V\D 03/,028241 Crosstal k Equalization forlnput-Qutput Driver G rcu| ts

PcT[ US4272s i~ /2006 Field [ 0001] Enbodi nents of the present riﬂtégzrip&
relate to woemssy and nore 5 particularly, to crosstalk eqraAls 6
driver circuits. Background [0002] Capacitive and inductive coupling

bet ween transm ssio | gne L c signals propagati ng
in one transm ssion S tic signals
propagating in another transm ssion I|ne Th| S is often referred to 10 as
crosstal k. Transnission |ines are comyon. in conputer systens, where a chip
(dire) may comruni cate with anot her chF‘Bl via transm ssion |ines.. For

exanpl e, p@odljof a EAMAGIRALs oF S bRt Sve R el t&éitbuitd an BB CPU (Central

Process ng Uni 102 communi cates with chipset 104 via front side bus 106.
Chi pset I osrosgialinepuatization for &5 VERGIroHEs. conmuni cate with nenory via
menory bus 110, and has a port form%mdsatl ng with 15 graphics
processor 112 via graphics bus 114 pset 104 al so conprises a bridge for

“communi catPf@lt o ot fepaciize padhistuctive caupling b@wmttmomsswu ek avg ledime rol | er
116, via S red transm ssi on
e%fr&?% H§ si s aqré&g?o ii One trg'ns 159{1 el%ol Iéhg

i nes. [:0003 CroSs emi s bl " where a pul se
r epr esent ichegtramagnstje sigials’ ptbpzigsti[tgrinasothdrtmnhmsmuﬁrlin\%érhIQQchedﬂrdferr&ﬂsmﬁ ssi on

- line 4, an FRAV=]¢ dicates 20 a |l o "Q" not, .transmtting a
& gnaiton 2 Psdic BinshiiondRstRt St BcopPrEr Dyems AR R or o1
each trans:ailnﬁﬁmmﬁtewiﬂﬂanmtﬁer&:hm trétdhnissidn MheC ForeRathpIe RriHEY cBgpR&ge or  nore
pI anar conduct or rt of the transm ssion |ine structure ) The

f
cei ved SHmRE ﬁa‘?"g’r"geé% ete’ gre GRUr{Cgntral Progassing Unif) 4@2 compmytistestngtht he

kel ved BbibSeR 104k FraRSiHebub 246, Chipk& 189 domptiteSEmerharydRiflies 1 he recei ved
pul'se on trgnsm ssll on line 208, arllJB V\/nergemm, m ’g&gnd tS&are t hree

i nst ances SYPMpRiFEe iR MEAOBHVie memeryt by 119, 0ad bas an_@rtsfgr congnunigatipg withe ni dpoi nt
of puyse g&ﬂﬁcs F0eksiod 11Bvik h?apfu@é i)uso.lfl Q'Eﬂl ¢ F04Qso cHJngﬁs% 1,3,{,8&5{6 ts from

crosstal k, | S approxi mately the erl atlve of 004j If
pul ses 2 1@}3r@mmatmg borthey Ipﬁgpi@mlsasuobmmwnﬂc lﬁtegface'@mmi&r $Hmplesygemccur s

bus 118. The busses in Fig. 1 may considered transmission lines.

[0003] ‘The crosstalk problem is illustrated in Fig. 2, Whgre a pulse representing a
logical “1” is transmitted by driver 202 on transmission line 204; and driver 206 indicates
‘20 alogical “07 by not transmitting a signal on transmission line 208, (For simplicity, only
' one conductor for each transmission line is shown, but .-in practice there may be one or
more planar conductors forming part of the transmission line structure.) The received
_ pulses are depicted in Fig. 2, where pulse 210 depicts the received pulse on transmission
o ) | line 204, pulse 212 depicts the received pulse on transmission line 208, etnd where t;, 12,
" 25  _and ty are three instanc‘es of time for which ¢, is the rise of pu_lsc 210, & is the midpoint of
| pulse 210, aﬁ_d t3 is the fall of pulse 210. Pulse 212 results from crosstalk, and is
approximately the derivative of pulse 210. _
: 7[0004] If pulses 210 and 212 are aligned as shown in Fig. 2, and sampling ot;curs
at ta, then received pulse.212 on fransmission line-208 is correctly interpreted as a logidal
30 “0”. However, there may be timing jitter so that received pulse 212 may not be sampled at
. time t,, or there may be electrical length mismatch among transniiss_ions lines 204 and 208
so that the received puises are not aligned as indicated in Fig. 2. Consequently, pulse 212

may be sampled so that it is interpreted incorrectly as a logical “1”.
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at tt, then received pulse 212 on transmission line 208 is correctly '

interpreted as a logical 30 "0". However, there nmay be timng jitf, 3%
that recei waslopedssa 212 may not be sanpled at tine t2, or tm/ggu#gff;é )06

electrical length m smatch anong transm ssions |'ines 204 and 208 so that
t he received pul ses are not aligned as i.ndicated.in Fig. 2. n uently,
pul se 21210 be sérﬁP%s%%’alﬂ? ayit?keivgrlpt}ﬁpgly%?agfogas,istgloqslaggﬁlfl {}égrg a

logi cal” " Lmicrhst¥P. A3HrRAR2ALy Eifpriba trdde@Rtwder BaSplhfi0 Bskiudtors/ wieseds asi on | i ne
may take various physical florns, such as a stripli ng or. .a m.crostrip. A
'stri pl i ne migipsteipmpyicewprisetareaseadieaenide Rne Wanas candlsior Sgsal ey belRSr eas a

m crostri| ' ALLmAREE Bowkfor QR liRt ARG mofRahar . Crosstal k-
may be | e@g%g@?egﬁ‘%?ggtﬁg%e;tgr a gﬁsﬁg’f?ﬂﬁg tkI;aEﬁ)al m crolst ri gquowever,

st ri pl 5nesniemostripn Gongegeently, thtpnablemi of ctasstalk pisy bea semgoe Aoblgm ithe pr obl em of

crosstal k may be a conmmon. probl.em: o systens, especially as
- signaling® ‘éte'iﬁ'giiﬂél S\ e.CIaE}'lgse‘J?lgr&lslglfa?ep@?ﬂé%SQ%f the Drawi ngs [0006] Fig. 1
is a high-level diagram of BrigdractigionsoftheDrawipg3007] Fig. 2 depicts
crosstalk in transnission.lines. 10 [0Q08] Fig. L. s an enbodi nent for
crosstal kl i zatFign! Iﬁ@é&ﬁthY?a;diagmﬁan%echﬁ'Bﬁt%ﬂ%‘f’mbf the present
i nvent i ongodp9P09] Fig.2 depicks cRbsRIKIA tangissionflinas. f r act i onal | y- spaced,
mul ti-level driver._ Descri phléjon of Enbodj nent s t&%()%%digngﬂom ments of the
presend i HASRLI on rfigiyarrempriimeyt & crosslk qauaizatigns 88 ®yualizing the
transm ttgggw&gﬁ%f%p@esgﬁtiﬁvegﬂ@gndent fashion. This equalization involves
a mapping between data symbols and signal s transmtt,eld F1(ia,a_ set of
'éignsm ssI0989) i nes.FigHiis an emppsiiment ohy fpetiopalht wassdamplii-lgvehi¥Er of ways,
e.§., by a table | ook-up or Wl Hodi ine. [001x] An enbodi nent
enpl-oying a table | ook-up pr?ggedéﬁjrtigﬁi{fzhggpfi::ng% in Fig. 3. 201t is :
desired t [0ot0pnsni tEmbalznents ofthepresenisipvintips mitigatejthe-effepts of crostallg by
“transpission.lines 306, TN t Wik 4 atToh igvol , nNis
pr'es’eﬂ% ede‘l‘@h?la%ﬁ’?t?fisémggd }ghﬁsegg“dz} ggst%&q)g@eﬁtﬁ rfis Squaliza vesar

‘mapping between data symbols and signals transmitted on a set of transmission lines. This

mapping may be performed in a number of ways, e.g., by a table look-up or a finite state

machine. 7 | . _
[0011] An embodiment employing a table look-up procedure is depicted in Fig. 3.

20 Tt is desired to transmit a set of 7z data symbols 4,,/=12,..., 1 over n transmission lines

| 3@6. The set of n data symbols d,,i=12,...,n is presented to table 302 as an address. If
these data symbols are bits, which is the usual case, then the address space is 2". For each

- address, table 302 provides » words to # drivers 304, one word to each driver. These n

" “j E words may not all be distinct. A word provided fo a driver comprises a set of parameters

| 25  that are mapped by the driver to a signal. In F ig. 3, these 1 signals are denoted as

| x,, i=12,...,in.Each of n receivers 308 makes a decision based upon a received signal
o the transmission line to which it is connected so as to provide an estimate of 2 data

symbol. The estimated data symbols are denoted by c?,., i=L2,...,n. |
[0012] The combination of table 302 and drivers may be viewe_d as mapping a set

"30-. of data symbols d,,i=12,...,7 to a set of transmit signals. This mapping is chosen such.
that the receivers provide the correct estimates d, =d, forall i in the ideal noiseless case.
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these data symbols are bits, which is the usual case, then the address
space is 2". For each address tabl e 302 provides n words to 5@236/3\006

304, one. Wyghdpgagch driver. These n  words may not all bq,cqy[g%i
word provided to a driver conprises a set of paraneters 25 that are napped

by the driver to a signal. In Fig.. 3, these 'n sjgnals are gnnoted as X,, |
=1, 2, ... This maBpiof derends upere the (rensinisin charelerisic i T asmESeR 1i%non a

recei ved B0 aORBuliy LA, RAR 8 nxgﬁcinlvefh%uﬁlﬁl £ 8o ib thsua@RAGEed SO as to

provi de a The estimated data synbols are
denot ed b@ndhlso dcpe;ﬂ:lsuﬁqnthewpmofr[%@m?ﬂsmsﬂﬂonbl nation of table 302 and

drivers. nmpy he viewed as%ea& WB%‘%EBOSU%%JHJ pglgtlﬁ)ta?i)bm&t iftrdducelh 2,

}ji to as transheV chosen such that the
I ecei VI sSiifpeyd e rdctieers have edn desiphatibsuels thelfa recediyed fsignaldiaving the Founigd i deal
noi sel ess case. WO 03/028241 171Q3/2.006 PCT/ US02/ %Eéé Thi s mappi ng
depends u@mfmmw;(ﬁmwdmﬁo&lhaﬁmt%ﬂ: st -dr @famd’ife ion |ines,

~takinginto account capagi, d inductive olt n the '
transm ssPassin shaped H’%?P&ﬁtdﬁ ﬁagor%%ca? Qe rﬁfﬁ l%éi{r;%ce?%?ﬁB% chosen.
[0013] - Toj,px \ﬁhg'?eceﬂeﬁémmgfc@r“wmlam iftheBppitge ofmemgmed s first
|ntroduce3 ppose the receivers hav ‘ge, 9 %5% g% such, thal a received
si gnal hawntlplglﬁm‘éatﬂdhﬁﬂsémﬂ%ﬁh@lfj&ﬁﬁﬁ%’ 0™ 5o G PEETVRT- 0 L € est i mat e d;
= 4. 1o FOLG4RAGRL, %t B ff:)eénowe hedilnbkdidnhi coﬁﬂmﬁlvecfoﬁ)ﬁfitﬂhomﬁéﬂcﬂﬂ ) denote the

i *n transmeselon 11 ne. note the Fourier transformof the signal as it |s

transmttl;yt :K qdryyen. . on.transmssion line 1(i) as X (f) I =1, 2,
and - denote " the Four'i er transfogmof the signal as it s e| vg&ﬁg '
r.ekei ver [0014]r ansniLssi(dnien@e theneansanision lingt @(’ﬂe)thecfé’r‘llb‘ﬁre“ nsi onal

colum vector with conponents, Gaussi an.shape "1" _and zer.o
for a | ogigral asipis trapsig ?W%‘i’?@ﬁ%@ws‘ﬂgﬁaﬁ )ﬁt‘gétfg‘tg ?1’32 ré%elger so t hat

- alogical "1" is. dec]
L0t o dene R Gl e S a0l G Bl ) e PR Ridosiil put 1S

s decl ared ot herw se. For

latery515 flenvgy Ias(yl(y) 2s1,Y,...(#) Led XE4) déhotean n ﬁlmdnmbnakcommndeﬁ@lt@ﬂan n
di mensi onal - col unn vector w th conponents [ X(f )], X, (f), i, =1, n

and | et %Hpoﬂl@im)[vf( fah =Y dyhenrd. omlandhalt &i4r) denote an n » dimensional column’
vector with components [Y(Hl: =Y,(f), i=]
- [0015] Suppose the input-output relationship of the transmission lines is linear and
| tim_é-invariant so that it may be accurately modeled as Y(f} = H _U’)X (f) , where H(f)
20" is a full rank # by » matrix. Then the mapping whereby the set of data symbols

d,,i=12,...,n is mapped into the # dimensional column vector of transmit signals
j - having Fourier transform vector X (/) given by X(f) = H(f)" D(f) provides the.
- " proper data-dependent equalization such that the receivers obtain the correct estimates of

‘ the transmitted data symbols
25 [0016]) Whether or not the set of. transmission lines has a linear, tlme-mvanant

" transfer function matrix H(f), the mapping from data symbols to transmitted 51gnals may

be obtained by analysis or measurement. The above model merely serves to show a

method for providing the mapping. If the transfer function matrix & (f) is an accurate.
model; it may be found experimentally by transmitting impulses and measuring the

30 frequency spectrum of the received signals. For example, the component [H{f)],, ofthe
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ile,ctor ,with.corrponents [Y(f)I; =Y (f ), i =1, ..., n . [0015] Suppose the

| nput-output relationship of the transmssion lines is linear a ' '
“time-i nvarwansnggsi hat it may be accurately nodel ed as Y(f);:ﬁ/ﬂﬁ%%)_/@%}{%o,OG

~where H(f) 20 is a full rank n by n matrix. Then the mappi ng whereby the
set of data ol s proper t a- dependent..equal.i zati on.-.such f. the
recei ver str%f%g‘ﬁ"tﬂ% “rséléetdﬁ%’ﬂ Sﬁgm %théﬁlﬂ%ulﬁerrgsr?g?ﬁet‘)?é “Sgg% Hlsynt)ol s. d;
. 1 =1, 2, kine i(¥) vitien BRRRRe id s dondanRiSicaniat /CH|. Cinseqeaitiyra of transm t

signals having Fourier transformvector X (f) given by X(f) = H(f) ' D(f)
provi des speeirbaraledrappiistde hach receiving endieéths srnspfissiqndinedrivben nmpilies has a

l'i near, tinpe-in i I ef,~f ' . ' t he mapping from
dat a syrrb’SItrgn?%%{ﬁo&ﬁ@rﬁl?%%@{@?egﬁgl%%gﬁn%%}s%%dmgael{]%togi(%@'by anaPSsig or '
measurenepb17]The aloysctidBdRd spabd 6f posssle wasmited Sipass & finie] foahatboen iPr ovi di ng

the mapping, if the transfer function matrix H( eﬁ’)i S an acc,u:ééfg . nodel ,
it may bethe stiabitransmissipriingsdes thepipear, imewvananhiganstp finsiten magx @ring the

3] O e o o L EPLE s Braesa. | TSR BT Ot 1 5.

~is the F ' ' | . : Hasd 1l | 1 ne 1(i
e M Al RS ERSSIF AR B 1)

spect r um Quessuytzembosipgnt efk fartionally-specd] miltidevehdtivst istginentin Higsfri ssi on | i nes

| when an i se istransmtted on transni Sgi d nes 1 (G vigdes the j"'

“colu of[H&téh). [0 ""F’n"%ﬁ%{g‘t?"é‘&r‘s Pty BFas “"6’5%"‘;‘ pMOSHERAES | NS

ISi gnal s ivehefd thi pate volrgdsiund depbved frofn thé werdpedvidefl by tablsItizgs ideterniniths has t he

l.iynear, tine-jnyarjant transfer function trix f), onl approxi mati on

Lo H(f )‘Paﬂiﬁt“ﬂs stgrel %F‘&?&Feawé%ﬁﬂfh‘@%ﬁ%g@: 4. ge*esvi%aes&&é@ﬁ% real i zed by

~fraction - | [ | We. A | j1Bhie vol tage
4 A R BRE Bl kohfiBark 1 71E) OOHBE B ik ¥ Seford 18 Vil Wiffliehid phi g

| evel s. - suc fractionally-spaced, nulti-level driver
i's given shdtieiigiex 4. is 3 GinfeQRde] FIthRasipleVBe diffbreftial paid canprisingyddOSFBTsur al i ty of
differential pMOSFET pairs, where the gate voltages are derived fromthe
wor d 11 oDk dnd¥02Bdibs, eespeivelyothd gpisrvaitages 418 and its complex conjugate

. b,(j) - In the embodiment of Fig. 4, there are m differential pairs, each differential pair i

with a current source to provide bias current I, . For example, the first differential pair
Acomprising pMOSFETS 402A and 402B has current source 404 to provide a bias current
1.
20 - [0019] Without loss of generality; the current sources may be chosen such that
I, <1I,,. Loads 406A and 406B represent the loading due to transmissi.on lines. That is,
J " nodes 408A and 408B are connected to transmission lines for the case of differential
” | signaling. If single-ended signaling is employed, then only one node, say node 408B, is |
pbnnected to a transmission .l-ine. The range _of index j détenﬁines the number of discrete
25 . valuesa particular signal assumes over its period, and may be considered the number of
{ractional time intervals in a period. For e):(anﬁple, if J r&ns from 1 to k, then the'signai
provided at node 408B, and perhaps node 408A if differential signaling is employed, takes
on k discrete values over its period. Letting T denote the period of the transinit‘ted signal, | .‘
for the fractional period of time [(j — 1)(T'/ k), j(T/k)} where 1< j <k, the gate voltages . - ’_‘ |
30 are b,(j),i=L....,m,and also B,(j),i =1,...,m if differential signaling is employed. The
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,ba,rticul ar signal transmtted by the driver. In Fig. 4, the gate voltages

are denoted by b, (j) and its conplex conjugate b, (j) , where the, | [
refers to thgosidsbarential pair and the index j is a tine pmu@sizﬁéﬁ?s)ém’-
exanple, the differential pair conprising pMOSFETs 15 402A and 402B has,
respectively, the gate voltages b, (j) and.its copplex copj b, (j)
| Fhe. enust gwnidegpy fbls 308 Fhinemabaieni iy s SrERGTIogr s Rabit
differenti e sidna]s'¥ | SHULE @ id Rtapmbicl 8 taichsiceofbimnt |, . For
exanple, t go#g?)?i%léng}smgzﬁe?g[tﬁﬁgﬂ? coéfrpri Si ng IPE/%FE S 482A and 402B has.
current  scurrens, dgmumberotsificrential paitssthe pymbsnpf fractionab mteryals of eyt | oss of
generality he : tchbsento | » +t . Loads
406A and. dﬁ'&%}}ﬁpﬁ ﬁ%‘?fég@{ﬁfC%t?’ Ifl{eh%%%taeg{a ﬁaggté gl}g&??@@gﬁg&nés@on lines. That is,
nodes 408/Appdinh@aRe destred parsemittsighal, forexamplerh gensgiit signabwith 5pUihe case of
differential signaling. If single-ended signaling is enployed, then only
ene node, t@&@%%ﬁf 6@%2’” s connected to a transm ssion |ine. The range of
index j d I nes ',EHH&% ' 818sed Adnidedinicats hathowi gnal
assunes. ojhﬁoﬁnts petr‘)i%gla, an ﬁ‘%&nﬂgﬁﬁﬁﬁgﬁﬁ%he nunber. of fractional
time i nterdepirting from theecopeaf thednvemiamas cdaimed bejovr. Fasepmgle, forseM& . t hen t he
signal provided at node 408B,.an r ' 1Lyl enti al _
si'gnal i ng Ogﬁﬁw&fe@flgts ?ﬁee%ladhénnqﬁa}ﬂjﬁse@?@? %ﬁggﬁaﬁ%&dekruﬂagﬁg{eri od. Letting
T denqgipe tasvideahé wekdoprovided to thedrivdrt.ed signal, for the fractional period
of time [(j -1)(T I k), j(T 1 Kk)] where 1 <j:5 k, the gate voltages 30 are-
b, (j), 111, , ., m,. and also b, (j), i =1,..., inif differential
sisgnaling is enployed. The 4 R WD 03/028241 PCT/ US10?// 842/ 2006 word
‘priovi ded by table 302 for the enbodinent of Fig. 4 is of dinension MK . The
- space of possible signals synthesize by the driver of Fig. 4 is determ ned
by the choice of bias currents, the nunber of differential pairs, the
nunber of fractional intervals of the period, and the particular choice of
the gate voltages. These paraneters may be chosen to 5 approxi mate the
~-desired transmt signal, for exanple, a transnmt signal with Fourier.
transform H(f)-' D(f) ' :




[ 00201 Various nodifications my be made to the disclosed enbodi nents

W thout departing fromthe scope ¢f the invention as clainmed bel ow. For
exanple, for some enbodinents, a finite state nachine may be enpl oyed
instead of a | ook-up table to 10 provide the words provi ded §pszhde drivers.
6 WhaivhkSs ehifeRd iS: 17.3.06 1. An apparatus to conmunicate a set of data
symbol s d(i) where i=1, ... , n, where nis a positive integer greater
than ore,apbéretusppamedutisate @B df S4tA gymisdlsSiy whdre 1=1aNS h S¥heRM ik b PEskivk (idgeher e
i =1, greater, tham onafibe epdaraursooipesian | ine | (1) pr opagates a signal x(i) for

i =1, ,N; a set of receivers r(i) where i=1, ., h, wherein receiver
r(| ) 7 setobianemisaien lines ) whereidsi -onn.vihees tr_ta@smmt@ line d(B ipwpagatdse signgini) foxiett,) f or
each 1*1” n, a set of drivers t(|) where i=1, . . n, mhere drlver
t(i) nqg%r ﬁ tr?nsnlsS|on l'i ne ?L% to transmit the gﬁ

for e%gﬁ 1) ot gwl,_efe By and" 4" RSB Ve e P RE e Brreptmissiandng dP“se’V&(l )
to the sF ?}3 "f' *1 C n, wherein for each i=1, , n, x(|)
is a ééﬁi%fdrﬂ&sﬁf) whbrey=1and ﬁtwﬂe?@&Reﬂnﬁs dhedt to{%n{?‘n %Yﬂ?ﬁ.ﬁ@l&a t(c))ftr%{\ RaRd 1=

: , sidhal ¥(BRba@N=1 (I ) nPrfavi des an estinate o ase fie 'si nal
x(1) 1 ndependently of x(j) for j;4. 2. The apparatus as set forth in clal m

1, whemepper tohneaptbegget of dacngymibsie 8(i) tathealhals e n=el, N. .t Rewiepd @r &dchi=2S. WK ds

addr ed8 @ fytiorhe dilandet ledeioae €j)idsg¥s, wherein for each i=1, ... , n, the
driver t(l transnlts the signal x(i) in response to a word stored in the
t abl é"’he@" %ﬂar at Bbd e@yegg@ pwﬁqsranueﬁtlmtapfrﬁmbaamem the signal xtdpper
corrpr'i‘%eggndeﬁt %9 HYX'¥ I8t at e machi ne, wherein the finite state machine in

wher e

res poaﬂt%ﬁe LibhebinRé %ble%toréghﬁor@s%we@géé%y% Bbs dhls ggbélg mﬁﬁlen%\n%rgeafmp?r ein, the

set  Qhe drivaNE TBSh& e SIBRS xf)In SMSdRsd Btwdrd &&%mrﬁ ¢ 2Bie! !ne j an’i has
capacitive coupling with another transm ssion |ine wher e Pf. 5. A

CONpLE Ehe pata@as sapiorirsh bigim B whedeinafic ha@estongsiban | | nes (1) wher e i=1,
, N, where transmssion line I(i) propagates a signal x(i) for i=1,
afinite state machine, wherein the finite state machine in response the set of data symbols provides words
to the set of drivers, wherein for each i=1, . . ., n driver t(i) transmits the signal x(i) in response to a word.

22000y S e 0 MR i i | © 1S 570,00 O T

4. The apparatus as set forth in claim 1, wherein the set of transmission lines is such that transmission line
I(i} for an i has capacitive coupling with another transmission line I(j) where j .

5. A computer system comprising:

a set of transmission lines I{i) where i=1, . .., n, where transmission line I{i) propagates a signal x(i) for i=1,
..., n;where nis a positive integer greater than one,

a first die comprising:

a set of drivers (i) where i=1, . . ., n, where driver t(i} is connected to transmission line Ki) to transmit the
signal x{i} for each i=1, . . ., n;
a mapper to map a set of data symbols d(i) to the signals x(i) for i=1, . . ., n, wherein for each i=1, . . ., n,

x(i) is a function of d(i} and at least one d(j} for j #; and

a second die, the first die connected to the second die by the set of transmission lines, the first die to
communicate the set of data symbols d(i) where i=1, . . ., n to the second die, the second die comprising:

a set of receivers r(i) where i=1, . . ., n, wherein receiver r(i) is connected to transmission line Ki) to receive
the signal x(i) foreach i=1, ..., n;

wherein for each i=1, . N, receiver r(l) provides an estimate of d(i) based upon the signal x{i)
independently of x(j) for J #




, N; where nis a positive integer greater than one, a first die

conprising: a set of drivers t(i) where i=1, . . . , n, mher g ver t(i)
is connected to transmission line 1(i) to transmt the S|gnaT %I) for
each i=1, ... , n; a nmapper to map a s of data synbols d(i) to the
signal s x(|) for i=1, n, wherein for each i=1, , N, x(i) is a

fUﬂCtGOFhle)péﬂéths)asaéédfoﬁﬁ m'cﬁﬂfﬁ%  VRsifhk Inab@dr chmpise@nd a second die, the first
di e connected to the second die by the set of transmission |ines, the first

di e t atableowhaein Cettabld hieres @brdbddiased BMAD St 3 gHid JymbbIe) ehereiilfor each i=1, ,. .Mnt O
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