)’ih#e%a%l %ﬂldqn{éo‘é err]
are conbi ned 12rtY" [ef rhutkerfbie$. The sane rule is used for the third and
any subsequent. Stagigsy &g ¢deof *HE! SulAHA! dikEkbyenca ehlichidtdorkd, the
third stage conprises a_t

Ird Ccri ss-cross networ 1-3' a third_set

12-3' & but timplenented by the S%E%Ec%%tt%%’Guf’guﬁé’t?:&r%][ﬂﬁﬁ'odﬁ#%rr] In
one preferredcaniyeli d@signated htr ptostnt, i(rmntfirst ptinterheddatelr)gdd and
serial subtract circuits,afe oV} in th terfli fs l,culati ng
the necessar YPXYATEIRESR 110, gﬁ% etgfg?n‘&l?ﬂ e§£8§h gﬁitrt S iHip ugét% at@éo n

t wo' s- conpl ensetomd nstage abfickubtesthies: serially, LSB first. Fig. 2 shows
a suitable serial adder 120 corrpriIsiggsa plgrality of conventional NAND
gates 122-128, inverters 130-136 afd swPtchd¥? whi ch sinul taneously accepts
two bix® presented on each of two'lge®i 8 Tri¥yigs A B, and a carry bit
presented on a.carry i-nput C. Astjndigatedgin Fig. 2, the B input acts as
ab control signal for a swt B sw! andVfe C i nput acts as a control
sigpal for a switch SW2. Wen elshBr ScontFeizsignal is active (i.e.,

|l ogi'c HHGH or "1"), the respecti-v‘q‘swi sght sgyﬁvgh may advant ageously be
etc. _
15 " Using this convention, the selection by the second

criss-cross network of pairs of first intermediate values
for combination by the second stage into second
intermediate values is carried out according to exactly
the same rule, i.e., first intermediate pairs separated
20 - in index value by M/2 are fed into the second stage'
sum/difference circuits, or butterflies. Thus, for the
network shown in Fig. 1B, 'I, and ‘I, are combined by
second set 12-2' of butterflies into 21, and %1,; I, and
I, are combined into 2I, and 2I;; ‘I, and 'I, are combined
\_ 25  into 21, and 21, and 'I; and 'I, are combined into %I, and
-217. The same rule is used for the third and any
- subsequent stages; for the example network illustrated in
"Fig. 1B, the third stage comprises a third criss-cross
. network 11-3' and a third set 12-3' of butterflies and
30 produces the outputs W, through W,. - _
~ In one preferred embodiment of the present -
invention, pairs of serial add and serial subtract
- circuits are provided in the butterflies for calculating
the necessary sums and differences, and these circuits
35 operate on two's-complement binary values presented -
- serially, LSB first. Fig. 2 shows a suitable serial
adder 120 comprising a plurality of conventional NAND



I mpl enented by a field-effect transistor ("FET"), -is 10 thrown to the
"1" position indicated in the Figure. It wll be appreciated that the
adder 120 advant ageously outputs the one-bit sumof the inputs A, B and C
on output D and a new carry bit on ca output E with substantially. na\_?-_
delay. 15 The new carry bit Wgsent ed on carry output Eis
conduct ed through a switch SW3, which nmay be a FET actuated between each
word (that gageblelaexieen limrfeﬁtm:; A30H386 jdmdl - sobtehesor whdchy bit -

B R T e T
i nverters 1ser1a36;npn&sam,r iBo @‘ndsm toary It ngntﬁé QWG qnmmh may
al so be FETingﬁngr.:ﬁ KaN%G Hal) %‘ié abe 19‘1&' ﬁainﬁhe%c%egraaé

presented on I nput . an sync ronlzed "o the bits,presented 2 . on

the iPputs gonbrol| signal For)qy&witsdy SWrd Q’Pf% e ¢ & RHFyaéW?nﬁﬁ ey
al so Ee Irmaeaaﬂteld%bsighmr fdﬁ?/ld?@iuﬁhmrsmﬁ Smeﬁbéﬁthemh:oﬁfﬁrd]:f I ﬁp
or ot her e nals that_.ar t_en shorter than
a few tens 8?‘9ﬁ3 o&?c&ﬁ%& %é‘ “fertor %#@fl\’wspgg? {"hgdv'ant ageousl y
realized i nréspectdvbogmd.tohhl mnﬁemMqumamlnebays arl sing froma
silicon str h €5 dEF R LI ¢Hphma ea The - -
operati on oﬁ’%ﬁ?@‘% Sge%e %@?Aproceedsé%hﬁ?fﬁ&f ¢ #ﬁ it a i ze the
cont®ft s of thnewnatey thendy positionedingdicaged hbnsW?cﬁéguSW-B AF SwW 5

are thrown GhtheCQBb&@b:.%w&a&a@%ﬁé Yddew h £ FHvhAthfeonelit | ons

opposite to_those shown in Fi ust .hefore the Sentation of -
valid | east O4FBHES; Ehs W?lg:nq’#e & inpyts. o B ggésf:em n which

i nput bits ettpptepeahadadhnew Hanztyemm&gﬁhmtzy(dﬁtpht)mﬁﬁth t he v
sw t ches SWébgga )évlal&&h%oS\@e&%r} SW6 need not be = .
| 15 : - The new carry bit presented on carry output E is

conducted through a switch. Sw-3, whlch ‘may be a FET.
actuated between each word (that may_be sixteen: hltsplong |
as described above) for carry'bit initialization,.and is

- stored temporarily in a memory element that may _

20 advantageously comprise a dynamlc logic network M hav1ng
a pair of inverters 134, 136, and a trio of SW1tches _
SW-4, SW-5 and SW-G, which may also be FETs and are’ =
controlled by a suitable dlgltal_clock s;gnal presented
on a CLOCK input and synchronized to the;bits,presented'

25 on the inputs A, B. It will be understood that the carry h""\‘)
memory element may also be implemented by other devices,
such as a suitable latch, flip-flop or other memory .cell.
For signals that are fast enough, i. e., shorter: than a
few tens of nanoseconds, the memory network M is -

30 advantageously realized in dynamic logic, which usessthe g
propagation delays arising from a sillcon structure's :
inherent capacitance, to save c1rcu1t area. The
operation of the serial adder 120 proceeds as follows.

To initialize the contents -of the carry memory

35 network M, the'switches_SW—3-tOpSW-5.are-thrown by the
control signals CARRY ‘S/R and*QLQckfto-the positions
opposite to those shown in Fig. 2 just before the



~

5 actuated at this tine) my be actuat.e wi t hi'n about twenty- f|ve

nanoseconds (i.e., one-third of a bit period) before the valid LSBs. As
valid LSBs are presented on inputs A B swtches SW3 to SW5 nove back to
the pg@sitions shown in Fig.#2% Thus, ? |n|t|aI|z*atéfon 10 val ue on

input F is loaded into the garry rrermry network M and presentﬁd at carrx

I nput C at the sane as:.the_y LSBs . ar resen on the inputs

B. After wai BHRRPE #f&% %f;o%?‘:f'b‘g #ﬁ?sghﬁlgﬁiﬁgf:ﬁ?% ﬁq'\ﬁaquh n and carry
bits on out puirpuls B, eBg. ,Faboatsistem ihi whichadapatoddtsrateo-thirds of

o e S deed s ki bhohBr Sl (15 R MBe e O 0

into the carsWwitghes SWthwokq SW-FhithesswitohsSH-6 need moteddack into
the pogiti 0”%&%&%@Oth38s 'Efﬁef?&ytﬂel Qéﬁhaﬁhﬁh'wfllt‘iﬁ% diidg are

resented on the Inputs rese e new carry bit on
(F:)arry i nput Gweﬂﬁié‘%’éme?\%@%ﬁc%aﬂoﬁy cenerthdxdyed a thié'-'- fReredbn of

valid sum angheRire/ thne NFHEid roses he HQS'{raEi&nLéBﬁaa&-eb pregdmeaitad on 2( he

TNty it w O s

carry val ue posidsiondeshainovin Figr edy d"rhug; dtheg tiheltdmlrl)zdi#ioﬁ ormegoby

t he sy of t t h | 0

mesoft 'Ss:ﬁ%ﬁ%@ﬁiﬁﬁﬁf:ﬁiﬁt:ﬁ:ﬁ%ﬁimif‘ﬁ,*?;eeded

swi t ches

to ensure preRAlid i rdns ta,_qpe!;laéé %e%hgelﬂghggnAbyBa common tim ng
t | ve

signal generator. Such 3 &asi’ly inpl emented by

prowl ding | ossy pdiken W-"d%ﬂt% § t%e%??h@ t Rerc&her cﬁ°ma%'4‘%}'haﬂ'% or
different acwalidrsunkrasdasrtevueits fon élepavstphee, e.g., about

15 fifty nanoseconds or two-thirds of a bit period, the
switches SW-4 to SW-6 are actuated by the CLOCK signal to
the positions opposite to those shown in Fig. 2 to load

the new carry bit into the carry memory network M. Those
switches are then moved back into the positions shown as
20 the next-to-least significant bits are presented on the
inputs A, B, in order to present the new carry bit on
carry input €. This sequence of operations continues
until the formation of valid sum and carry outputs from
the most significant bits presented on the inputs a, B.
25 In about the last third of that bit period, the CARRY S/R
and CLOCK signals actuate the switches SW-3 to SW-5 to
initialize the carry value as described above, thereby
discarding the carry bit formed by the sum of the most
significant bits. The adder is then ready for the
30 ~ presentation of the next input words.
. It will be appreciated that the switches SW-3 to
SW-6 may be actuated at slightly different times as
needed to ensure proper circuit operation and yet be .
driven by a common timing signal generator. Such
35 relative delays may be easily;implemented by providing
' lossy polysilicon paths for connecting the control -



The contents of the carry menory is normally initialized to "0" at the
start of a serial-add sequence, 5 but in one enbodi nentof the
invention, the carry bit may be initialized to "1" in order to sinplify the
i npl ementation of a serial subtractor as described below It will be -
appreci ated that a serial subtractor k¥ conputing A - B can be forned -
easily using a serial adder 10 such as that shown in Fig. 2 and -
sui t abl e neskgnadis ayatiffenent agtwat ignsthresholdi hevels: forhthe the
serial addeg wauhd conpute -A.+ (-B) However, negat| ng a two's- corrpl enment .
val ue invol ves conplenenting the bit pattern, .for Ie b passing it -
through an i nver The contents;of then CAKINh JReMREY F’éﬁhil’es anot her.

serial addejnikialdFd R "M iatnthe BrdrEropsa: sersamaéaal sdqueng@qCiated

wi th the provision of neaps.tor _ne val ue th
di sad®ant agB¥¥s 110 n°Rfio W&F&P&Hﬁ&*ﬁ?ﬂ&&f %H"‘mb t'??\ T¥nPifimayy
r at her thanbaegmmnm&tmpul" il lﬁrdersimlsaimphbfyather 138 shown in

e 2o a0t A WSl dan@laiteos 2L RLIFRRACRRALG! DY B

i nverter140 et ng one. l'ess- a esite
and presented toIt sarllalbeadtmreﬂ@ﬁad What a rsenisal subtragtort for

initialized Bg,ﬁ,%tli,{@i&gﬂ & lan gﬁl é&%@ﬂlﬁi‘tﬁéﬂn&% é@fxﬁff LLLE S

means of the i nitialtzation, input” Furt her nmor e,

ar cht®ect ur guch @s Fhaty showmdn fidr 2P FRitakle ’E?‘P&%l ferperm ts
their advanh@g@&tﬁx Ghe vAlUEd PriésEntéeroRoldputise. OPPrwé s ERet he sane
I nputs. One su t ageoys, conbi t|on| conpined. seri al _
adder / subt rﬁﬁia%&% d \ﬁﬂ‘%‘qﬁ“’s Aoy -ﬁ’n Q e‘ée’éhdnﬁﬂ?tﬁlngnjaoys
the signifi twnt'sa-d:ampmmfvaimwdmmivesucompbanemdimnﬂhexbit 35
addelr/nsLB'?r §§'§:or S%rrrp%r;%s s?'éq bF {Siﬂ# hﬁconve@wonal i%ﬁf)teal'es o
162- 156, | naaldt dhen 283310% one, which requires another serial adder.
In some’ applications, the increase in complexity
"associated with the provision:of: means for negating a:
value may be ‘highly disadvantageous. R :
' In another preferred embodiment - of the invention ,
20 rather than negating the B input value ¢+ a serial .
| subtractor 138 shown in Fig. 2A'is prov:.ded in which the N
B input value: is ‘simply complemented by an inverter 140
' (with the result, A + B, being one less than the desired e
_ a -~ B) and presented to a serial adder 120 in which' the o
. 25 ' carry bit is initialized to’ ONE rather than ‘to ZERO
- (compensating for the def.icit) by means of the input
"CARRY S/R and initialization J.nput F. ' HEERA
Furthermore, the architectural similarity of the
adder and subtractor circuits: pemits their advantageous
30 " combination when both must. operate on the same inputs.
One such advantageous combination is ‘a combined serial
adder/subtractor network 160, which is ‘shown in- 'Fig. 3
"and which enjoys the- significant advantages of reduced
circuit area and complexity. . . .
35 ' As- in the serial adder shown in Fig. 2, ~the combined
' serial adder/subtractor 160 _compr_ises a plurality of -
conventional NAND gates 162-176, inverters 178-190 and

-



swi t ches and si rul t aneously accepts fwo

seri al

5

inputs A", B', and carry bits for the adder and subtractor portions
of the network 160 presented on carry inputs CA and CS ;
&Jndlcated in Fig. 3, .the A input nd its conpl
the inverter 178 act as control 5|gnaI§ a swit’éh SW1' that connects
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P 182 e, Srowtdéq afy28 and 4

hi gh-i npedanadder output terminal DA' 1n accordance with the state of

20

25

30

35

a dual control, two-way switch SW-2' and on a subtractor
output terminal DS' in accordance with the state of a
dual control, two-way switch SW-3' as described in more
detail below. , .

The switches SW-1!', SW-2' and SW-3' are controlled
by dual control signals and connect in either of two.
directicns; for example, the switch SW-1' connects in one
direction, e.g., to the "1" position, when A' = 1 and
A' = 0, and in the other direction, e.g., to the."o"
position, when A' = 0 and A' = 1. Such switches can be
advantageously fabricated in silicon by configurations of
four transistors as shown in Fig. 3A. The transistors 1-
4, vhich may be FETs, are arranged in two parallel-
connected pairs of opposite type (i.e., P-type FETs 1, 3
and N-type FETs 2, 4) that are connected in parallel and
controlled on their gates by the signals A' and A',
respectively. In-operation, A' = 0 turns on P-~FET 1 and
turns off N-FET 4, and A' = 1 turns on N-FET 2 and turns
off P-FET 3. Thus, FETs 1, 2 provide a low-impedance
path between the terminals X and 2 and a high-impedance

‘path between the terminals Y and Z. When A' = 1 and



path between the terminals Y and Z. Wen A =1 and A =0, FETs 3; 4
turn on and.FETs 1., 2 turn off, providing a‘lowinpedance path between the
terminals Y and Z and a hi gh- |npedance path between the terminals X and Z.
S5 The foregoi ng arrangenent ¢ URES positive operation of the Sq;
switches: if only one transistor type were. used, whether the switch woul d
change state, e.g., whether a transistor would turh on, mog%d depend on the

- voltage | ewd =&, (FRTR chi ré| targnen and ?Wé"ssllgn # o swi tched.
X course, ﬁtow)’!din dca. POWL Ppadaficehpatat nuetmmmwemmausezused to

obtain ove sw tchi ng, behavi or, t hat _i to that
of the arr AMeiemnd R MHigh TﬁmHﬂGPPFSnpa?He ﬁﬁ%%ﬁf¥@+g%éﬁﬂggﬂl%nglg 32
can be rea@_ﬁ]d/ gised,: i-f - dezl red, for all the . 15.. - switches in the .
proc ssor e sjate t he s ?néﬁg e

carr net wor k - cgﬁ% é?ﬂﬁg?ﬁgghﬁkﬁﬁgg§e§ﬁ%% a%ﬁsg?%eégéggg}Bﬁ a
and- f our s\ni cttes Mﬁcher SWLE" onhyt omeetézmszeﬁ#% e Yere Beedy gital
cl ock 20 e%&ﬁ:]éﬂ QBuideﬁdagg@'&er tatulf él’? ewﬂaﬁner_. described

above in connec on W t e seri al 120. 1t _wil a eci ated t hat
the i nvert dixansustopcwould 5YrR PRy cWoudd FRPERfion ¢ 53#3831 i ke the
network M iyeddiEs S6f | he 2deatrdi0sdgnan lama mesiwlthelﬁﬁ ~ inverters

188, 190, act latch f he gub --
ooion, siengal {60 GBhrhas L)Wl e iodplyta) tnde bl

subst ant i al¢dymponehts touldabedased m@dm bvemhheevi‘éﬁhwgh the

750 Chere achiPiGt Publ 1B EBE Ebeking1Aitie sigflag) Lhoul! seebol

d'lnltlallze t he cont entis

~ of the carrartramgéementashowns L@W additdamt dehe CeREigRRPEEPRCRIOMRL | an
the S“”tChefn5¥¥é' 58 c¥h'be readily used, ‘if desired, for: all the

15 switches in. the processor. oL o :

.The states of the switches SW-Z' SWb3'; are -
determined by a carry network comprising ‘the NAND. gates _
162-176, the inverters 184-190 and . four switches SW=4". to
SW-7' that .are controlled by a suitable digital clock

20 signal presented on a BIT CLOCK 1nput 1n the manner
described above in connection w1th the- serial adder '120.
It will be appreciated that the inverters 184, 186, act
‘as a 1atch for the adder carry value. like the network M
in the serial adder 120 described above, and the _
25 inverters 188, 190, act as a 1atch for the subtractor '.TQR;J
carry value in a similar fashion.- L R -

Similarly, the switches SW-4' to: SWH7' operate in a
manner substantially similar to that described above in
connection with the switches SW-4 to SW-6 in the serial

30 adder 120, although in network 160 there is no-
counterpart to the sw1tch SWw-3. To 1nit1alize the 7."
contents of the carry latches, a. logic LOW is. presented
on the WORD CLOCK input, and the switches SW-4' to SW-7'
are thrown by the control signal BIT CLOCK to the.

35 positions opposite to those shown in Fig. 3 just before
the presentation of valid least significant bits on '
inputs A', B'.  As valid LSBs are presented on.the inputs




-are thrown by the control signal BIT CLOCK'to the 35 * positions opposite
to those shown in Fig. 3 just before the presentation of valid |east
significant bits on inputs A\, B. As valid LSBs are presented on the

I nputs; A, B, the WORD. GLOCK |nput5%oes H GH (:and remai ns H GH during

t he presentatlon of the lnﬁut wor ds) d the switches SW4' to SW7' nove
back to the 05|t|ons shown in Fi . Thus, the WORD CLOCK j nput
overrides thd'p B', EBPrVOEQLGFE@ émé'@dgﬁ’ﬁst B G¥ht (@nd) gremasns nlIGH0- 176,

initializingghhengdeRe Eﬁé’?slén‘lﬁa’t!iénaﬁd’ %uét rlaﬁmr words) v ante ¢Rezero and
one, respect|v§£ % ntlng ghose vg S he carys régutﬁ CA', CS
at the same TY ngst E‘G BYRZ ' JPRVE, §§% qﬂﬂ?%*ﬁ%ﬁ fBhogn 19
Aft er maltlnﬂnaFithableTnaslodhéOWORbeCDOCMBumpmtﬂbvéﬁrIﬂéswmhd|fference

ST Bre actUETRvBYuBHe BEPRUEER RV thRBatEN RS A6Y L THPeLTee Lo
t hose shown imnitigliging thedaderneartyr valiet anmtsmbtumcia:m yedBry
Menory net Wogkfye £80° Eré"‘hh&hSEﬁ,C%eIsB%Et@\é‘i b%?:'& 5&156%85

shown as the next-to- ?east Sl ts areé presefte on I nput s
in order to'ﬁ?%%ﬁﬁtthEhﬁeﬁﬁ§EYr}HBPF§ &a' thSdaPFytmﬁbdﬁﬂm%¥$lmﬁfﬁs ThIS

seguence of ?ﬂ@[ﬁ&lﬂaSLfséthﬁé?ﬁrégéhteahapf%hgﬁh mputef a0 B'tanld ng
an ry outputs_fromthe, post _si ant bi esented on the in

P IR R G TS A NN Ty LN NG
CLOCK signamwahtduann,tHifﬁhrénhesaﬁmléarry bits ohoﬁhaiuuﬂpuﬁstmk;parré
val ue as desg&ijb her a _tLhe carr oI Ime
by the sun1§%% Hi % %@xﬁgéég égn|f|§§ wapts 4%#%%

addér / subt r deherBIT Cb@ﬁKr eadyalotot hbepposemamsonp@roscm rtextthmt
words. |t alélwﬁlinbﬁigppﬁeeaaisdat £k h@% é%gghsfﬁté thtd &1dVdariPy be

act uat ed at sllg ferent _tinmes as crib a ove.
15 etworks. Those sw1tches are then moved back into

the positions shown as the next-to-least significant bits
are presented on inputs A', B', in order to present the
new carry bits on the carry inputs CA', CS'. This
sequence of operations continues until the formation of
20 - valid sum and carry outputs from the most significant
bits presented on the inputs A', B'. In about the last
third of that bit period, the WORD CLOCK and BIT CLOCK
signals actuate the switches SW-4' to SW-7' to initialize
the carry value as described above, thereby discarding
25 the carry bits formed by the sunm and difference of the
most significant bits. The combined adder/subtractor is
then ready for the presentation of the next input words.
"It also will be appreciated that the switches Sw-4' to
. SW-7' may be actuated at slightly different times as
30 described above. S
.Using the structure illustrated in Fig. 3, the one-
bit sum of A', B' and CA' is produced at the output
‘terminal DA', and the one-bit sum of A', B' and CS' is
produced at the output terminal DS', with a minimal -
35 circuit area and substantially no delay. It will be
appreclated that the absence of delay avoids a need for
- memory between stages of the FWT processor.



Using the structure illustrated in Fig. 3, the one- bit sumof A, B and
CA'" is produced at the output termnal DA, and the one-bit sumof A ,B and
CS' is produced at the output termnal DS, with a mninmal 35 circuit.
area and substantially no delay. It wll be appreci ated that the. absemg;
of delay avoids a need for nenory bet Wen stages of . the FWI processor
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net wor ks 11the ihdexing annentxpncﬁmtrthﬁ anputevglueagehaahemeby greatly .

f litat t b
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conventrona r epeat proces oW power
consunpt i oncaaresmess mkﬁhé’utw brsaehspetverksewdddole ebri cat ed

in the techa&h%mm% 1@:@&;& Compl ewenprosedBbel u@mgetﬁel icon); in

particul ar, ver si,on qf. . pIo ro drn ast two netallrc or
cond¥®tive PﬂP@F@S&H@bP@&?ﬁEﬁ&ﬁ ﬁqﬁgy PR fi&ab gweVﬁawe :

will be. undsescodssHmﬁossunétﬁbnksmimsbr Ihﬁzaetc.bthatnatﬁucted by other
Sinee Soon-Sh8REERI" 3 R ded O eMIEGLUPLFRROLS' pARsT g | 091
detail her ethesFWT processon:rmahmwbomar ancinteguated: mq@;ler s mav
advant ageoup yabeowéﬁa!ﬁraiffi ;gfdibﬁbwteeaﬁ%ﬁa-feﬁeatobrbeeésat L.ng

materi al , h as silicon di

15 For low power . consumptlon and other reasons, the FWT
processor is preferably fabricated 1n the technology
known as CMOS (Complementary Metal-Ox1de-S;1icon), in-
partlcular, ‘a version of CMOS technology prov1d1ng at
least two metalllc or condnctlve interconnectlng 1ayers

20 may be preferable. However, 1t w1ll be. understood that
“the FWT processor can also be constructed by other - _
semlconductor processes sultable for the 1mp1ementatlon g

- of dlgltal loglc._ Since such technologles -are well '
known, they will not be described in- deta11 here: -

25 ~ In CMOS, the two metalllc or conductlve layers may Ef\uﬂ
.advantageously be overlapped with an 1ntervening 1ayer of
insulating materlal, ‘such: as sillcon dioxide or.
polyamlde, -to. form the crlss-cross networks that connect
the sets of butterflles. Flg._4 shows ‘an example of-a

30 first criss-cross network 1151!! for a 16-point FWT ' -
network 10?'. - The input viluesfso'throughﬁSﬁ,.Which are
presented at the left side-of-Eiga 4, are re-ordered or
selected_by_the_configuration-of]the=conductorsaforr4}_
presentation tOjthe-firstfset:Qf-butterflies 12-1'' as

35 described above. The.criss;cross-network;shownﬂcouldibe

efficiently replicated and'usedeorﬁtheiother'three Co
-criss-cross.networks.in_the.FWT;processorw10";




pol yam de,- to forntthe crlsscross netmofks that connect t he sets of
butterflies. Fig.. 4 shows an eXaﬁpie ‘of &30 first crisscross network
11-1 for a 16-point FWI network 10''. The input values S through [err],
whi ch are presented at the left side of Fig. 4, are re-ordered or selected
by thé configuration of the conductorg-tor presentation to the first set of
butterflies 12-1 '' as 35 . described above. The criss-cross network
shown coul d be efincthateyampbei shown.afheusandugtore A cinpatce

Cri ss-cross wgiyesks, 't’hztchﬁﬂ:\g RagC $es AockHted J.n 6ﬂetﬁ§yéﬁa§i&hetﬁ@\’m

the conductors for ithput valued [efr] throu nay be | ocat ed |n one
| ayer and t @%%E%F%r§°Foi‘nPHEuYa}1§Ie§e§s[g}‘F}’ r SosyMAYe 1Y a]rfh?/a

Iﬁcat ed in tmfﬁl@ﬁoﬁdcbg&elayei't WLkl whalape @p;ﬁfetfh.aﬂ‘éd\pmweﬁer, t hat

t he geonetry,_of, t conductors not ec ar

1T ust at ed. C86, i SomShEY pEathe ShpaBERRI mded ot e dfar Ly

mai nt ai ned, badliheartas ﬁilustnatederpmaM1dedIth&udegﬁrédzEemductors in

the |l ayers i n 4?%&

nunber of pd?ﬁ@gP*H€ gfcfkaﬁs 9%ﬁ?ﬁaé§b§%¥¥§ uné?eg T went -EIH%t %ut SO
many cannot ¢ensideratienrinp iﬁcatanggtam qqndMQﬂ°¢§alﬂmﬁh%tb%ﬂerﬁaﬂsthe

addi tion of é*@h&aﬂéé EfrﬂflaﬁﬂnérOd!%ed@%dﬂibbéJaﬂbieVWHChsébﬁlefOre
steps 15 grevent pverflow are_advi sahl e q& headroom

on thEP ori ngé‘Fb Fpof RetBEEngPr 2oGPYA,EYSHRRRY \’?"z °nr$h‘éﬂ‘|“i
wor dl engt h cauéﬂtpeeigngerbttasothanyanamwotIhanshuﬂnmnlékrrytfnnatlve
step that c &igggg taken is to drop a LSB fromthe cal cul ati ons 20

occasional ly Bt red adder, subtractor and adder/subtractor circuits,
susi as those sho¥h whlkEike. undezstond Shagr dhe addidtion epUews| bsbit

fﬁi’“ anti al lyo i d@ediAt fhyaude’ AL {1+ HJL it WOYDY Hatbrdeaerdeaps W th
15 to prevent overflow are advisable. For example, some '

headroom on the original input wordlength could be
allowed, viz., the input wordlength could be longer than
the maximal input value. An alternative step that could
be taken is to drop a LSB from the calculations

20 _occasionally. '

Preferred adder, subtractor and adder/subtractor

circuits, such as those shown in Figs. 2, 2A and 3,
produce'their output bits substantially immediately, ‘a
feature that is exploited in accordance with the

25 invention in the following way. As seen in Fig. 1A, for
example, the outputs from the first set 12-1 of
butterflies are combined in the second set 12-2 of-
butterflies, which as described above can be an identical
set of serial circuits that require the inputs to be

30 presented LSB first. Since the LSBs required for the .

- second stage butterflies emerge with no delay from the
first stage, no intermediate register or other storage is
required between the stages.

Moreover, the transformed outputs W,-W, , emerge-
35 - serially from the final stage butterflies in step with
the serially presented input values, i.e., synchronously
and with substantially no delay other than that arising



25 invention in the following way. As seen in Fig. 1A for exanple,
the outputs fromthe first set 12-1 of butterflies are conmbined in the
second set 12-2 of butterflies, which as descri bed above can be an

i dentical set of serial circuits that require the inputs to be 30 Q;;
presented LSB first. Since the LSBs [8quired for the second stage i
butterflies energe with no delay fromthe flrst stage no intermedi-ate

regi ster orgpbheehét 8ipeaitselesiented Negiee priopugatiys. débapsver , . theg'vd

transf or ned. outputs e
butterflie ??st%p &F ELFﬁgﬁggeﬁglP?rgpéglhﬁéﬂylnpuga%ﬂ$dé§gagdskige
synchronouséntemdserialiybthenunphkyvmduﬁﬁaﬂpﬁﬂlﬁhetEﬂW|Ph@Fe§$P§'ng

fromthe cij g FWE
i s perforne gEE%E th gﬁt@hgﬁ?%?ﬁggfla Ty the in fﬁ?ﬁﬁgb&fﬁto the
FWI pﬁocesinn 'ahd Geseeeﬁl aeltsrer-&uP’}%ﬂlxﬁél rﬁt%‘lﬁﬁf $e5dBssor. 5

[N the casespboRiAg- htetohd CoRgata¢rahslord i s Gdrtorheaking rate,

conpl ete trans formeq in substantially one. mcrosecond. In an
enbodi nent embeﬁenﬁte} Mt°Fﬁv@ﬁFF 958+ s useful in the COMA
communi cation SY§heahdéﬁbbdhﬁ§ntnofOthetﬁmdsentninweﬁtmuncthaﬂ wsS patent
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Cri1ss- Cross network as
serind 16- bAppmmcdnt'sSBbbwesclteth.EG-n@hﬁnﬁnanphkﬁﬂtﬂﬁélpP§§ented in

two's conplge “ai, .8 Rlbnt ?'elgg@ﬁﬁ'ﬂﬂ%ﬂ unu%tﬁ% W 1 h dd1gpd east

significant™ posi Prong oc d nost”_si ?Tflcant

posi tions |huanafpngedhyoyagnqaﬁeqn the fixst|st SCF%S?epresenteﬂ)j
as 11111111&r3é§0ﬁet%ﬁr a%h%ﬁ@qoqmﬂm IASB dﬁsrstbedmbomﬁ- thi s

(om0 20 wosday Sonliche Dsdantie T W/l Wi LreE BRn 10
15 (or at most 9-bit) format w1th the least SLgnlflcant
positions occupied and all the unused most s1gn1f1cant
positlons indicating the s1gn bit- (1. e., the decimal-
| - value -3 is represented as 1111111111111101 rather than
0000000011111101) As descrlbed above, this formattlng
20 avoids overflow or underflow through the seven stages
(since 128 = 27) of the FWT processor.'

_ The first criss-cross network re-orders the 1nput
values and connects - them to the first set of butterflies
for the first stage sum-and-differenCe'oalculations; ‘As

25 described above, the set'of'butterflies'may'comprise G
either sixty-four serial adders and sixty-four serlal
subtractors as shown in Figs. 2 and 2A or s1xty-four
combined serial adder/subtractors as shown in Fig. 3.

The resulting ‘one hundred twenty—eight sums and

30 differences emerge from the flrst set of butterflies as
the first 1ntermed1ate serlal 16-bit.words ﬁ[ through I127
and are connected to the second stage's second criss-
cross network that is 1dent1cal in form to the flrst
criss-cross. network.

35 - The re-~ordered outputs from the Second criss-cross
network are applied to the inputS“of"the second set of
butterflies, which are identical in form to the first




The f| rst criss-cross network re- orders the |nput val ues and connects them
to the first set of butterflies faor the Fifrst- .Sstage sum and-di fference

cal cul ations. As 25 descri bed above the set of butterflies may
conpri_se either sixty-four serial adde[j and sixty-four serial subtractors
as shown in Figs. 2 and 2A or sixty-four conbined serial adder/subtractors

as shown in Fig. 3. .The resul tn,d;?s one hundre%et -ei ght suns and 30
di fferences & géq‘rr he f?@x he first

i nt er medi at ecadicudlations.t - meda-e[sm'ch@megmximiie]dzwanwae»gbbnnect ed
to the second sta nd cris S r in form
to the first mssglﬁ(@?tﬂe Siin'd %g'begg% %sn%h\g é%é -orﬁ% %‘Etiggtgs from
the second csiexdadr dss-bidt wardsa’E, dgptaugh t 6157hénﬂn|§mes asmnegted&Md set
of butferfligfhe YHi g%ﬁxﬁg ety i ildaBrcd ifetwsh thaecls for the

second” stage Suman cul ati ons The resul'ting one hundred

t went y- ei ght idemtinad din ifgram tes the s FRePTEHPEBe seri al
16- bi t wor ds pefkidrid) G d&rfdr@f‘(i’o&r% mctcmi devén stagbs tbird

stage's third crlss Cr.Qss .net wg ha i.denti.cal,in_ f he first
and second cCGORPLE %‘Fem&,{ 'é’b‘cﬁ’oﬁsn QuEPUE (3% ?pggfég%éien st ages
to conplete Uwgdrmmi_ WY thirbaghi ¥ 3;ut put as spectral conponents [err]

h h 10 1t ]
| nventBon 1 1 speciti dordh i peRRitAR, PRy S TR MRE L

departing frdm tspecific tfaxms iﬁd:hewéma!brthaﬁﬁa desaxibedtabe¥scri bed above

are merely i LiHAR ddp AP P Wle RpIRARSIGIPAtk L BRERELONE | Mhany

Wa%/ oA embodiments described above are merely illustrative and
should not be considered restrictive in any way.




1. A processor for generating a Wal sh transform by substantially

si mul t aneously cal cul ati ng M conbi nati ons, each conbination being forned
fromM5 input val ues, wherein M= [err] Nis ap nd t he

i nput values are two's-conpl ement bi nary val ues, Ogm m“m‘lﬂﬂm \m .
electrically connected in sequence, whein each stagec conpmi sés & ;- -
respective criss-cross. 10 network of M conductors electrically connected |n
a predeterm gggtern to a set of M2 butterflies, each butterfly
conpri si ng. means for c lculatin umand a dj ffere f two respective
val ues presented tx HﬁﬂQQﬁébflgkfsgﬁ?F¥ %%t?v@agﬁgs§r5P8§§ t wor k
and 15 presebiy mybHMannﬁakiyjsﬁddknanannslyreabeulauéngouductors of the
next stage's Iy n r ea nNput val ues
si nmul taneousF%ﬁ%’iig%cJ%?ls%s'- Zgr\(l)&s?{skcn% %?ﬂ?% E?{né fé?&l gl tgnlsgrl ally and

| east - si ghi f okt MatllieshstWheB@Jemdﬁ =+ 1Rl %G@stéhmq@my\’%yl:nmmnusl y
therewith, th ;%ﬂ§ ﬁgng ?Fém b ally produced
| east signifi ca\n\teh'%htﬁfl rst &;Hétﬁjtétlkelffﬂl I es . o?l&t‘ I\ld-n?tk:l ??2359' 2. The :
processor ofvéﬂaﬁﬂr1CQMRﬁ¥§¥¥§%uﬁlcrlss- 25 cross network conprises M

conductors over | appigtg ghéﬁg&ﬁxidanxyrﬁﬁﬁﬁéétea i beqﬁénbaq cconductive
| ayers dISpOSE% on_a seq* qﬁductlve substrate, the conductive. Iagﬁ;s bei ng

separat ed by WafFHeSu SRS %ﬂﬁyC°WPrlseﬁu?Fﬁ%ﬁﬁ%§5+vﬁfch§Pan erein
the 30 paot enetwoirkaof Masiortdnmuﬁrs raelemu:smallmwmneothd dnea

substanti al | #éJ ‘é%@ter‘fﬂ'necfl attu}% DCF& ?é?é S rﬁ}'@'}% gi@b” teQ‘:c‘:h

cal cul ating ans-conpri a seria and serla traéto and the
serial adder butélexfdy mpgrnfa;rnge,sneaéta)rﬁ% %Pk%#l%/t-bﬂ? éeﬁ‘éﬂ‘nﬁﬁéd apby the

adder, and tlgQ FEeirieces W MARS Fedpgudtidns \F@Zﬁi@sfﬁfe§éﬁ£eagté eathy

butterfly by said respective criss-cross network and

15 presenting the sum and dlfference to- respectlve

conductors of the next stage’ 8 criss-cross network and
means for presenting the input values

simultaneously to a criss-cross network of a first

stage bit- serlally and least- signlflcant -bit first,

20 such that, substantially synchronously therewith, the
Walsh transform of the input values is bit-serially
produced least significant bit first by butterflies of
the N-th stage.

2. The processor of claim 1, wherein each criss-

25 cross network comprises M conductors OVerlappingly
disposed_in a pattern in at least two conductive layers

 disposed on a semiconductive substrate, the conductive
layers being separated by an insulatingclayerf

3. The processor of claim 2,. wherein the
30 patterns of at least two of the criss-cross networks
are substantially identical. '

4. The processor of claim 1, ﬁherein the
calculating means comprises a serial adder and a serial
subtractor, and the serial adder includes-means.for

35 storing a carry bit determined by the adder, and the
serial subtractor includes means for storing a carry



-

bit determi'ned by the subtractor. 5. ".. The processor_of claim4, wherein
each carry bit storing means conprlses a dynamc | ogi c network conpr|5|ng a
first switch.for selectively connecti ng. 5 the deter lLﬂmm“
firstiLnhverter, a second i nugrter serially and sel ecﬂ‘Wmm)m o the
first inverter.by a second $w'tch, and aihird swifch forcsetectively

connectlng the second inverter to a carry input of the carry bit storing
neans' s respbiti detbindtiddibyadiny subtasadtedr subt ractor, and means for

actuating the sw tches bsst“-‘aml | | rono resentation of
bits to said respéctiv eﬁ gcea%&g 001?,/ g%’?’r"él ESU%}P%\%%%IOI SSR % e
processor of bdtaisthotingharezins ezmtlpmfsemei Idymamial lagdernatmos‘kr i al

subt ract or | B9 Vg@%ﬁ@gf&s ffl(%rsﬂ it 24w é@feéefg@f%xsnﬁ E:%na' ts to

pr edet er m ne processor of seri al

subtract ob c&igr mmmmw ibilt &rier BiesheiRverbererai BeEPNGg a
predet er m neqnQRs-tdr da-ilanay %?i&ﬂféél&ﬁ/?&é@f esRnE8tE 84 &e t;ne subt ract or
by the respective crisscross netvvor %_é J&f% E%géessog ngs
wherein the EaFEl HVieFtaFaRy sy s2rf }rgdﬁﬂFFc
subtractor i Fohru@dlectamay Qfoxﬁieﬂumg auh@@@aomrixyvérteandorraans for
storing a subtractor carr }thrrocessor ¢l ai mgereln each
carry bit st& r?’é’ﬂ’? esé’sar% T2 'ﬂ%?%rﬁ ESﬁB? T a
first smochsfemlaieladden/eiry samraelctsuhg;rﬁbtcbne, ranpeneans farry bit to a
first invert éa%ﬁnﬁ% S verter
and a second%s ‘?% se%e |ve s?/estr:d(%ér#eéci%l ng t egg%%ﬂ(;ﬁ%ﬂ:a%%% tgrllt
respective c&hﬁyRnﬂﬁﬁnta§ﬂ9nnﬁﬁnbﬁﬁﬁ Qﬂxﬁﬁﬁ¢rﬁF%P@P%MW@cﬁé§l§&bstant|aIIy

\PTc/hronouslgd\aetIho}SStetﬁaqr etiraldtyy of bits to the carry bit storing

rreans s respective conbined serial adder/suptractaor
P 6. The processor ofe cla:{)m 4, whereJ.n each of the

15 serial adder and serial subtractor includes means for

initializing the respective carry bits to predetermined
values.

7. The processor of claim 6, wherein the serial
subtractor compriseé a second serial adder and means

20 for inverting a prédetermined one of the two respective
values presented to the subtractor by the respective
‘criss-cross network.

8. The processor of claim 1, wherein the

_ calculating means comprises a combined serial adder/
Y, 25 subtractor including means for storing an adder carry
bit and means for storing a subtractor carry bit.

9. The processor of claim 8, wherein each carry
bit storing means comprises a dynamic logic network
comprising a -first switch for selectively connecting

30 the respective carry bit to a first inverter, a second
inverter seriaily connected to the first inverter, and
a second switch for selectively connecting the second
inverter to a respective carry input, and means for
actuating the switches substantially synchronously with

35 ' the presentation of bits to the carry bit storing
‘means’s respective combined serial adder/subtractor.



| 1111111 111111 11111 11111 11 1111 * ¢ 'L NTS‘"—‘*—IO—‘TﬁE—pTGCessor of ' .
claim8, wherein the conbined seri al adder/subtr ns for
initializing the adder carry bit to a first pred gquﬂ d nmeans

for initializing the 5 subtractor carry_bit to a ned . 5

val ue. 11. A processor for generating?a | sh transforn1 substantlally o

herein described wth reference to, and as shown in, the acconpanylng
dr awi ngs. 10. The processor of claim 8, whereln the

combined serial. adder/subtractor includes means for
initializing the adder carry bit to a flrSt
predetermined value and means for 1n1t1allzlng the"
5 subtractor carry. blt to a second . predetermlned value
1. A processor for generatlng a Walsh transform,_
substantially as herein described with reference to,f
and as shown in, the accompany1ng_draw1ngs.



