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The present invention relﬂﬁ%dLQngﬁﬁaﬁbmﬁ\@}'Fﬁ?{%m cating digital data,
I ng

and in particular to nechani’ sns comunica ital data in an

el ectromagneti cal | y-@oepReOMRENENEWE NY-BotiprEn BOSisysENit al el ectronics
systens, such as conputers, nust nove data anong their conponent devices at

increasing rates to take fuII advant age of the higher spe t hese
, conponent devi ces operate. For exarrB a conputer may mj mmw lmm ’IIm)re
processors that operate at frdiplated efsnbﬁipldlcgtlglEGhertz J;Bs
ndW| dt h

data t hroughput_aqf these Qcessors, out stri dat a .del.i ver
. of conveénti onalTlE@B?t"éﬁéplﬂi}ag‘?’b‘ﬁPFP‘?}QH?“%’F Qgﬁgft{?gh}l) @e’HMBL@ﬁQHg

mtigated ty oYy lold A tain fr uently
used data Sy Cra e dtetlbT kP 3BteERL P Run R T B R BAE Tt 8
archi tectugfeygcan | eave a processor under-utilized. Simlar problens arise
in any digital system such as comuni cati on networks, routers, backpl anes,
I/ O buses, portable device interfaces, etc., in which data nust be
transferred anong devi ces t hat operate at ever hi gher frequencies. 15 20
The digital bandw dth (BW of Backgyawedefdhe Inyentietannel may be represent ed
a8 o0 {12/ M aRel ricd " tilhdserdt HRER i e FoindBanibiL Rr cSimlyBodllE

frequency at AARne
nunber of S Rer clo cl.e. nbol density").

d per (8]
Channel re §|"t§ldta dgh ialglcﬁl% o mf%mls R ca"’quhcaﬁ%(%dlgltél "84 board trace
in single ed si 5 the two corrplerrentarytraces in differential
si gnal i ng.elﬁ'gron}fgf‘%lﬂaaﬁ%ifg{’r?&dbﬂé?@gemsystem Fs is on the order of 200 M-Iz,
Ns is one, and the bus width (nunber of channels) is 32, which provides a

bus data rate oBadkg®tnd A& Digieal glegidics Sy spis, eeﬁ@mebm;ﬁmsgemsi ol dast r at egi es
for inproving BWhave focused on increasing one or both of the paraneters

Fs and Ns. ahloWeuer cofes: Raka R iiRidasit@nilto RRe fullddeatad otktemgler 10 1imt.
For exanple, a bus trace behaves like a transm ssion line for frequencies

at whi gh speeds at which these component devices operate. For example, a computer may include

184

one or more processors that operate at frequencies of a gigahertz (GHz) or more. The data
throughput of these processors outstrips the data delivery bandwidth of conventional
systems by significant margins. This discrepancy is mitigated somewhat by intelligent
caching of data to maintain frequently used data on the processor chip. However, even the
20  best caching architecture can leave a processor under-utilized. Similar problems arise in
any digital system, such as communication networks, routers, backplanes, 1/0 buses,
portable device interfaces, etc., in which data must be transferred among devices that

operate at ever higher frequencies.

The digital bandwidth (BW) of a communication channel may be represented as:
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t he signal wavel ength becones conparable to the bus dinensions. In this
hi gh frequency reginme, the electrical properties of the bus nust be
careful | wownaged. This is particularly true in standard PETUBUGKB bus
systens, which include three or nore devices that are electrically
connected to each bus trace through parallel stubs. The connections can
create 15 discontinuities in the tB éFpredance, whi ch scatter high
frequency signals. Interference between scattered and unscattered signals

can significantly reduce sion A2k bk hitchR o Mee! AmiNyiotiee can be
reduced t Hftu h‘SX}Erfgequ?"C? ﬁfp‘glggllﬁ?@%rmt c%irng of the system conponents.

However, i npedance mat chi requi " I ONCRaRpIaBRAE S, which
i ncreas es1lwnéer&§§tt§tf%}m4?338‘ Sé’g’g’f) L‘%’E N fopﬁc%&gﬁﬁ %S{l%b%q ??Siﬁyngedance

di scontinuities, 20 connectiopns.to bu X Ab18 On Rl sRAAIINEGFt €M
per f or man&®2 B3l Qfﬁo@ﬁ‘ﬁﬁ‘é?tfoﬁn@é?xa&’p%%l[ gﬁﬁae%ﬁﬁésll ow sisgﬁa;@pr opagati on

. speed and | ower the trace inpedance,. which T ' <SSy sl Yer
Ci rcui Bs \ﬁhqwmﬁ'e}p&a“seéa%t&%%mg‘gﬁ"é igling Ygma sty By RSt I | 50870

Comput er systens based on RAMBUSTM R tec neps esent

anot her apperothe lardes o QYME R MNsds %‘?egﬁ‘%%‘gs ‘%%W@géag%@g%@,l dévices are
nmount ed on daughter cards, which are conne%t ed in sgri es with the bus

t hrough costitlyprovidesw bug datarain eblessd heEHLOYSRE FHPEdance- mat ched seri es
connections elimnate the inpedance discontinuities of parallel stubs, but
the signal pat - 8LSE EAGNind DV Shd @ltussd ondiicissing oe edsitng it s

| ength. I n addi 0irl’qck;érjhfnoH}lg“ﬁ?@ferenj'gbldauéghter card conponents nust be

i npedance nat ched 10 each ot hek, ABd AL FRRIAS LGS beandedshbwitanasi t i ¢
capaci t anc §eo‘?a'?1ﬂeet%ré%ﬁ%{rzrlp%h2ﬁ{ws, all E%? whi ch touch some portion of the

bus, further affect the si LR ReRdine ifsHTRdaaeRs adwhivier si ze,
and po%@erhl&ﬂ‘gs??)‘aetxf“&}ﬁg’ alﬂgg'ggée e?‘é%tggﬂt@%algen 10 tglget her seriously constrain

the total nunmber of compenents (ol B GRPASdlNensihatnaanhipriipqweed on one
bus. Yet ahpeigad! ‘&VF‘&?%E@“P%‘FS %Cé]géale%gtﬁg the fr elcs]luency limts of

conventional  bus systeng is to I | in8hRa! ThiEad pSanest i on
bet ween a KEWS HEE CHWSF%O msggﬁ%bgﬁﬁgﬁm?ﬁ%id;@gtl}a e@g. elect romagneti c,
coupling. For_ exanple, U.S. Patent No,. Hd $GARS Gt #eSYyst em t hat
enpl oys el &8¢ Mﬁ&éﬁét"i“ﬂ“‘é@ﬂBP%?@E”’W@W%B&%? ¢ g’?geaok%el ectr omagnefi c coupl er

on the trace inpedance depends strongly on th aet | Oftiond GRakeagnergy it
transfers bleetiedly qot‘%“??@G‘b?ﬁchgu%tbar?ﬁglﬂ'tg%ﬁhsp,mal”.e es.t&blrst EB%:‘(S)H&BI i'ng coeificient. A

coupl er having a large coupling coefficient .andio t f&ls a large
fractiam oflisconsingitighil thetimep gypq%ﬁn@a ‘|°€§°a?‘8‘ tl'é]}sé%uglﬁ)cgirg%ngl& glzé\ﬁl*%ce.c Lar ge
energy transfers can degrade the 20 continuity of the. hpedphce as
much as st acMPldSQaml'é@@ndéI"é@ftF'ieéé‘lg“?:lﬁi:ﬁ‘i’esé&“i‘tﬁ)%ét.ly pfﬁ‘écf%l g%ﬂg asbgﬁgt tenuate the
signal energy rapidly, and on nultij-drop, buses, little.s] energy may be
avai | abl e toultimginoiss carHstrediced ‘1‘1&?**6%@?"6%‘?6%&??1‘5&93%% Ogg{ﬁg’g%lfmm t he ot her
hand, coupling coefficients that are too sl I1 or Ie{r.},gt po%ctotﬁﬁgne [e too
short resulcbmipondntwHeiwgmer intpgdanse giatchingireairgs e Hr HEUTE PRO5ddi tion, the

€es.
coupling coefficient is very sensitive to the WO 02/0879%8 itie
PCT/ USI | | / SBdAfincrehses the@ossoithise Axstasts. t1haddidandp iRBR ST "ar i at i ons
in the relative positions can increase noi se on thg bus trace or reduce the
t r ansf esyr edbogh@@rians to dlstraceemeyalsoafest sistehl ReriqEINES BE G RE*YE Fhet her t he
di stance decreases or increases, respectively. ) .

Capacitance can slow signal propagation speed and lower the trace impedance, which may

require larger driver circuits with increased power consumption.



Practical BWIlimts are also created by interactions between the BW
paraneters, particularly at high frequencies. For exanple, the greater self
i nduced wa ®asaegoci ated wi th hi gh frequency signaling |iPETYSHIFESTY
reliability with which signals can be resolved. This l[imts the opportunity
for enpl oying higher synbol densities. Nbdulation techni %r%s have tbeen

enpl oyed in somemgitgi dystems Yasee ns RAMBHED RR M RPRIAMpeheo|agy LREH"
transmtted synbol, thereby increasing Ns. Use of these techn&' ues 1o has
been | ar gghyihbi dppilogsh tb ®ighapeed-signalieg. ritor thesrypiew aitde HiReS S NEHRS %brti cularly
at high signaling frequencies. Because of their higher data densjtjes,
encoded syghalts 88, WfcH & tathbyted pseticsodtiothe husithrongl egstivsdieltly Bfehes se
.environnents. Transm ssion line effects Iimt the use of nodul ation in high
frequency Wé.cﬁkihﬂﬂ&m&ﬁﬁ@t@h@ﬂ seples conmctioris-etimpptesthe ipedAReAt s.  For

exanpl e, M based systens may use four voltage levels (called 15 QRSL)

-10 | nere as(ﬁscrg?tiﬁtﬂiets\ﬁ@parm QuBIBhaRs iyl pahl muat tiavers¢ earhbf thadeughisdul at i on or
ot her schenes) i1s precluded by the noise environnment. The present invention

addresses these an Lotth SR UA GBS SRCAi Atk daiiHiercaniriomposdnisonustbe dat a i n
digital el B 1c[)lrcltl%ecl: lﬁgspglr%. 55 Brief Description of the Drawi ngs The

present inyention Qehe\Whilclolf MdaRe pardsitictdagaditahdeswf ng
dr awi ngs, Wpeﬂ?ﬂcﬁﬂgﬁhﬁ%gﬁﬁﬁﬁ?tggaﬁ U ndi cat ed byﬁiike nunbers. These

drawi ngs are provided to ill aedned RS diiRA b Fecd thetstp@alpr esent
i nvention 4R CQFE’O’?%‘%’ ?ﬁr)l?tle%lldéﬁlto{hgﬂ ﬁn%%to the scope of the invention. WO

02/ Us57928 PCT/ USI | 1/s0879 Fi ga.d1. L PLAGH ddkiBicaaMTatsexfleemakad i onal
muf t i -dropplﬁﬂégag%?péﬁqs’t"ﬂg?darécﬁp lé\gleéglz?’ggtkonagne] ic couplers. Fig. 2Ais a

bl ock di agram of an el ectromagnet.i cally- k¢ By ) bs cayist em i n
accor ddfc e fagrthar %CH%USBrC@g%tFﬁ‘“”&%\t/%%ltnﬁ%r? o %%%Hgélﬁgtéqﬂﬁugcﬁ{agﬁz di ;gr am

representing the electrical properties of one enbodi nent of the
el ect ronagnbt:ﬁ‘v(b@l‘?“?b%upl ed bus systemof Fig. 2A. Figs. 3A - 3E represent
enbodi nents of the el ectromagnetic coupler of Figs. 2A and 2B, and their
use in nufti-drQp AumessSteeybor aliigssing thafrequsndydimitsiof coysptéanehtust i on of a
synbol that represents nmultiple bits of data 1o through various nodul ati on
techni ques J highs Rirepid @B liect Octsst cvirkbtidnttetvper s &nt tricawadhe fefice With

an indirect, e.g. electromagnetic, coupling. For example, U.S. Patent No. 5,638,402

15 discloses a system that employs electromagnetic couplers. The impact of an

electromagnetic coupler on the trace impedance depends strongly on the fraction of signal

energy it transfers between its coupling components, i.e. its coupling coefficient. A

coupler having a large coupling coefficient and/or length transfers a large fraction of the

signal energy it samples to its associated device. Large energy transfers can degrade the

20  continuity of the trace impedance as much as standard direct electrical connections. They
can also attenuate the signal energy rapidly, and on multi-drop buses, little signal energy
may be available to devices that are farther from the signal source. On the other hand,

. ] ] . . to
coupling coefficients that are too small or lengths that are too short result in low signal

noise ratios at the devices. In addition, the coupling coefficient is very sensitive to the



Figs. 5A and 5B are bl ock diagranms of enbodinents of an interface that is
suitable for use with the present invention. Fig. 6 is a bl ock diagram of
one enbodionents7e8 a transcei ver nodul e to encode and decobEl/bBR41E0§7%
anplitude, pul se-wi dth, and phase .nodul ation. 15 Figs. 7A-7D are circuit

di agrans for various conponents of one enbodinent of the transmtter of
Fig. 6. Fiegsive Bésitins loémeeevqﬂhlgs@gMFEtS-aValvﬁﬁ'roi“ﬁ)li'stl1%'fe§fé‘(¥§p?ﬂ'tm&%\tcﬁn

transm ssion for one enbodi nent of bus system 200. Figs. 9A- are circuit
di agr ans f,preadaicise s thotRoREntsedite tadransfyoud et rebtivaoren s S er that s
suitable for use with the present invention. Fig. 10 is a block diagram
represent g cGaldgs ahb@er @é distnde detrases ot isueasehirespecsiveliise with the
_present invention. Fig. 11 is a frequency response plot of an enbodi nent of
t he conmuni cati on channel  of bus system . ters,

PCT/ US01/ 5U879Pmeiotl BAIIBES ¥F iaE‘B FYS%‘G‘%EY {‘%eggﬁ“r?\gﬁe%et“y%gr‘?q%%w% ?dl%%w ng
.discussion sets forth nunmerous specific detajls. i i : ough
under stsandiitigulafly atHugh f‘i%‘ﬁ‘ﬁ‘i‘ﬁnfo‘ﬁﬁi\ﬂg\? r the 153 eles%# ﬁ%ﬁi?ﬁ%ﬁas Cltleplafl n the

art,, having the benefit of this disclasure i1l .a iat. t the

i nvent i on withyhighefresugney $eagling ‘t“ﬁ@ﬁfge fq‘i‘é@ﬁtys‘?ﬁ‘gb%]ld&s‘é%ﬁ%%ﬁg ?H%%Rg%di tion,
various wel | -known net hods, procedures, conponent. and circuits have not
been descrﬁhbﬂdniitsrthdepmrﬂllﬂilmfoéF@E‘PY‘P%“@?&é’@f’ﬂ%ﬁf‘ﬁ@n on the features of the
present invention. The present invention supports. hil%h bantd\(c\nilgotdg

communi cat i on Byoduiavien tichijques havecsezpmplayady i SOy BRIHREYPEGTERCY and

encodi ng nechani sms enployed to transfer data. A system.in aclcordance wth
the. presapiltiplobanii anh rachitdsyabelaharcehmareating NocHse BespREMHEYi ng
substantially uniformelectrical properties for transferri B’g ﬁ{ggnal S anong
devi cegy t hat badndaigolyinsidtihpainigh-poine catamuniedtion SesiemsT RETIEHAA e8I ect ri cal
properties are supported by an el ectromagnetic coupling schene that allows
hi gher freguaneyfisq@nebs. MREchite bEthdiB highgl detpatgnsifieshengedast symbels eapde y

i ncreasing noise attributable to transmssion line effects. The schene

enpl oys bal.AnaeeksGvassHlp FRGREIME lovonKeensirammgptsoTiraiemission 47 €1iSgnal
transfer between the communi cation channel and the devices w thout

si gni fi cangly jiJ{RAGE BGulkis ih AREdeaeRcptormenicaivny srceipllom AN . The
resulting cleaner noise environment allows greater flexibility in selecting
an encodi n&v?n%plﬁgﬁts.t Porre?(%ﬁl%,e[@bﬂhﬁba@éd &stems may use four voltage levels (called

15 QRSL) to increase Ns to two. More aggressive modulation (amplitude modulation or
other schemes) is precluded by the noise environment.

The present invention addresses these and other issues associated with

communication of data in digital electronic systems.

20 Brief Description of the Drawings

The present invention may be understood with reference to the following drawings,

in which like elements are indicated by like numbers. These drawings are provided to

illustrate selected embodiments of the present invention and are not intended to limit the

scope of the invention.



For one enbodi nent of the invention, a bal anced el ectronmagnetic coupler

i ncludes first and second coupl er conponents separated by a dielectric
medi um awd draxtgrg a coupling coefficient in a specified regEESIIA819east one
of the coupl er conponents has a geonetry that reduces the sensitivity of
the coupling coefficient to variations in the relative positioning of the
coupl i ng conpangntisa bibbie diagiagt df aabntdntormbmpltiedroprhys HEgem tRgHEIPIPYE 7928

PCT/ USU1/ 5f 1879 sel ected to provide sufficient signal energy transfer

w t hout Ij:lg“oilﬂ}%ngﬁla%oﬁy@g_em bandwi dt h. For another enbodi nent of the

i nvention, ciew es transfer data to and froma multi-drop bus through

el ectromagnet i g, COURl @icuk ditgidhe oPanSsdcasimeghetiatiyicatplehmybikdraebuss The
_electromagnetic couplers allow the devices to sanple a relatively snall
portion of_ fthe. si chiNfveRtisn. Which mitigates the inpact of the
devi ces oﬁysieﬁl mealc%)cq rnfggﬁﬁg%oﬂggrti es of the bus. The nodul ati on schenes
_enpl oyed are sel ected Y eciRASHrbpertidstoiosaiscepti bility to
inter and intra®s r’rﬁ’&‘lbtklg)crlf'?fzEl ergeﬁﬁzég&}tﬁg?%ce&i npe?an%:ee envi ronnent provi ded

by Lhe e et aIaane Al o GONALAD. ANLERR vddh B Big 341 5 2 bl ock i agram

represent i® _ ties of a nulti-drop bus system|00.

>t T20(n) ( gehier a1 ey e Bedip R Py S DR o a1y
coupled to bus 110, while d .v%_ceguslzgglgg-lzo( n) are coupled to bus 110

t hrough agseeBeanddhed) we i BHEGHRY P& Y5 'Coupl ers” 160( 1) - 160(n- 1),

respectively. In the foll ow ng di scussion I [ %fwléﬁgdfqﬁtgrs to a
rel atively | owFigdiist ghemaiq g ﬁ“@gf’"?)aatﬂmt?g]ttgv&eiteréplg%gtsllo and device |20(1)

that is capable of transmtting, si ls d GWehtid) - Al so
shown im Rhguglt vasiogs mﬁ?@%‘i‘%’itﬁ@“f@ﬁg tﬂ%?f%%‘%@ﬁ%é@é@h@@%ﬁﬂm oh packages

for devices 120 or connectors, when devices, 120 are . I O arate
daught er car ds.FigsoS&end B prej Rk SHpgs Ogﬁg‘g%%?ﬂ?‘rﬁf “HE e%%elqggtlr%#gtgﬁeti c
coupl ers 160 introduce inpedance discontinuities along bus 110 that nake

i npedance feaushiidgtherpresendinvedteddll t . Signal s refl ected from i npedance

di scontinuities interfere with other signals (inter.- s%‘?nbo}e agﬁico'ggt ra- synbol
i nterference). Fige inebbek diagianorfanpembediaent 4T Hiansgupi’ @ufedd S parasitics
130 (where present) limts the signaling frequencies and the synbol
densities &l debade bimyiaenptimk oydsg-voidthsansipdase fagulation. wo 02/ 1157928

PCT/1JSI | 1h0879 . j
15 Figs. 7A-7D are circuit diagrams for various components of one embodiment 0

the transmitter of Fig. 6.

Figs. 8A-8E represent signals at various stages of data transmission for one

embodiment of bus system 200.

Figs. 9A-9E are circuit diagrams for various components of one embodiment ofa

20  receiver that is suitable for use with the present invention.

Fig. 10 is a block diagram representing a calibration circuit that is suitable for use

with the present invention.

Fig. 11 is a frequency response plot of an embodiment of the communication

channel of bus system 200.



El ectromagnetically coupled buses simlar to system 100 are disclosed in
U. S. Patent Nos. 5,638,402, 3, 516,065 and 3,619,504. The 402 patent

di scl osewizasto@magneti ¢ coupl ers 160 havi ng paral |l el pl BEBUHAWBTY | es
("parallel coupling portions”) and a "backward cross-tally coefficient”
(Kb) of approximately .3. Kb represents 5 the relative anplitude of a
count er-propagating signal induced across coupler 160 by a primary signal.
A Kb value of .3 inplies strong signal scattering on bus 110 and | arge
signal energy |oss per coupétailed Ddscraptim ofithobwentielr ge dynami ¢ range
requirements on the receivers of devices 120. Even Kb values on the order
of .2 representhsiolvivirigaisttisskingeta fortatruerecrars spasiicedethilp ) Ryevidk HBPOREN on bus
. 110. 10 In addition to their strengths, the coupling coefficients of

paral | el Rphad:8ar@uPdRrsint&Rionr Howevey, tisaa sf drdineryt ssilviartheoart, biking the hor i zont al
(x, y) and vertical (z) alignnent of the coupler conponents (162 and 164).
-One solut ib%ﬁ'eé'it%fﬁi% &aadiebatilappicdRe thit el inedtionmgnét prctivedpitbeut 189 i n a
circuit board, wth a precision sufficient to guarantee the coupling

coef fici er&%: fiqéo%éai.sn 1Rad @ BEI LR RAGRroWANMSthdsepiosddares] compesssaitthe cost s
of system 15} . reover, it requires a connector, as represented by

parasitics,l & ﬁ&eo%mgéﬁt?edwm-iﬁ'brdé@fcﬁt%cus%éﬁidn&in tid fetteres otk er s | 60

| t

are al so sciﬁlglélsphta‘lg% e to noise problens if they are inplenented in a
differential si. naliimgg schenme, where conplenmentary signals are driven on
pairs of HUeRY! R For these systens; a pair of couplers 160 transfers

the zo conpl e tary si.gnal.s to i f f 1] i I drodlémice |1 20. The
T er et ki e AL SO Reniasiiary podes

sensitivity o to variations in the positions

of their conponents increases the |ikel;j . Q4 irpifef 8athaxe
m srat dhedSTEBERAONY QVELE ‘E?‘?H?ysa."dfﬂ?ogmrg&g%ﬂ?régﬁgnel@?%gr ential noi se, which

underm nes the benefits of differential si |1 Wk D&lch a4 0b@ss t he
coupl ers asystesia AePrdnes vk ’ﬁ'tpfeg?e'?téﬂve‘itboélr'{]g?i%ﬁg?gtggﬁng the circuit board

area needed to 8 WO 02/057928 PCT/|JSO /50879 S deviche
conpl ement hawnesubsiartially ypifrmgdecticg ?@,‘“eﬁf‘fl&'aggﬁeéglgﬁ%hﬁag?gﬁs?s “'h signal to

noise ratio. Fig. 2Ais a block diagr representing one. | y of a
syst em 200thateracepladdhiousinihe datp faanpy egg]ﬁ{m'?%\]/]eeﬁ? |rb°ﬁgp'§§k§(tle§mm%ggﬁn§y be a
computer system but persons skilled in the art of digital. ¢ ni cation
and havi ngbg heclbarefagnetisiconpling sdieg@ltb?éa'rl%wwlglre' f‘é&‘&?&ﬁ? Sz'%na{llﬁ%@raggnefi ts of

the present invention may be realized in any systemthat.reguikes high
bandwi dsh dmplytd aitlsduesignifisamlydysstasing ROeE ataﬁw%@ 092‘&?{%35‘0-“%%6%?1‘?5'
(generically, "device 220") communicate through a b,gs %lﬁ .Forltrtahsifa_
pur pose, dqui seem22Mpbys BAG{cr) eleeioimagreticsprer EpROPIgYe1IfDe Signal tran

between the communication channel and the devices without significantly impacting the
impedance of the communication channel. The resulting cleaner noise environment
allows greater flexibility in selecting an encoding scheme to represent the data.

For one embodiment of the invention, a balanced electromagnetic coupler includes
first and second coupler components separated by a dielectric medium and having a
coupling coefficient in a specified range. At least one of the coupler components has a
geometry that reduces the sensitivity of the coupling coefficient to variations in the

relative positioning of the coupling components. The length of the coupler may be



10 230(m), respectively, to transfer signals to and receive signals from
bus 210. Interfaces 230(2) - 230(m comrunicate with bus 210 through

associ at s @sci2somagneti ¢ coupl ers 240(1)- 240(m 1), resPetUpu&0§79
(generically, "electromagnetic coupler 240"). Electronmagnetic couplers 240
are balanced to limt the inpact of devices 220 op, tghe el ectrical

proper t i eselateddogrozide suffisienisignabenemyiignse) Visiorbligitga fie YP%5Nsni ssi on bet ween
15 devi ces 220 and bus 210. For exanple, the coupling coefficients of

el ect r omabaeiwidthcoupl ers 240 are selected to transfer sufficient signal
energy between bus 210 and devices 220 to nmintain signal to noise margins,
whil e | i mi ti ngF@iagothér endfotliaent ofithe mwersion, devigesdrastendatd WANALIOMP at t enuat i on
,of signal energy on bus 210 (signal energy bleed-off). Bal anced

el ect r omagn@-depoasiphaips cRdBormapmitiadouplesnyingy selsotoll medulebet hement s in the
range of .1 to 20 .4, e.g. Kb = .05 to .2. The geonetries of

- el ect r gmagRe tietrdisRtR BuFlé@ altery theadegioesste sambge aresilativaliyrsntableponion of et ed
coupling coefficients against variations in the relative positioning of bus
and devi cg;kidfes) bR tices, GARINRIRLESs th24dpand Rdkviceesptetlestiyl (Fig. 2B).
Both the energy transferred by an el ectromagnetic coupler and the maxi num

effective ?&eﬁﬁfﬂek bide b At REMuBUBIPQMEREs dpldyes ystselovibdiat badampd by s
el ectromagnetic WO 112/1157928 PCT/U SO 1 /50879 coupl ers depend on the

coupl er '%pl%&-dem A L RPribiliQRG BteraRY BhEkFmba RedpeBir tiBhapelaned ent ai |
| ar ger system costg. The signal energy transferred by coupler 240 is

proportional. the | R efetforst il foublR@ dbigdsced signal wavef orm over
its duratiOnTo eé]lé}hglg%:@(y s%éna 1vvavefor}sran iE determ ned by Kb, the
anplityde of the signal waveformon the bus trace and the |l ength of the

coupl er’. For agi e, MabitGia@hmGpredehith ti@Estridahropertipd &fa mittieropdns of t he
sanpl ed si gnal ergy it transfers. In addition, 1f synbols are driven on

bus 2|1 0 at suffigi hi fr Wrandthi@latiaiak vResisadvicayl 20 ) shower
t han the Ofagtgpﬂgfr)f g’fﬁﬁ“eoﬁl 1&%}8@%3 b\%g\w/g?%rﬁn Under lthgge cisr cumst ances,

coupl er 240 M X SMET Gy bWy eRce TBH(®) i BleStyiBRB) Buple@ to Bube 1§y mbol s
interfere, grgt(ﬁ?“f“?arl]nl é%(valflgéesglc@g )\é\g)gré:ges ('?)hle gi gna?,I tob noi se rati o. For

these reasonts b lgs | 15: 00 1€ RURNELI0AH0) ANAiheh BeolpnteiBngiaindiR, br ovi de

adequat e sYfaf®VERE ce W t hout génerating inter-symbol
schennt o FBFESIE P Toromrarelsdf Hedgforhlthutiish, Ephic BunliE 07 s
20(2) - antsT® 761 BRSSP B EFOEth i bhniEEh BRET o3 AiEeR 208 s cevi ce
STonal eneb GRS HgHTEREESIRE FPEh s Sty DFH ey Mkl Fid 33K 1% e

signal . El ectromagnetic coupling. includes bot ca b onent,
associ at edpwﬂ&iﬂfpstlg% vehtighomay e aspsiaedoit ml\%g]ebﬁéﬁgw%eggfgé} ?/Oﬁ‘&%g({@ve

conponent, 20 associated with the magnetic field of the signal. For

exanpl e, | @ben devices bileare P'@?Vﬁﬁéoﬁ‘ FraPat qﬁéglﬁ?fﬁﬁ‘ﬁf‘ng coefficient (K~) and

capast tzlove CouplL(l)rrl]r?Lll’c('l:-(c)il?cfpfl)lll(s: Is;}s?etmsg rlﬁl(tzl?tiplaéselgcglo%ggl\/\géic clgzlpl:ers' 126% igltlxﬁolﬂuge Ke) O
impedance discontinuities along bus 1 10 that make impedance matching more difficult.
Signals reflected from impedance discontinuities interfere with other signals (inter-symbol

and intra-symbol interference). The noise environment created by couplers 160 and

parasitics 130 (where present) limits the signaling frequencies and the symbol densities

25 that may be employed on system 100.



WO (12/0S7928 PCT/USO 1/50879 Here, ICSis the ratio of the nutual

i nductance per unit |length between the coupl er conponents to the geonetric
mean of wueomshd2si nduct ances of the coupl er conponents, aPAT/KSIVW8t%he ratio
of the mutual capacitance per |Illit |length between the coupler conponents
to the geonetric nean of the self capacitances per unjt I%rﬂéﬂ of the
coupl er COL11pEkdtedmsgBeticEHp cafpledbuges ghnitap o %’é‘ﬁ@c‘iopia\?éhs&}?de Bt ve
contributions on the energy transferred across coupler 240 vary with signal
f r equency Patkit NysN£ 638,402 BES 16865 01d/B6 Ge1ir Thef408maht difslosthduct i ve conponent
becones nore pronounced with increasing signal frequency. For exanple, the
presence efectborsdgnatid domalets li6Adaing peralicd plotsrespmetiias (“baralipd 6HAIBE pr ovi de
.directionality for signals at higher frequencies. In addition,

el ect r omagpglohs’) el Rk WA cibes-hthmefeicni” KKy pofdpproxintieled. Keldpsesertat her
than a | unped device. Tl~e distributed nature of both capacitive and
. i nduct isve yasPREVSuRblitcRLEEH ebuRrdDriegain sippakbinpuced eernssedupler 160 ghar
frequenci es, when the signal wavel engths becone conparable to the physical
di mensi on riﬁiarfﬁg%&h.eﬁx 124QIue e ikipResatrot S@ial semgiefdndus dUpirerarg@40 wi t h
suitably selected coupling 15 coefficients significantly reduces the

i npedance (g SCaDRLL s b ESubRy. SIY kSR 15r8¢ ajrlauee fagd lB@aRnicnts Sy sifees t hat
rely on el éctric connections or unbal anced el ectromagnetic coupl ers.

Furt her, R&%}/\je%i &%eﬁlcgscltﬂbp RRINRL Jofucs OF Rle@ider 24 Q réprefenOegniidant sigmat hat are

relatively'insensitive to variations in the positions of device and bus

si de conponents 242 .an . Rectiovel y, allows the bal anced coupling
coefficie g“”tago Seanﬁaﬁonféf%ﬁgl S %t’hout zo need for costly, precision

manuf act uring. r@ﬁ] il @Hyeg,gqsfn%agbé HR%@&B’!&% cOberibisSts 3 hrNIePMbERByAers| eaner

si gnal %nviron to°transmt data. Modul ati on schenmes enpl oyed

to encode this data in accor.dance w I . od 4 reht ect both
the cl eane®0R5; &Y %eh‘é’it‘P’%EPr?@H?u%]fS "blbosr}zgﬁ]téng’r?g a’? ﬁgmel?%‘lgécﬁt% gé 5ll?éﬁéoupl ers 240 on

t he wavefonns they transfer. WO ((12/ 0S79 0879 For one
enbodi nentcoyplet ‘Fﬂénl?ol‘?@‘éﬁfli6§ @nd i%%‘c pp%ﬁ‘g'é‘wgt'?st@ e@ﬁ’ﬁg%‘ﬁ’ 9@%61& ansfers

approxi mately 5-10% of the signal anplitude on bus . i spondi ng
devi ce 220elechiomagiasiccadendl it deirutdop Nty 8Pisf lskoﬁégfﬁ?laﬁltg? hiﬁgﬁﬁg}ﬁ?or a
paoi cul ar coupler geonetry and length (1CS .13, L = cm., | atively
smal | at t esruatinggeeifirient Q’%él‘“ LRl TYgeH s Bfeth?“l”imﬁ?atsessjtP%‘geQS‘F ﬁ%%?%@“%f

mul tiple devices 220 on the inpedance of bus l?10._ Qﬁe ?d de anIn?g of this
i mit eds si t¥alMeteownitreeiesiasonteaionn eepissgtied bYRASHIAAT LR 2GRN UTE de 242
of electromagnetic coupler 240 ("transferred waveforn") is a small fraction
of the enedagghtereandsri tted on bus 210. Since the coupling coefficient is
symmetric, a simlar attenuation occurs in the reverse direction, from

devi ce side 242 efrgllet?BE CobOplers 180 Sle Qb s apibie Bfnolsbboblkths s theyedre at t enuat i on
depends on the l?ypes o% nol se in system 200. Scal abl e noi se is noise that

scales with th L OV Sha@in@bohesc aliaht Eonibmantas sigedledredrivént h t he
transferreanmgg%lﬁgare%%ldslﬂér?%tgﬁﬁlgt edgtcoet he sane ggtent as the transferred

vavel Orm St or BN EES. £ tﬁ&@éﬁ%ﬁrﬁéé‘géinsﬁcioﬂﬁ&'éd@oﬁmm@dthéefIecti ons that

are not el PRPHEBFUBYET et omm oupl er 240. Non-scal abl e noi se

't enusPi oROB)ICBPEGHATL? P e e T e o e e or
i o551 ng PHAR S 0LS KOIROES T teper SO0 T by ke BBbe | Chust symbol
yst em 200 KEH0eR Hh vy PApIavF MEiie rrREH Sl AR o O

demodul at! rli?ffell'gnt{[a(l)nccige(j (\)\/Vh?crh u%(ri]eerm%%s %hré%ggergtst cgfe d(?ffg'eargt%l signaling. Further, unless

the couplers are spaced sufficiently far apart (increasing the circuit board area needed to



Anot her side effect of electromagnetic coupler 240 is that the transferred
waveforn is altered relative to the signal on bus 210. In general, a signha
t ransf er wao2asroess el ect romagneti c coupl er 240 is differePET/HBEE8POr
exanpl e, a positive signal pulse 260 on bus side 244 of el ectromagnetic
coupl er 240 becones a positive/negative-going pulse 270 12 WD 02/1157928
PCT/ U S11duphsid8iem)che chaplaeengindagmipeasiorass eupPleo it A&tsPEing dipIet®™40. The
nodul ati on schenes) enpl oyed in system 200 is selected to accommpdate the
anpl i t udetcatdisenatid. i on and signal differentiation associated with

el ectromagneti c couplers 240 wi thout degrading the reliability of the
conmuni cati on Eiganngla biderdigxanepeseging nad erabadimeracf dsystem2@0He face of

. hon-scaling noise sources, may limt the nunber of usable anplitude

modul at i oRewRlah&ORitl @Y eleSent Bivéitpne Siitah 200mapye 1 eupute sydtemué of
integration circuits to recover DC voltages for level signaling, if that is

- desired | ?afs&{%@kmfed Qe Ao tanmusicitioansad hivi th¢ bevafii ofghis Alsslosure he use
of rise-tinme nodul ation (described below) in system 200 entails the

measur eneny ?Jco%lhfé_ HRGeRdidsTtheBtienEintdntion Glag batcalleededh anymystm thdr one
enbodi nent of tnhe invention, nmulti-drop bus system 200 is a conputer system

and devi ces_ 220 . 4 OUS system conponents, such as
processoré‘?quﬁégnltl)lg@%rrlggu gga}tagzy}sé?eré% |l ogic and the like. An enbodi nment of the
invention includes a 50 centineter Iong bus 210 Lhat,sgp ﬁrts ug to 17

devi ces 220 capabdystenf200 denists20( g B4 (ggnercallyg lgyics e(g ENBYUHFHA00 MHz.
By enpl oyi ng nodul ati on schenmes that provide a 15 synbol denz%i é% of 4 bits
per synbolthrotigh SbiePhodForehis pafposey deviers 28 1 pF2dinyiagluge wicgfaces 2 Bdhdwi dt h of |
.b gigabits per second per channel. Hi gher signal frequencies and higher
symbol jodensbin)esspetialy, estringfer lignaletosnd vaskiye sigerniiomibye? Khpkedaeent of bus
210, may be enployed to provide even greater digital bandw dth. For

exanpl e, Uy -2BMMHORLNALRICHR tthibak 310 hiaqyalhispgated depiomespeiicsAuRlffe or der of
1 Giz may be enployed in a multi-drop 20 bus system Figure 11 shows a

fam |y of m%ewbdaau), gesativ g (dehaidatindeledtdmaghetel couplesif@het i cal |y coupl ed
bus system 2 for the current state of the art in mater ials and

el ectroni %19&%%%@&&«: HhyRerdbid @€ eAthnceUty/ Bt refimpae nf dayides B2ken thaunber s of
couplers and different coupling coefficients in a target range. The shape
s a bandp%%c%riéia}]élto?&ﬁw dtfbuslB10, whii gl%ﬁﬁﬁga&b%fgnhﬁl'dnilhﬁﬁi&? Betpassband

| abel ed 11 ower frequency bound is set by the frequency response of

coupl eLﬁ 2|4 evf%@?ziﬁd%ﬂ?%fo. %P&%nﬂpﬁe, ﬂ?e%%ﬁﬁln@%demyleﬂé bféledroaiapnatict board

mat er i Sses™a package parasitic inductances and capacitances. Note

that for a 1 er'rs] 4|0.Ce)3.negsefé9tléﬁ)loetFansirehglfhaagts@h&lr&ﬁ_&l@?get@@élﬂvu's(iﬂOahd daviceoccur s

around 5 G¢P bu2t i't_occurs at | ower frequencies for |onger couplers, e.g.

1.25 Gz for, a 4.cm counl er . i Al RfeddnPas BE§310eadl imit th

ability toi)J ctal"ba“ﬁwlrﬁlgpg ?Iéoql%egtﬁ%%a&s‘mﬂggﬁ@.gge%r exarrplne, the preval ent PC

board dielectric erial FER4 se I L ERQNSITE Bandnoste 3 GHz.
R R

To increas ‘e(ﬁ?‘iﬁa{’ ese constrain one is conpelled to

i ncrease Ns by using nmodul ation. techni d M ahdrefpr @sent
| nvent; on. cleartan TR A Daieh B HaRBL et HEREILRER dietabeor &

replacing FR4A with Tefloo t he present in I O eRtFS, Ns,
or somgo corfbP#aks BrP35P % Eréaelg%ncggequ, Si/ef%%}{?eﬁqé%ce{bug@g}izg glnﬁggﬁg\%sgt% as the

assband 1101 of bus system 210 is.w dened. One. . af. t:he.
gl ect r omagH@itn él@gppqeie%tjd ERH %ﬁoez’@v?rg%%gaﬁbvagﬁ%%gm@{ﬁg %8&1\9 po§1h@mng

of bus and device side coupling components, 242 and 244, respectively (Fig. 2B).

Both the energy transferred by an electromagnetic coupler and the maximum

effective signaling frequency supported by a system that employs electromagnetic

9



is that devices 220 nmay be added to and renoved from system 200 nore easily
than in 15 direct coupled systens or in el ectronagnetically coupl ed systens
t hat reqwo®/presi se positioning of the coupl er conponent BCT/BS91/WRENDI e,
use of electromagnetic couplers 240 elimnates the need to make or break

el ectrical connections to, for exanple, the 32 traces of a 32-bit bus.
Because ofouplhissiepanibnbaeduptes lengthe [readditipst lapges COfRiEH RKE BP PRGBS on, si gnal
integriy, etc, the el ectromagnetic coupling aspect of this invention may
have i npoainintadQagehvsaysiemgestst o appl i cati ons such as hot-swappi ng. For one
enbodi mrent of the present invention, electromagnetic couplers 240 have

geonetries th mal ce their coupl.i I:Cl : % iseRsl dfitke to the
_rel ative posi ﬁll?rﬁ'%’ﬁ?g}el%é[ aln?:tgHésHl W&@%@e‘%k&g%gogﬁd blusgfi de conponent

244. These geonetries all ow bal ance S | i heik r

coupl i ng E%‘é‘fefq?gl?eelﬁg‘é"eaﬁ‘gﬁgyé”éivfé@'t%a‘%rr ggg@%{% és%fé? '(]a&u?ed?éﬂ %@6%?]6 057928
.PCTIUSI I | hU879 variations in the horizontal or nilLg (I of
devi ce’ ar Hefenmtinedshyden EsAsMIEHE QFté‘ﬁ ?‘gﬁaﬁ d’ aﬁ%ﬁ‘,m %ﬁ%ebgf ﬁ@éee I a?/l 8 Héllégﬂgﬂgﬂs
represents one enbodi nent 300 of gal anced el e;t rtgma] peetfiﬂges%ﬁlggher 240
havi ng a geseerlely Foragiver yureatiy Medenegiing cAPLi B8 B8l ihg ween devi ce
220 and bus 210. Coupler 300 is viewed |ooking in thgg{]%gat%l\é%nﬁ direction,
rel ative signallsaerepdrivinsiarse siddition if papkokt Rgdivrnendys SK ¢ SB(gril oh of which
is reproduced in Fig. 3A). For this orientation, a bu si.dqe conponent 320
appear s abihdreguetsyi the synlpd perindpendisshatss thap the C‘é‘é*itPBr?gﬁﬁé‘? Y& oupl er 300.
The geonetries of bus and device side conponents 320, 330 allow the anount
of ener gy wavefoshebindet thdse ougimstoess] @rPISOYH0can Bux euer gy FURFYO PHRYfsi tive to
to the relative alignnment of bus and device side conponents 320, .330. For
coupl efo 3@Pmbdlsise shelenohyioedet, @2 isinthuferenesdegigat the SigbH &9 1A TAUY-
direction defined by its end-points (along the y-axis) to forma zig-zag
pattern. TFapmdisichnasdhelphaibhmupleoi4Osheuld bellong engishénprogigdeadeqeditides f our
excursions fromthe longitudinal direction that alternate in the positive
and negat i yfaPendidyQ6 tHe@Rvicd Athélit galeasiag imerspmbol il feienes, or gragssaregl es of the
excursions fromthe | ongi tudinal direction are provided to illustrate the
geonetry %&%%@le'ebl’»off@l@igebu‘s’ﬁwes may be varied to neet the constraints of a
particul ar erbodi nent. vi ce side conponent 330 has a simlar zig-zag

pattern that is conplenentary to that of . bus side. om0, The
repeat ed cr ossifig2BrisasslisarRy legﬁes%‘faé‘f)goi%l F%%tzlcgﬁb%%@ggg%se (generically,
"paral l el plate regions 340") and frjnge regions 350 -3 (g
( gener it al $ignals'gre Frﬁ@@llﬁ@bﬁlﬁﬁ@”@@@“?al%&gt%‘awgF%‘Pc%ﬁ@: ée&?’fre 5??“13’)‘“6 %% and
fridge regions 340 and 350, respectively, vide different. i-hut i ons
to the coupllitmguglbeltstionagpeticopuRieniPd,: '}édb‘?{o\ﬁ;ﬂ\”&ﬁ Pt %lectuﬁg]géééf“gct s of
variations in the relative alignment of conmponents 320 and 330.,.For
exanpl e, 1&upling refers to the transfer o signal energy through the electric and magnetic rields
associated with the signal. Electromagnetic coupling includes both a capacitive
component, associated with the electric field of the signal, and an inductive component,

20 associated with the magnetic field of the signal. For example, Ky is related to the

inductive coupling coefficient (Ky) and capacitive coupling coefficient (Kc) as follows:

K, =.25 (K + K¢)

10



WO 02/ 11S7928 PCT/ USOL/ 511879 the sizes of plate regions 340 do not vary
significantly if conponents 320 and 330 are shifted slightly fromtheir

ref erencwz#isr928ns in the x, y plane, and the sizes of fPCHY8V®WEI%Ns 3~0
vary so that changes in adjacent regions approxi mtely offset each other
when conponents 320 and 330 are shifted fromtheir reference positions in
the x, y Hb@nk; isfimrratmofhematwkindugince serpinglengBierveeiiccd?URS s 125 cm s =
35, and Wis 5 mls, Its varies by only 2% as conponents 320 and 330 are
shi fted byorfdchtdtd s thngdometric mem/of theyselfiindugtancsmat the epuPlsh EPMPSAS AN v
aligned positions. The effects of variations in the vertical separations
bet ween c@EROMER:s o8 namehl 38Aciamee pérsioit iingthdatvesdn the ceerlpl @MPSERIS Coupl i ng
in parallel plate regions 340 varies to inversely with separation (z),

whi | e var iahk @8smduit ihéangehe elficapeit@ins peauyit leogth of thowhyp!ow comparay at i on.
The ttet effect is a reduced sensitivity to variations in z for coupler
.300. Wth this_chaojce of coupler onet r o= 309 I | er

separ afi on (z) TF"e"stﬂCTtSQ?fhﬁ %??3“5’86&(&"?\??}%%8%“3% ‘{t‘ﬁg%?o@??‘%ggyefﬁ{hs%g?gi ng by

| ess than +/-15% This conpares favorably wt aral.l : d coupl er
geomet ri ederogihoplesi iR W@D?‘g‘%%eW?yatI%(gﬁmb ’etIBe feﬁaéw%éo‘ggﬁrr%&r]gﬁglg of
conductor separations. For the disclosed ephodi nent. OflerOlﬂE)llceng’roo’
conmponent $nd¥PlvenempBOt breowes HArFdRaNUBTASHE RECHINEGIEEY Y1t Vel y uniform
i npedance environment for signals transmtted al on% eit h[er .c&rgponent. For
simlar reasopls, hcpnsorraftasiigaghigdustve eRmAneHE Ay s 455t BRIYEPm cross
sections. In sum coupler 300 provides robust signal transms i.? 20

bet ween deNeain22f faninilast B fisneaneigs neddibon clerEeRIZYRTG ?%‘Bﬁ’t {brrpedance
changes in either environnent. Fig. 3B represents _anot her enbodi nent 304 of
bal anced alehots bkegdiatibaed deyideanthorban FHympedevises Chodisyibale BTNt | one
conponent 324 retains the undul ating or zig-zag 16 WO U2/ (1 S7928

PCT/ USI | | /thiil&pscigecne imdyctiienispeats of ootphea4@beserme s propRuscedit highfibonent

320, while a second conponent 334 has a substantially strai g_ht geonetry.
Conponent @3fenBhy, WihMedighaevatdiangtiu beinbeompardele iicibe shyicabdimeaupiser 304,
whi | e conponent 324 forns the opposite side. Coupler 304 includes both

par al | el mf%@pl‘g,@gbpns 344 and fringe regions 354, although the latter is
smal l er than fringe region 350 in coupler 300. Consequently, coupler 304
may be nore sensitive to variations.in the relatiy I-t1@ns of conponents
324 and 334 t hathedsrpfiedacirappencis goupkes %‘@p‘?‘&lssé‘ﬁ?“s!y §62%° egrsmdé’%ﬂg{r% enbodi ment 308
gfz 8 b ia ls ?g g?g@%ﬁés{ﬁ%ﬁtﬁgg@%@ﬁ&%g hleei\lglpezd%gc'e isocgnt%nmtlses %nsgf(s)tg}n%wrelat%qo conmponent

those in systems that rely on electrical connections or unbalanced electromagnetic

couplers. Further, providing electromagnetic couplers 240 with geometries that are
relatively insensitive to variations in the positions of device and bus side components 242
and 244, respectively, allows the balanced coupling coefficients to be maintained without
20 need for costly, precision manufacturing. The more uniform impedance of bus 210
provides a cleaner signal environment in which to transmit data. Modulation schemes
employed to encode this data in accordance with the present invention reflect both the

cleaner noise environment of bus 210 and the effects of couplers 240 on the waveforms

they transfer.
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to conmponent 338 to provide both parallel plate region 348 and fringe
regions 358. Fig. 3Dillustrates a portion of a nulti-drop bus system 360

t hat | nc@pey&i®8 coupl er 300. A bus trace 380 includes nBCTURIIEORYS side
conponents 320 at spaced intervals along its |ength. Correspondi ng devices
370 are coupled to bus trace 380 through their associated device side
conponent s 330ForGoepmheditient3Zthe i®@0tian eleetkumaenetin WURIET 249 YA8SHSdi cate their
geonetry. Enbodi nents of coupler 300 may include selected dielectric

mat er i al s afiebxiRaRLCHIPBRE HtesigBR2GMPEBTE pb bigdl0l th ita cerespaidinedaTiFy2 ek adj ust
the coupling coefficient. Fig. 3E illustrates one nechanismfor coupling
devi ce 37@his@oRespohdsao desShan 1%arf titersiznal ehietgy Serch mutirobir eeupler 2eAREMr ace 380,

. including bus side conmponent 320 of coupler zo 300, is nounted on a circuit
board 384, RacteNd, of 13HUS- T &iAk rh3dathslycontiectedtionindanlcse2200 bYs  Devi ce
370 is mounted on a flex circuit 386 and connected to device side conmponent
- 330, only 139 BRYit tRNMBhct WPinGRipleSdevicss 220 @nitiie iripgdandEof e i€ eOsdisite conponent
330 continues along a surface of flex circuit 3 86 that faces bus side

conmponent 320 JhamihliEKsigh! attef¥Roh 1208 SIS PEIVSIGAIdBEIRT SideR42efi t 386 is
pressed against circuit board 384 (as indicated by the arrow). A socket

388, only . L&l 84 EirhiErell WaldBrm'$ & a dnfallfFeubtiefthd ezl d 1 ex
circuit 3§% fﬁnglgﬁngQhé ?Ygxégléecharacte? of flex circuit 386 allows it
to bend as it iS,pf b s teoGiiing ChdrnbioR sy e ri& Qlsinding atsibatinnent
devi ce si @“%BW%%ﬁ%ﬁﬁﬁégo%?@g?ﬁé@ﬁiﬁga rélatfvely flat pot~tion of flex
circuit 386 fornmed by pressing. - Gl 6 Yh3 1380 2ag atisdoGfidagdéi df thoar d 384.
When fuIIfmpﬂ§8ﬁ$%8?¥ﬁggr?%aﬁgg&k&éﬁ%é@gﬁle? 300 al ong %héanegative z- axi s,
devi ce side conmponent 330 .and,bus side. MR 0320 are aligned as in Fig.
3A. A gbaéﬁwa#§§“ 108 dgRAndR " P8 ﬁ%?ﬁﬂ%ﬁ%ﬂa sgggégtion bet ween bus and

devi ce side conponents 320 and 330, respectively, or one or both of
conmponent s 320 Samidbid a0iseraynolse timoshleswith the eacrgp otithe sigpalr Sealwblg viseal |
allowing themto be pressed together without creating a short circuit. A
trace that,cRuRdositiexinasstaidaevavefonn iintndsd to thedeme exer8 AQthb gaasenvddt h f | ex
circuit 386, elimnating the need for a connector behween device side

conmponent 33Rs@RAtsEBY B6fced H9 scabRnolk ilide si3Rfl raffticortiatiapect f or  exanpl e,
one or snore |layers of a flexible and/or resilient material such as an

epoxy di el a@éi[]é‘@d gﬁ&@&tm{a n@icRehplér P40 aNdrescglabiaptsetricludys dkidrally5 du Pont de
Nenmour s of m ngt on, De?amare), or pol yethyl ene terephthal ate (PET). For

15 coupled noise, thermal noise, and the like. Signal attenuation by electromagnetic coupler

240 may impact the performance of system 200 if non-scalable noise is not addressed.
Strategies for addressing non-scalable noise in system 200 include selecting robust symbol
modulation schemes and using differential signaling. For one embodiment of system 200,
interface 230 amplifies the transferred waveform prior to demodulating it to recover the

20 transmitted data.

Another side effect of electromagnetic coupler 240 is that the transferred waveform
is altered relative to the signal on bus 210, In general, a signal transferred across
electromagnetic coupler 240 is differentiated. For example, a positive signal pulse 260 on

bus side 244 of electromagnetic coupler 240 becomes a positive/negative-going pulse 270
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one enbodi nent, device side conponent 330 may be sandw ched bet, veen | ayers
of the flexible/resilient material, to provide the elasticity and

di el ect r wo ésshei on used to form coupl er 300. The di scl oBEHUREEHi sm i s
just one of many ways That may be used to couple device 370 to bus trace
380. For exanple, various conbinations of exi bl.e. and 20 i ai terials,
daught er oadesgcaside 3A3rof alestesmragaeiiconBRler %Qcmiﬁp@ atf?é’}fc%eéneé%ﬁ{ggoggfﬁ The

cl eaner noi se environnent provided by a multi-drop, bus,systemthat is

i npl ement eglsystena0ods skimted twkachmpiodatp thegatiitydp gEaTPatisn 2 fi B8 signal's to be
transmtted reliably at higher frequencies than in conventiopal nulti-drop
bus syst emferbiaisEmeissodided wiiCEEciRiag B9 2euRTy 240 vithqut fegragiieA8e gaj ns i n
bandw dt h provided by higher signaling frequencies al one are éiﬁm'ftsed. For
exanpl e, thebRRRbEMOEorhmtidgitioachdnnels Foapabipte, signad atigni@iqiniy the BraPs in the
transm ssi on channel decreases as the signal frequency increases. In

- addi tian, RAlBRidibise s mdycanit tiecuinbehuf usabtesmplinte srpdglatiompeltage
conpletely elimnated or nasked, reduce transm ssion speed, attenuate

si gnal amLididdssercfidion h@euat tieuist of @rgnEoTasuls topeheflPE qakaess es.
Further, material propeaies such as skin effect and dielectric |osses may
i mit hi ghy f [GUENGCY:DIFARRERLIRR.insTa 0Siog redddaloh enuatsition sigyaléigeddsomagnet i c
coupl er 240 may so af fect bandw dth. For exanple, anplifying transmtted
signal s to, of fset. at. ' bk dhdlow)N8 systeaoRmnmyailathewhéasiresegnal s can
be transm’?’Fgﬁgigg@%g%@ghggb%@%ﬁ di)gi tgl bandw dt h of a channel is
given by BW= ES whe i nbol frequency and NS is the nunber
of bits tr‘\if#fg?ﬁetcf”é P “ée;%l)ﬁgglgha?'yiae%o?{' density"). For one embodi ment of
the present invention, various nodul ati on schenes areogggl o%/ed fo i ncrease
Ns, foroa speciFdrede syibdidhenef ihodventignrmplti-grap bus systeBTVES 2 RS ger NS
provi des an overall increase in BWthat avoids the |imtations associ ated
Wi th reli apaenPidldevistgir0fcomepentty vaiiousal ey compients, SHEASPERFERGHuI at i on
schenes may be conbined with high frequency signaling to provid

si gni fi can;neiﬂbg' 018886, bydteBVbgit and the likal Aowhbesinier ofids inyntiQRipeIRlRs 2

ti me-domai n nodul ati on schenes are used for purposes of illustration. The
benefits ofgLhRiRES IR bub MOBRL sappotsseptmt 7 devivies 22 capablanef tensferripg dgta

modul ati on schemes. Qther time-domain nodul ation schenmes, such as shape 20
modul at on o ¥ AEK Rdqley SuNb O Beelgpisyihgmadyuicaephemraticopioaiig sand

w deband frequency-dondi n nodul ati on schenmes, such as frequency nodul ation,
phase mdul a%gamengﬁ%-mﬁ@ga sSRBAL thisBmbodineardfispadn 20sprofidee digkdlme and
frequen y-(%rral n no uifatl on schemes (a pul se superposed w tgggm h]im%h
frequency sinusolde, «af; hd 8l @afner. Higkerwighdl ftehiiecien g, 19 W
@) 1)210579}?@%@%63%&*%&0 75&#&96&4 is a sghemati C representation of a

signal 410 that, Il Lust LI RIPeN oRE WeeRNmByt diBys 2idmanbé ous
nodul ati on S&’ﬁ%‘rﬁé‘swlﬁ%a%ﬁ%rg@b%te}ée]npl oybgd to encode nultiple

employed to provide even greater digital bandwidth. For example, using appropriate

materials, signaling frequencies on the order of 1 GHz may be employed in a multi-drop

20  bus system.

Figure 11 shows a family of curves that describe the bandwidth of

electromagnetically coupled bus system 210 for the current state of the art in materials and

electronic packages. The different curves represent different numbers of couplers and

different coupling coefficients in a target range. The shape is a bandpass filter with
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data bits into a synbol. Signal 410 includes a nodul ated synbol 420
transmtted in a synbol period (FS ~). For purposes of illustration, phase,
pul se- w digw2/0sree-ti ne, and anplitude nodul ati on schenes BCBUSHGST9encodi ng
five bits of data (NS =5 ) in synbol 420. The present invention nmay

i npl enent these nodul ati on schenes as wel |l as others, alone or in

combi nat i massbanlabeled tdde Thhéovsa fdgieastboued isgetiarthe FEgusRCYSSHPRINO The

modul ation schemes) may be sel ected by considering the bit,interv%l (see
bel ow), neiupker Hfmdels umpacbaind tsdetermingd bypritiersciey PPy d Blateripblogsatap
nmodul ati on scheme under consideration, 1o and the synbol period avail able
for a gi venidgegatseinendubtande end @iphatancegy Nots thes &irerl cmalonp goupéer, thef ers to a
~signal waveform having both a rising edge and a falling edge. For

pul se- basgeomiigHuatd Radwidif DnN@tdearomyl SHEHE hovit eckurs ablovex dpleasied n t he edge
positions, edge shapes (slopes), and signal anplitudes between edge pairs.

. The presep; idfpueitiper, §.8. Mt GHi Firbadnf @uplet RegthaThas watgid indgarakiGorever .

Q her 1s signal wavefornms, such as edge-based signaling and various types
of anplit Hﬁt@m@i&@ﬁf to &ﬁlefs?ﬁgMQFbﬁMerﬁPﬁyﬂligﬁ@dF@lea“xbmdleCthwmﬁlemtrPE asd be

i npl enented as well. The foll ow ng discussion focuses on nodul ati on of

pul se- basggl 31 9nakd RIFRE RRART diRn@hidiGed@ingicy 80ve B GHS PRCihareat dighel present
I nvent1 on, !)Ut t hese schenes "are not necessary to practice t he i nventi on.

Consi der at) Of%aif Md: Blosd Sorifie, b AmpaMkdtehRWabON; Buisigy akedosi gnal i ng
may 20 be applie 0 other signal waveforns to select an appropriate

modul ation_scheme. kot signal 4L 0. f 060 ol Ufatofal @hdrdiglstidl dre (iproVed ) i

i ndi cat ed" “%eérasedisg%b%rlgg]%)ple:ghlg[ 1?\geead(lmng Sedzgl]e aof 1sryrrt)gl1 420 1gjccur s in the
synbol period (phase nodul.ation or, P S cf bsgsRAth ANdthird bits
are in@icé?éﬁméaeaﬁf%ﬁggﬁI%&H%QE?%FEN%fﬁ% §t¥§%ﬂﬁy°, w~, W3) ?%espulse has
(pul se-wi dt h nmodul ati.on or PVV1VI) . The val Ibhnd S0t Ndi cat ed
20 WD UZr epseemnbpetipy T%llJe ™9 (pi%‘%f lﬁgle\r/\glgﬁﬁeb(rg&%‘ﬁg{h% gﬁeﬂ)ﬁgg elafge has a

| ar ge (i~to% or sngll,(rle%ﬁslope (rise-tinme nodul ation or RTM, and the
val ue of ®TPpsesemiAl0isVidalfdcat ed by whet her the pul se anplitude is
positive or negative (ao, a,) (anplitude nodulation or AM. Bold lines

i ndi cate an actyahdwhabeophe s¥cdhmhagddn coaig daslven dévicee 820 ardibeya ) ot her
avai l abl e states for the described encodi ng schenes. A strobe is indicated
Wi thin theg 8uIROlcePLI0 RE) BeladREDYIafE removel RorRgeerh DoBmwictdasiithahint he
positions of the rising and falling edges may be conpared. The nunber of

bi t's e%COdcﬁEﬁQéu@Q&éysféfnsfoPﬁl ARV EnsRE6Iy RethlEDY el tianregainepredsa s provi ded

solely fTor i stration. In addition, RTM may be applied to the rising

and/or falling. SN THRborbRR, FanslafpleBY oesle@tmnaphdtR couplérh@4dragni t ude
and/ or sidﬁmﬁgmggﬁgﬁfgﬁgb. tob%%1 PVWM aﬁgkRTNIare exanpl es of tine-domain
modul ati on schenes. i | BritR B REGHSE 1S FheRBmBRCBESS raRe O T e
bits in tHﬂmFW%%§@3%%a&g?%ﬁn%kg%g?hngre events. such asga ri sing edge or a
ri sing edge. fal.lgwed,by a L 10, OECHstatiP disPRrsypidettionssigrad.  That

is, di ffer%fr‘?tﬁﬂ%"tqbugt gf%agseaétgh?’ea%rggggﬁt&et% by c?iaflferentr event ti rr%as or

di fferences between, event tines in i< PSLdeRd hatd indoBkeadt val

associ at ed™fetH ‘ét%zghe eilgcqltcﬁn}?ég%gﬁg?prllﬁ]ggsc]%%&g :agsn gc‘hemqsm?epr esents a mini mum
amount of tine necess?%ﬁ.to rﬁliﬁql%ad% i ngui sh between the different bit
st at es 26f fdyantagen PP ISHIEN BT PAPT S emes sel ected for a particul ar
system and the nunber of bits represented by a sel ected nodul ati on schenme
i s deternined, Foaop@gmhboddyertbethbiptestén iraeniiiseledtronagnasigaimders 24 M8l at i on
schenes and the tinme available to accormpbdate them i.e. the synbol period.
20 In Fi 0. pémelries HRPHARSMES caupling boaifvidnits tessrsenpitivedd theaelaivetponitioisholbet ween
po and pl %or a phase nodul ation schene. One bit interval of duration t~ is

allocat ed i khifetdbRpsaeibel2 AALUSHIE Gndlohan2the Theseseoredges dllowbe rel i ably
assigned to po or p, The val ue of t, depends on noise and circuit

limtation Giperd THOAD TR Ra ikttt cB cORFASItIte Mendetctefoange, despairpl e, i f
the strobeﬁﬁé&%é%v?héd by a élock pulggégclock fitter may make the strobe
2t
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w0 02/ Us57928 PCT/ US(I 1/ 50879 position (tinme) uncetfiain, which increases
the mninmuminterval necessary to reliably distinguish between po and p,.
Vari ous Wi euisty2Bi mitati ons and sol utions are di scussed bBIBUSYFORPeat er
detail. Simlarly, one bit interval of duration t3 is allocated within the
synbol period to 5 allow the two states (rto,, tt,) to  be disti j shed

rel i abl y. vaFheoss inehedforizantilor sestieal semaedonsPidlgyiceandhys sidp EQWEO%FWE?}#M i ons
associated with rise tine nmeasurenents. For exanple, rise tines are

di f f er ent had 2ok, Rypepdsdy.ng t hrough coupl er 240. Conseduently, t3 111L1St be
| ong enough to allow the neasurenent of a second derivative. Three bit

i nt | f dyurati t2 el i plee2400 al | 1
pntefvas o Elrg?%?enpﬁsentag)ﬁe v@{ﬁog%@%@’\ﬁf{bﬁlaﬂceﬂQ%cﬁb‘lﬂighlatl@@iup all ow 1o

.the four state to be reliably distinguished. The size of

t~ is deternined by nojse and cjlCL i - PBEvea$ 8QGde@D @ Andnish pul se
wi dt h rreaé‘ﬁ‘f‘%%r%ﬂ?‘%1¥et‘iy18h%ll?f%éﬁwe&tﬁ&ﬁ?tsmgfg?g@nhﬁgd relative tona cl ock

. strobe, considerations regarding clocl. £ijtter may.apokyhéfoduthge width is
det er mSne@W-epa‘le?)'éOpéﬁV'%‘g%]. lf’OK.H?gnlg ﬂlleelg&latﬁl"gezte 158@1 a lpulose, consi der at i ons

such as supply voltage varjations t.ween the 1t 5 @fis t he | eadi ng
and trai | iswgersdgientern Fig, 2B Gpastion (ﬁe‘ﬂﬁ‘ﬁje‘Péﬁpdetug‘gﬁﬁiﬁﬁggﬁgedéd o encode an

n-bit value in a tinme-domain nodul ati on schene. .(i). it interval,.
t;, is (2 orithtation, ajbis HenCAMOPET ﬁ?%i‘ﬁpei‘"ﬁf‘%%v\‘iélldgwé? édé{)&%ﬁ@??@é% gf; noi se or

circuit reasons, the total tinme allotted.to a, nodul ati on igot he sum
of all of dldcsrolmigneiinteunie380. Wéﬁo'ﬁﬁ‘l"ﬁ%ﬁ%‘SPP%e-vbc&‘?ﬁdlter?mﬁB%%Ptg?? %’nﬁscherres

are 2o enployed, the synbol period should be | enqugh,.t.0 npodate E
(2~ a -1 )allow, thphrasuranferseyitangersgd tiliO#B‘h@OlW&f aﬁ@@.bw@? ,elytlﬁsee%glﬁ%mti on is

over all tinme-domain nodul ati on schenes used. |n tt}g above exanple, the
synbol perheelsive ulighmmt ofmedad éevice sidegompapepts 329,330, wo 112/ 0STI 28
PCT/ 115111/ 50879 plus any other margins or timngs. These may i ncl ude

mi ni mum pul se il dthg, L ngh SR 8 Bimghesineh uhana fola loRgiudial dincice, - and
defined by its end-points (along the y-axis) to form a zig-zag pattern. The disclosed
embodiment of bus side component 320 includes four excursions from the longitudinal
direction that alternate in the positive and negative X direction. The disclosed number,
15 size, and angles of the excursions from the longitudinal direction are provided to illustrate
the geometry generally. Their values may be varied to meet the constraints of a particular

embodiment. Device side component 330 has a similar zig-zag pattern that is

complementary to that of bus side component 320.

The repeated crossings form parallel plate regions 340(1)-340(4) (generically,
20 “parallel plate regions 3407) and fringe regions 350(1)-350(3) (generically, “fringe regions
350”) for coupler 300. Parallel plate and fringe regions 340 and 350, respectively, provide
different contributions to the coupling coefficient of coupler 300, which mitigate the

effects of variations in the relative alignment of components 320 and 330. For example,



Using nmul tiple encodi ng schenes reduces the constraints on the synbol tine.
For exanple, encoding 5 bits using pul se w dth nodul ati on al one requires at
| east 310 dfostR8i s | arge enough, the use of the single ePCHUPHEFEDhene

m ght require a |larger synbol period (lower synbol frequency) than woul d
ot herw se be necessary. A mninmumresolution tine cana?adai{s%&ag associ at ed
with anpl iteyttes ofiydatt egioon 340U e sanylsignificawlydd eRIPRP AN I W31 %on Y 8Bhenes,

anpl i tude nodul ati on encodes data in pul se properties that are

subst ant i glifyd Qighthpgromalicirt refeenigepitisng indhe x, yadtisetfdeht $iges of fringged not to
add directly to the total bit intervals accommodated by the synmbol period.
For exanpk&iondnbb iiry dethanduhges irnatjarsetgedibes appgninutelyroldier eapdothsr whelyo| t age
.level to encode data. The different nodul ati on schenes are not conpletely
or t hogonal,y howaNano addB30he: abfedarax tepeferenaspositips it e, spinesF¢posi ti ve
and negative) encode one bit, and the mninmnumtine associated with this

-interval i PEORY 306 A wBKRETY €25 &Y, 385t MmdrwepDadl, KJ veieof a
det ect gr gﬁﬂﬁﬁu&?gﬁg v@l t age h\Zlvi ng anplitude, A The pulse width should

be at |east |ong enough fo [ Of.: ! orvol mMlarly, a
synbol chiVé?BB@?)‘i/g%Samng elngse%zta Eﬁ‘zhg?%{? féhlﬁ%c%&,a%?ng\nggﬁ ?\%?Igcge)\fe nay
interfere with a next ,S¥ﬂb0| character.i zed by phase state po. Thus, noise
and ci r cuidireptioms frpy taHs! OCTBB"tllrytaIl‘ﬁ"mpi]sz'ed inthe bit intervals), the
rel ati ve i ndependence of nodul ati on schenmes, and various other 20 factors
are consi der ed tyheffesedreaiitRgs Mbevatitad sepamtientsttaen benpeedis iz wd he
present invention. Fig. SAis a block diagram of an enbodi nent 500 of
interface I ! CRI®S iQddplingl ih barbild] phyeiegibss I4drvadesi ces
220(2)_2203%%91@4;4&1@}%)%2%@;?9@% R a0e 560 may 25 WO 1121 057028

PCT/ 115111/ 148/ VBINE Qe8atRHS ORAEE fBkibss $5b'vailoreslogily witkvi ce
220( 2) ?OI ntlgveése%‘r%lrﬂgge %ﬁg&nggsyﬁbol f%or trangsbn’i %si on on bus 210, and to

decode a symbol I egel 21Qei sty kR@HA6hshh & Sorfealiplesobwidevi ce
220(2). THEPHPLE g(sﬁgh&ggfggg?%e}éﬁg of inteiface 230 includes a transcei ver

510 and a eal ihb'r at 0”?1&%:%%& ,%249-'30% %Qng':ehﬁ\éﬁhﬂld? séplaghtiodly)irSsulieinithe si de
r

conponent %% BFc &1 ed gnet’ic coupler 240 to provide a transferred

wavefor mto transceiver 510.. For. |, 1/N8od ransiaidard tRYBHor m may be
the di ffer‘é‘ﬁf“?“é‘fee‘iﬂ’“aé[\géf’%t?lﬁ%eﬁtevr@&%e%é}gﬂ%ﬁ%nr ansm'tting gjll se 420 acr 0ss

el ectromagnetic coupl er 240. A device sid 0024 2idionRvavhded for
each channwith pgrallel pifrcdag aﬁ?@?leﬁ?o{mﬁ%ﬁWnghsrggggqgg%oégmnpcat es. A

15  same range of conductor separations.

For the disclosed embodiment of coupler 300, components 320 and 330 have
rounded corners to provide a relatively uniform impedance environment for signals
transmitted along either component. For similar reasons, components 320 and 330 have
relatively uniform cross sections. In sum, coupler 300 provides robust signal transmission

20 between device 220 and bus 210, without introducing significant impedance changes in
either environment.

Fig. 3B represents another embodiment 304 of balanced electromagnetic coupler

140. For the disclosed embodiment, one component 324 retains the undulating or zig-zag
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to second device side conponent 242' is indicated for the case in which
differential signaling is enployed. Transceiver 5/ 0 includes a receiver 530
and a trwaesiziastes 540. Recei ver 530 recovers the bits encRdedSiH08He
transferred waveform on device side conponent 242 of el ects omagnetic
coupl er 240 and provides the recovered bits to the device associated with
15 i nt er f proee$Bimikartothatdeseribedabove Euicoapossn3Payhileie segers COMPERi fier to
of fset the attenuation of signal energy on transm ssion across ,
el ect r omagpweiidsa sobsipitielly @right Tecaretsi Comporsab3 Brivddiogm qitites thsibpg sife 8vi ded by
the associated device into a synbol and drives the synbol onto_device side
242 of el geticenidrgfebigerddphiite chPone@hbIdformns ba oposisuside. Sxuprkatiyes vari ous
. parameters that may inpact the 2o performance of transceiver 510. For one
enbodi Mentcafded Btk pirate pRBOregiond I4draad fiarge cegiouidf4,520oughyhdettaided t o adj ust
term nation resistances, anplifier gains, or signal delays in transceiver
- 910, ras p@nﬂ&lﬁéﬁ%ah%iﬁ%@’ fe@ibh 95®ini cBuRlér@0e s Sondequenely.atouples 30d mhaydgaorand t he
like. 24 WD 112/U7928 PCT/ USOL/ SUB79 Fig. SB is a bl ock diagram of an
embodi ment. pRfe &f viriatisks ia g el gdsitionsSofsuinpadths 3Roandidabasiongieencoded
synbols for a device that is directly connected to the comunication
channel . kgg exanple, in system 200 (Fig. 2), device 220(1) may represent
the systemlogic or chipset of a conputer systemthat is directly connected
to a menory bus (210), and devices 220{2)-220 may [epresent menory
nodul es for thEig daperresents y%ttaéﬁqlerﬁé’t?&j’&leﬁb% (é O(fgfialﬂﬂ?eﬁﬁ[?ﬁ‘g%ﬁg&}ﬁql%% is
provi ded for each channel or trace on which interface 504 co ni cates. A
second DCcogrerdd0i Enr BEEmbogisrent rasIPPneS 328 FineHewel thatd £H8%case in whi ch
differential signaling is enployed. Interface 504 may include a clock
synchr ani zamporent 3 3&toiprovidetbotiopasalicbpinte régien 348HAnA Fingefreeddnéieds in signals to
forwarded fromdifferent devices 220(2)-220(n) and a local clock. Fig. 6 is
a block | evel diagfamrepresent] e ' 1o i iver 510
S@rlﬂ“ﬁsgﬁ% ?1 Honl%fl Qg Al J}Pﬁgﬂ\}\ﬁ%‘“gggg&gmww%g

that is suitablF& g wavet orns its are encoded

usin hase, pulse wdth angd anmplitu L at | obe is
pr ovigdgd tﬁ?“@g"c:{oz)c Ié\,\?%‘i‘sd’f?ﬁ? ?&I‘flgﬁ eéé]}u\q/it?rlg@g%ll%udgg@??@% i2? fIa gsrpgér??i al
signaling, as |ndicated ata pads ,60 ' j B
cal' br at | JRCBBIRIBIE 5 G RS goviiesdrt fresPited b hEGR 38 yoveh,

control signals 60S. For the disclo nbodi f i 10,
transnittQWGBE%O?ﬁE4ﬁﬁ@?S&Eﬁﬁ§é@wﬁﬁégﬁaﬁgpp%ﬁ%§%gggﬁpé%gﬂfgf(%ﬁ%ﬁﬁlator

630, an anplitude nodul ator 620 and an qutput buffer 610, buffer 610
provi des i indieste Epiraeamaien- FiRblmes ‘bfalf‘f’wg?ré%p LG uc[?dﬁle%ﬁ%géltea%
materials between components 320, 330 to facilitate positioning or adjust the coupling

coefficient.

Fig. 3E illustrates one mechanism for coupling device 370 to bus trace 380. For
the disclosed embodiment, bus trace 380, including bus side component 320 of coupler
20 300, is mounted on a circuit board 384. One end of bus trace 380 is connected to device
220(1). Device 370 is mounted on a flex circuit 386 and connected to device side
component 330, only a portion of which is visible in Fig. 3E. Device side component 330

continues along a surface of flex circuit 386 that faces bus side component 320 when flex
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604, respectively, to support differential signaling. A clock signal is
provi ded to phase 20 nodul at or 640 to synchroni ze transceiver 510 with a
syst em civaxde/0sT92e di scl osed configuration of nodul at ors 6ROT/USBGNSHENd 640
is provided only for purposes of illustration. The correspondi ng nodul ati on
schenes may be applied in a different order or tVWO or nore sch S may be
appl i ed i rirpsit 36 iebr.essEéBagailM/@'C(uIEZ’p@Sﬁgﬁ@SP@W“E@(‘BI’/‘IM‘?)QV)TI‘%SOGIF%S%sed
enbodi ment of receiver 530 includes an anplifier 650, an anplitude

denodul at Q668 of whivhasesidiermHigl 38,05 p7ded torfel it MeiHPemodul at or

680. The order of denodul ators 660, 670, and 680 is provided for
illustration and is .not, reduired 1.9 j : ok Rinkton. For
_exanple, vario g‘e ggﬁglaapaé@cg?gfﬁ%ﬁ%%dgﬁg% g%_‘é{ogji% aﬁélﬁﬂ%r@epsg%a%l el or in an
order different fromthat indicated. K Deyj.ce nd: -

(gener i caldifpuit begad P F@§W3e"i@§"%§lq’oq$y 15?1“%6 ?Oé]?p?ﬁgél@%s?g%glid?r%@gg%(l:ag;?lymi ch in
. one enbodi nent of this inventjion are active whil.e £ i S

r ecei visng. flarpertien pEEES Sispb o ft?fm P:rgssgg(fréf‘ﬁ”%%tgjgp g%@ﬁ%? ﬁ&élg%grd process,
tenperature, and vol tage variations nmay be ai ded cal i bratiop, el.rcuit
520. For t}%n%@ﬂ\f@lﬂy IGEFG)t,edd@Q}ﬁ‘ q\’@l% uplgl tiCﬂi%]gg%e rgﬁat”%&?%}éllsége,\&%eut t he
desired functionality may be provided by multiple N and{or P devices in
series or side @amahé¢neB30 Fddug sife ?QJPP%‘FBR%B&T aﬁJ‘ﬁ%@é‘Fi"bﬁ&%%nA CSP?C(E:HULP??SZO may
be in digital or analog form and may be conditioned with gut put enabl e.
Fig. 7A i sbeaproi/idcxijtiotmaiiita'gﬂafmatﬁ’ﬂobﬁéw@ﬁ’bb‘&iaﬁéﬁ?V‘?}fs“ﬁrcﬁﬂ‘?ﬁﬁwt”?sgrz 820 and its
conponent nodul ators 620, 630, 640. Also shown is a strobe transmtter 790
sui tabl e f 830, IEp@eney,at omgordotit afsompenagtiai20 aph3 HnHHERP %é‘egﬂé‘ﬁiém tted via
bus 210. For one enbodi ment of system 200, two separate strobes are

provi degl. @RRcSknekeial, sllgrioy ihdmdo be presssehiegsthernitnys CEREIHAREOT EEWR0(1 L) to
devi ces 220(2) through 220(m, and another strobe is provided for

comuni cat AGRge fHaPEBuERY ilses sRR@ORpotdnt 3ifgh dediey 1 beadskvitolleresjiceie 38%0(1) . 20
The di scl osed enbodi ment of transmtter 540 nodul ates a clock signal (CLIC
PULSE) to @fi‘lﬁﬂgﬁn%tﬂé‘ﬁee@l%rbﬂiéﬂﬁ’ecbirﬂ)ﬁh@eﬂi deyaesale cpmporedt 330redgeticd 570encoded
in the synbol's phase (phase bit), tvvo bits ace encoded in the synbol's
width (width bits) and

Flex circuit 386 may comprise, for example, one or more layers of a flexible and/or
resilient material such as an epoxy dielectric material, a polyimide (e.g. Kapton® by E.L
15 du Pont de Nemours of Wilmington, Delaware), or polyethylene terephthalate (PET). For
one embodiment, device side component 330 may be sandwiched between layers of the
flexible/resilient material, to provide the elasticity and dielectric isolation used to form
coupler 300. The disclosed mechanism is just one of many ways that may be used to
couple device 370 to bus trace 380. For example, various combinations of flexible and

igi i riati these mechanisms may be employed.
20  rigid materials, daughter cards and variations on

The cleaner noise environment provided by a muiti-drop bus system that is
implemented in accordance with the present invention allows signals to be transmitted

reliably at higher frequencies than in conventional multi-drop bus systems. However,
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one bit is encoded in the synbol's anplitude (anplitude bit). Transmtter
540 may be 2G VI~ O (12/0S7928 PCT/ U S111 /s0879 used to generate a

di ff er enwicad2/sy9BoOl pul se per synbol period, and strobe tPEHYR/INYIOBTY 790 may
be used to generate a differential clock pul se per synbol period. Phase
modul at or 640 includes a MJX 710 and del ay nodul e (DI\%_712 710

recei ves gaintsihayetividimseodeddty gher penabes feapepnesaloneiylinficd; T8I ayed versi on
of CLK PULSE frominput 704. The control input of MJX 710 transmits a

del ayed oObxaupliekiayesle bf rsguledigms cafabElof applisignabys HEi NABSPE the val ue of
the phase bit. In general, a phase nodul ator 640 that encodes p -phase bits
may sel ectha€ defreRps yeths sigmd fiefueBtiingrehsss kwdjlidien, raBsEr FRREFENESSdel ays. For
.the disclosed enbodi ment, the output of phase nodul ator 640 indicates the

| eadi ng eqd@inafictsied hichan anthesempleslyadinandtéchorygastes, rasdfies Eanemisyion
generation of the trailing edge by ~~~idth nodul ator 630. A del ay-natching
- bl ock (sDNQ%eeE%eh&t@ﬁng dﬁglitu@es,offnfds:matecciirmiufesomdzmsmglmﬁwmn«es;mdu| ator 630
{such as the delay of MJX 720) which m ght detrinentally inpact the width

of synbol 420, Q& nldd codh JDkMh Bt 4nd dielactsit sustes siagiatit [(START) ,  whi ch
IS provi dé:ﬁ?t?ecl)’ %er‘gflﬂdﬁdjeé rmglul ator 620 for additional processing. g Wdth

nodul at or £30 i.ncl - j cite@omametid\IpERDittmaygdsver at e a
second édé%qgﬂlg?giOgg%zllogﬁgggéagfzﬁgm%g@yhe fi rzi;g;m edgepby an anount

i ndi cat ed he. wi dt Ly T REPH FhLOg e k@ hiBuaticGtmgy si gnal
LSTOP) tha??%ft'tsba|1$vﬁlﬂﬁ1'?gpg}h@%ml%’gﬁggﬁk}géﬁgstn?r&&gz for additional processing.
For the discl osed enbodi . ] 540, tIw0 bits applied to the
control i HB’EHR]SEIGWCWE "U@Qfsel {alsg(%g@?)?&lisf)nﬁt?eddi fferent delays 20 for the
second edge, which is provided at the output of MI1X 720. Inputs a, b, c,
and d @f MIX 720 madpbevd e digipubandwigthadfa dharnel isigiveniby W 5digds WS5T9 owi ng
its passage through DMs 722, 724, 726, and 728, respectivel g." If the width
bi ts i ndi cgtiihi BRHbol Sreqhicicy endalNpk the ntimbersd bishtlansidfésdge pabobly syl 720 i s
del ayed by DM 722 + DM 724 + DM 726 relative to the first edge. 27 WO

| 12/ 1179294 G/ {JSES/0R0 8rhBodiibntiof ti@reven idvahim, 6@ tus sedulgionRthened aSTOP t o
generate a syribol pul se having a first edge, a width, and a polarity

i ndi cated by, bha (phRREse M, Wil spenibaanmboltpeded Vs, Faregpen Fi, visllgrgeniovi ded
to transmitter 540 for a given synbol period. Anmplitude nodul ator 620

I ncl udes S‘é\{j()féiggeaﬁ]?%vg%leﬁ\cr%gin7§@(tl?s)t AliLEie liMithBorS BARTiated Wil ggiahae gul se 5

generators (a) and 730(b), respectively, depending on the state of

the anplitpdecbit. .  Su n0Rh&ses i@ beesabpkewitSTER i s
provi ded tE“’Egggthec'fc%{ljatq@gglfOKé%&s%%%(%g@H?nd 730(55)@( Seneri cally, EPG 730).

On receipt of START, .EPG 730 .1 0t oo, pul se, which it term nates
on recei pt er‘?“ech'df’?ﬂaB%%gn%?ﬁgé %%ﬁli\}\%?]gﬁm%%%ymo is activated, a positive or
a negative going pulse is provided to the output of to Eransm’tt r. 540 via
differential oulnpht fdiofvirerdigagionSyariopetime-darpinidilatiohsehepe A HM 750 ari d
Illatchlllg IOyl C block 780. DM 750 delays CLI{ P(1LSE tq gro i de a strobe
si gnal t hatpuipsses bt ilmbiratiohofhe baefitsiofithe preserd HvaNHMARNAABIERL D and pl of
synbol 420. For one enbodi nent of strobe transmtter 790, DM 750 positions
the strobe javeRdmbailaeanciemes. phtseting-dorstimmedulpdp Shanisetch s Sgépfgnd p 1
(Fig. 4). t5 The strobe is used by, e.g., receiver 530 to denodul ate phase
by det egym pidagliatibn tVaginemdnngbeddedges indgtuisepmairwkand epdpilebtndaf t er t he
strobe. DM 750 of strobe transmtter 790 thus corresponds to phase

modul at or  64Q,&fy 48kintthklioh beembd Quch Mafreduiengy inodilatidnl phebe MedMIatiop! i cat es
the remaining cirtcuits of transmtter 540 to keep the timng of the strobe

consi stent E&eé&%e&%@or af hshatllt JEdthase diddesdutivg-doelaat hedalapioni t i oni ng.

schemes (a pulse superposed with a high frequency sinusoid), are also suitable for use with

this invention.
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2p In general, DM 750 and matching | ogic block 780 duplicate for the strobe
the operations of transmtter 540 on data signals at the |evel of J)hysi cal

| ayout. Woneeguest|y, this delay thatching is robust to VREGTHSNGHE i n
process, tenperature, voltage, etc. In addition, the remai nder of the

conmmuni cation channel fromthe output of transmtter 540, : h board
traces, el ect rPigedisetscienptio pipeserpaien Oééé?gaalt4r1§g]@§hlﬁﬁ‘a?qﬁglﬁeo%ﬁ{epﬁ%gi de of zs
VWO U211157928 PCT/ US111h0879 coupler 240, and to the inputs of receiver
530 at t heedvesely Ngandearionemodwgtidneschaseasiizad may bejenployedie U\%’éﬂmﬂ‘g{pe and
strobe in order to keep the chosen relative timng. However, the matching
of del ays gy b AEBOioNESiEnald T ncides § wpdulated symbat420 drapip B B and is not
. hecessary to practice this invention. For exanple, if the circuits and
remai nder (9fpéhRrisd @8N Fel puiigosaosf ithestiatiern, mhasatroksetVidiht et fiobe del ays,
receivers may calibrate for the relative timng of the strobe or even

- conpensgat ecm{p%udte he daREsN%Remds ate Sowakeacdingfoedieei dap Mg 3t)i IHEHEPSr om
appropriately encoded data. Fig. 7B is a schematic di agram of one

embodi Ment,,gf 1. HeQs AFERISh f1ad @haimeRcise noBMtictOhaeas Wsll suotheisl e for use
with the present invention. For exanple, one or to nore DMs 770 may be used

for any of ,DNB 7 . 4@ thered@bihe BaRiwi@ tor dparticuiat dystedi bk osed enbodi ment
of transmat‘?ngrorgiém%b(z)@ﬁ?’r odﬁlce programuabl e del ays in START and STOP. DM

770 incl udes,invert.er iddriiatheiteneaupkatheiow)r edigr ence
vol t ages Vnﬁdlg%@n@%he{)iégsgéé%@ F%&%dﬁ?ogﬁcorlla transistor sets 774(a), 774(b)

and 776(a), 776(b),. respect.i v . f GEodvrtibRg8smMimdeAthsMeratiay,  be t he
di gital suiS’HYC)?SN(?B% Ve @ﬁ)?lﬁkinsseagélﬁ%ggégg%?nents.l Programm ng signals, pt -
~and nt - n~, applied. to. i st 74(a), 774(b) and 776(a),
776(b) 10 r e¥)ebe W‘ﬁﬂ/Peré)fita?é?'}a[’ﬁgg]caoﬁg%}: %ﬁ%lec seen by invetrters 772(a) and
722(b) and, consequently, their speeds. As discussed below.in heater
detail, cali br afitpnfollbwigidiscisgion,meipulse” m%ﬁtotadngéll‘@b’FfoﬁFéiéY‘a%ﬁ‘% g signals,
p, - p~and ni - n~ for inverters 772(a) and 772(b). 20 Fig. 7Cis a
schemati ¢ dLAYEAN Ak a BEnEstRe dF sTRLse bhseBRENABE, nframatio maay heggrdeflor use
with the present”invention. The disclosed enbodi nent of EPG 730 includes
transistors .73;11] 12’3,4}1},3%@@ JRfions)ddgashepdséslopesBandiignatpmeditusies REfppe
transistor 73 |% riven by START. A positive-going edge on START indicates
the beginnig %Ers aTﬁey&@é%ht RinEEn isTREl@REES pofse Passd dightling gwvieren§thtor s 732
and 736, res%e ctively, are driven by STOP, 29 WO (12/ US7928

PCT/ 13SUI / S() 879, whi.h, GhabPhigaliag shdAAA6R)types oFingplitiidk, phaseordel ayed,
inverted cé aowav\éﬁbﬁr&g.su%oa%gg%tiave- g%i ng@edge on STOP indicates the end of
a symbol pul se.  Wien STER i s GheoddsdSIbetiRpleridmed & vadlf Thadoltovamesi st or 736
ison Ap ?ﬂ??‘\?ét“&@f‘ﬁ‘gegg’a‘g@‘%ﬁ START Fﬁr ns gn transi stor 734, pulling node

N | ow and ggnerating a | eadi feon é’ds?%f_m? schéthés@o alucidlie vaidysut  of EPG
730. A subsdéftﬁﬂﬁfﬂ“fﬁ‘g’ﬁﬁs‘[ql\/%gdﬁgl?iﬁgggﬁ"ég on Oﬁitur ns off transistor 736

and turns on transistor 732 .pul|j ighncdfchry & prastb ity t he synbol
pul se. For 2Pgst rﬁhesﬂ}?FBBtl‘“Y?ml(g"é!bhg@%ﬁ%aﬁf%% ndeasserﬁ%d %egati ve- goi ng

S?ggl) oggaoégﬂ?épgfeégs' pa%ogsosri1lr1ﬁasl'Qg N DG JTER bR was SRt Dsedshakxaipl e, the
select an appropriate modulation scheme.

20  be applied to other signal waveforms to

For signal 410, the value of a first bit (0 or 1) is indicated by where (po or p1) the

leading edge of symbol 420 occurs in the symbol period (phase modulation or PM). The

values of second and third bits are indicated by which of 4 possible widths (wo, W, Wa,

w3) the pulse has (pulse-width modulation or PWM). The value of a fourth bit is indicated
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transmtter 540 is tinmed with CLK PULSE, and hi gher synbol densities may be
obt ai ned 10 -by enpl oyi ng narrow CLK PULSEs. The w dths of START and STOP
are thusww éumea2son of the CLIC PULSE wi dth, while the sepaf/&@te1sNst¥et ween
START and STOP is a function of the width bits. The different possible
relative arrivals of the end of START acid be inn'n? .of STcr.ma adversely
i mpact  t hby whalhdr sl fating edgeyhan alarged@oxsy SmAk (fy Elppe (isg-time gpdu a’f‘?‘b‘}a/[l ly,
transistor 734 may be on or off when a negative-going edge. of 15 STOP

t er ni nat eRTM)gans yirbaluepd b $isth bilgeimdicetadpy wﬁg@erélpqmgsie FPIBKE SIS t he
parasitic capacitances at node P through transistor, 734, or not. This

vari abi | i bynegativedic &g tanilicuddencaylagon oM. BoIH lings igdispe pn edgdskobugh EPG

. 730 in an unintended way. Fig. 7D is a schematic diagramof an alternative
enbodi menkymiol §2MasdTidsher [ifed didagtotlien evaildigls states &l dhe Jesnibd EPEIBBO(c) . EPG
730(c) reshapes START to ensure a 20 consistent timng which avoids the

- vari abi| i tyneahes cAk kiaed iahaiated Nabiltlye sytibel proidil td pdviST ARTererceiimgaritd so t hat
it always ends after STOP begins. This is done by generating a new START
whose begiyhtinigk positioReband Asndand fiitingedggs may bSTonPRrgslitThahowberohbity s

i ndi cated by the beginning of _STOP, instead of the wdth of CLh PULSE.
Not e al S0 ¢hhatd by dhch BEthabbenrbdrbed Motnstionsttieneh typrovidedsolply 8D, the sum of
tire delays through delay 30 W O 1121057928 PCT/ US(I1/5(1879 mat chi ng

bl ock 714 i@%gat%ﬁcaﬂg@ﬁt@n st mﬁﬁb@i{ppti&tﬂolﬂiﬁ i tbr daliryeslgesofayratdi
nodul at or . Fig. 8A-8E show CLI{ PULSE, START, STOP, SYMBOL, and TR

SYMBQL, r i He BREInSRDASHnTRN anafor Si¥s bEINAI0420Her e, TR SYMBOL
repr esent gﬁﬁ,ﬁagﬁpé?h]%%?ﬁ%ﬁ@amf ol Iggvr\:i ng translﬁi ssion across el ectromagnetic

coupl er 240. The smaller anplitude of TR SYMBOL rgl ative to SYMBCL is
roughl 1 i ndi caPktl PHM; dnd R jaee expaplgeofifistandamain Madlatily heResoFA% g, 8D and
8E. TR_SYMBOL represents the signal that is decoded by .int rLace 230 to
extract datne-drintain fioduldtiontshleamermeedss say mye Biksin dke HYS) aFWaIcA 9Bubound bits
encoded by each SYMBCOL are indicated bel ow the corresponding to ﬁYI\/BO_ in
t he order here ewdnts, such amd risiFg gdge@Aa rising edasHelmraddbydi falina plgeetitBsB S ng one
enbodi nent of receiver 530 that is suitable for use with the present

i nvent i on.syfbel pdiied| Diseth, difforedi bitstatesire reproséniasibysBIeronicy ey S8 o f f er ent i al
data si gnaﬁs, Fig, 9A also sho~s a strobe receiver 902, which is suitable
for procesgitaendds Bétlvb@r@biititahessi thebymisil geidd. AShit Ditval essetigled wihsachay

provi de delay 15 matching for receiver 530 simlar to that discussed above.

Recei vy 530c-adhis hioaliatisrekénerepRetsmayinbeun smdyntfof time xegepia, ©0i n syst em
200 in conj unction with the enbodi nents of transmtter 540 and strobe

transm tt ef;A90qiskifals Sadcabmeaiffeldnebidbtaes ofikdschriedThemoduitionecei ver 530
includes differential to single-ended anplifiers 920(a) and 920(b) which
conpensat e gf .l BRENEK @ paichBYBenDindaBEam Rt efbiwirtjresented by a selected

modulation scheme is determined, in part, by the bit intervals of the candidate modulation

schemes and the time available to accommodate them, i.e. the symbol period.

20 In Fig. 4, 1) represents a minimum time required to distinguish between po and py
for a phase modulation scheme. One bit interval of duration t, is allocated within the
symbol period to allow the pulse edge to be reliably assigned to po or pi. The value of t,
depends on noise and circuit limitations that can interfere with phase measurements. For.
example, if the strobe is provided by a clock pulse, clock jitter may make the strobe
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20 el ectromagnetic coupler 240. Anplifiers 920(a) and 920(b) produce
digital pulses in response to either positive or negative pul ses on the

t ransf er MEH02405g9281 (TR _SYMBOL in Fig. 8E) and its conpl enBEt/USE/H87% he
signals at inputs 602 and 604. In addition to 31 V\D 02/ 057928

PCT/ US111/ 511879 anplif cation, lifiers 920 may latch their outputs with

appr opr i apesitiomitimg) iegrainswhien ﬁP'Gg%%ﬂg’eé’ﬂf"F‘?‘ET? @Fﬁw% RN R ‘ﬁ‘a[ﬂfy

succeeding digital circuits. Matching strobe re 902 simlarly

anpl i fi es disHieguigclmtweenpo At i Maé?‘ésrﬁ“lc'alF lgitatinge a%qe S@)IH&‘P“S #5ASEHEYi scl osed

enbodi ment, the received strobe is used to decode phase information in data

synbol 42®elo&in(gb&ate|récteiil-ver 902 includes differential to single-ended

.anplifiers 920(c) and 920(d) and matched circuitry 904. Matched circuitry

904 repl i cat es g ly. {)ne tﬁﬁn%%ﬂu%oﬁhﬁ?h‘lﬂ&cﬁ%d Withf @6edyuDol fdddt® nat ch
del ays for data an e signals, simlar to the matching of transmtter

1540 and strobe, trans impt TR sistdreng déeeahsaesy 902
i ncludés & lPVchﬂl % %%S (h?j "‘Petgg%%?‘ ?g(ﬁcgsel dgm)duSlat 0?3 670 and ledth

denodul at or, 680, wi t rrebpe buffer
990 buf f erQILRRT PR 1{?8%?%1%5 at%)c' #E'a |lg5t@?‘|h%3§?aglﬁ%%ﬁ%mm}a %Imclalﬂ% éggl vers 530,

up to the nunber chanpel s i.n bus 0- may be

| arge, deptpiiangdi %'W%e%r%éﬁm%t}“otug%%owger' %g(liLtcor§ ?y %glfl S?%ul?)? g 980
corresponds to strobe buffer 990. To (?(\ﬁ ar.ea, data buffer 980 need not be
an exact re@prgig aHPWélier'B“b"é”‘BIBF‘fté’raﬁﬁn %48 ays can is also be matched by
scaling down bath data buffer 980 and its | oading proportionately, relative
to their count efpas diSinicivaitor aletises eiewtincB@yithinthe ORn g perigdIoR}10W40( a)

conbi nes the outputs of anplifiers 920(a) and 920(b) to recover the first

edge of, TRESYNBQates FAE whanBwitb bORIbbIdidbah@sshbhaThet she of .pdgetiod thel ay
t hrough gate 940 is uniformwith respect to the Wo inputs. An 20

enbodi nment | af. LR Q40ih St RO odidled v #h plde. wiBihnhdasurkytentsi niit pADVgHit 8 ( UAND)
930 recovers the second edge of TR_SYMBOL. An enbodi ment of UAND 930 is

shown in Fc'leQel %Féd 1§l§tl\ée7t§\gcggﬂ( Hrobe, 2(%11? Gerhtidns 2ekRfathb 2 IotR §itted ey Qphd 1€ nbodl ment
u |

of phase deid tor ncl udes an arbiter 950(b) (generically, "arbiter

950") and Sg ]%ggtel%??e 'éémeb%q %5&1% RhdiGg BRRIES phie chhdidhatipAgachecover ed

fromthe t 40(a) wth the correspondi ng edge from

t he recovered stro g bit
accordi ng FoURREMR ?getvﬁ'éalrg%gégée #?%Bt%ﬁﬁg%eé%(lf)bﬁe l&ggsgéﬁ%g?ﬁilgg&? or

follows the fi rét edge of the strobe. An enbodi ment of arbiter 950 is shown
in Fi g.!> 9DM#ARPRIUt put 952 goes high if input 9S6 goes high before input
958. CQutput 954 goes high if input 958 goes high before input 956 Fig. 9E
is acircuit di Bogeaent dpriesertderddo owedesrbobit welne ingrtimgymain ged Y9N The

scheme (i) that has a bit interval, t;, is (2" —1)e t;. If non-uniform bit intervals are

preferred for noise or circuit reasons, the total time allotted to a modulation scheme is the

sum of all of its bit intervals. When multiple time-domain modulation schemes are

20 employed, the symbol period should be long enough to accommodate X 2"V _1)e t;, plus

any additional timing margins. Here, the summation is over all time-domain modulation

schemes used. In the above example, the symbol period should accommodate t; +t3 + 3 f2,
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di scl osed enbodi nent of anplifier 920 includes a reset equalization device
922, a gain 1o control device 924, and a pre-charged Latch 92S. Reset

devi ce 9% mmseds up the resetting of anplifier 920 afterPG@I/USHIESEEd pul se,
in preparation for the next synbol period. Gain control device 924
conpensates the gain of anplifier 920 for vyarjations in. nro ol t age,

t enper at uples argrother h@rgihmgﬁm%ﬁo rithessimay; ipluge ey pUlsEW S\P?“S%%’dbby
calibration circuit 520. More generally, device 924 may be nultiple devices
connect edcliaine &arideddtby regiBuad apiad: leed the kel si gnal 926 may be several bits
produced by calibration circuit 520. Precharged |atch 928 reshapes received

pul ses for the conveni en . SHGEEeiRG: b bairkists oRaRykiboigineutRout pul se
_widths are de?%?‘ﬂ?'ﬁléélpgeye%gocﬁ%ﬁ&ﬁ% signal, RST. For one embodi ment of

anplifier 920, RST .is QJr.odu hQlond auiréd LM@stElsth Bther tim ng
si gnal s ugwal%e?@é‘&gég?gg‘g@gg}‘@?@m p@é@le&ﬁg for ;;l’rug-charaed | atch 928 and

.signal 20 RST to t()rﬁit'l“gH%@{]ﬁ@g%ﬂfgﬁegeg]tc%@i%tcﬁémg%tpéauip@m;gepgylmquences or

noi se. SAdHi #iepAAIUe to detect and correct such events.
The di scl osed enbodi nent. of anmp]itud lat,Qf ) includes an arbiter
950( a) V\hipélI*Pdr@B\éfi‘ﬁﬂquqﬁ‘@q%t%%k?"ewdoﬁc}%ﬁs er rbgf'j] seisgﬁ}gl s fromanplifiers
920(a) and 920(b). 33 WO 112/11S7928 PCT/113Sl111/511879 Arbiter 950(a)
sets an anpl it udginhhim a&cRtcH fige ta aMvetehesociated vothigmplitusie madpletien- er 920( a)
or 920(b) pulses first. The disclosed embodi ment of w dth denpdul ator 680
I ncl udes ligé( HIREHE RonabiPMBAuI &, sciRhs, athblifudantoidtienen %M@ﬁg’tag}ﬂq}.{lﬁ?) ,
950(e), an ecodi ng logic 960. The recovered first synbol edge is sent

t hrough DVs_ 9 LnDddh SrthodSReioatige postink.eSomstqueddy itgiegthrdts havi ng
del ays thd’ﬂ"prele“‘g‘?f“'g“%%‘é Statﬁgeimdel?yays oG aten with different symbol widths.

For one e i t.of i et 19 thedyab i08.1Boremymple,
i npl emtht %8gg&%f&6%ggr#rt§ﬁ?del {clfg\lrhgéy&%rgul eg (j”liitglg. y??B)C)éW,z\lr biters 950(c),

950(d), and 950(e) det.ermi t : alaabl a Psisict ievdl tokndoliedsecond edge
with respeaétfp?‘?‘b t Ogtlgaéﬁlépégggl Sékgloggggmsi gnal s. II%ecodi ng | ogic 960 maps this
position to a pair of width bits. Latches 970%a}, glgocg bi 97‘%(0%1 pand
970(d) recei ve Therdferamanslotetpmischpraesiraiat oOmpIRtyHIOE B hoValsh " tHE
anplit<ide bit, respectively, at their inputs, and transfer ﬁg e extracted
(i nbound) Kol&etamplé) eivs ampmtpdnsatvﬁewtcwe@mté%gabye)énﬁqueﬂ?{ﬁ'{;a& Ral . For the
di scl osed enbodi nent of receiver 530, the |latches are cl o%ked by sampling a
signal fropdihemdBieasdtihtehaitnthisfintaivel hayderdsthom tedrouaemPl BUYhR t he extra
delay of DM 916. This | atching synchronizes the denodul ated bits to the
acconpguyi pgyshké SR8 of 4 Bltedor cirduiatd voltage, hagindempliwdg 2o Fhepulsedifthe a furt her
synchroni zation of the data to a local clock, e.g. clock synchronization
circuit 560 4. b 8 ieaRBondRio6gNHr thkisigh @fAite bt teserarineda Semiai 198 benef i t

of this disclosure will appreciate that this can be done in any nunber of
di f f er ent \éﬁé{ﬁ%«eréed TP@sal@ht QHE 16 @Apekiendiate e nap isatidivitbancsyPbtler f ace 230
include a nmenber of circuit elenments that nmay be adjusted to conpensate for

process, vollage: b eiPRisattdfed,. Thus, noise and circuit limitations (partly summarized in
the bit intervals), the relative independence of modulation schemes, and various other

20 factors are considered when selecting modulation schemes to be used with the present

invention.
Fig. 5A is a block diagram of an embodiment 500 of interface 230 suitable for

processing multi-bit symbols for devices 220(2)-220(m). For example, interface 500 may



variations and the |ike. For exanple, conpensation nmay entail adjusting the
del ay 3~ WO 02/11S7928 PCT/ USf11/511879 provided by a programrabl e del ay
nodul e (@ RABY928t he gain provided by an anplifier (anpliPCHUSBZO$?Y or the
term nation resi stance (device sets 690(a) and 690(b)). Fi g 10 shows an
enbodi nent of calibration circuit 520, g@wose of cad rat qr}ol S to use
f eedback b@umasgmc@daﬁ@bwﬁﬂ?éhg%ﬂlee$o‘i’e"\’f£r2|2 0,7 ERUEFSRPNABEY %‘Pr%%rat ure,
voltage, and the |ike. The enbodi ment of cali bratl o circu gé(% hown in
Fig. 10 i sramsnmiedienyor sk andisrlecesleiasymobiesriredgndis 0(‘&%“"%1‘2 st del ayed
by seriesconnected DVs 1000(1) - 1000(m). The nunber of DMs is chosen SO

t hat the ssabypdevide20@).ays can be set to nmatch one period of CLK PULSE.
.Arbiter 950 is used to detect when the sum of the delays through DMs 1000

I's less than, i H?cé\fé&@%@h‘eﬁla LDurP8Eeived 510k acont r ol 1010
cycles thr ough%ﬂ%?%lto%’gn?bomse@t#l ngs until l tlhg Sll,lm of the del ays matches

, | ock d. .The st he effects of
Bpgcgsgc B Iéﬁ?‘a}‘ii‘icéﬁisg‘gv?‘g ehotl«%qn?fg%mé A fels (51@%31512&4&5@4[)%5 grhe effects o

Calibration circ 520 , Wh
con:jl ti olns,e E(“F:S?i‘ﬁgr;ﬁ f’ﬁ?‘ﬁ’len%? E’aﬁ};o e f‘iﬁgﬁ‘%ﬁyﬁ%&l‘%rM?(‘:’%gwéf)ﬂlgc?y )a/my ofe r]a

variety of other strate . 1S 20 r settings
can be di S¥pmplg; ba trppstes é’%tja”? leaﬁ-éa ]gu‘ i nrft &a&&i’g%g&%ﬁ{(ﬂgfs DM 71 2, DM

910, etc. The desired del ays of DVs i y

sel ect i ng tEanfRHbEF PWe ﬁgpéﬂ)l‘l’%ﬁﬁ%ﬁﬁf”é‘a%@ﬂ% %‘% o(f?e %g@h@sﬁﬁg%?w whi ch
have the sane ratio to the total nunber k:aﬁé r%(aljcoes umc?eé ngl uded in
al | the DNBprayigd der qﬁﬁbcha%i‘iqugoPusttf?éecPé‘s“ ?‘%hdm P T ot he e oeK perl od For
exanple, if there are 20 total delay nodul es 770

one cam sedecartd devite sidy conpanart 24 e fndigatedrer (e 65K ”’p‘@?‘%@’%?%@ S‘r%ﬁ ﬁ]gdel ay
nodul es 770 for any particular DMused in interface 230. In addition, one
can al so cikeopkyad.fracti onal extra delay for any particul ar DM by i nserti ng
smal | extra | oads at the outputs of selected delay nodules 770 which

constitute that anscal%gr 5104 l%ir 124 HSZ28538GRA MBhhshined 90, Thecenal $3or at i on

i nformation obtgl ne atron circuit 520 may al so be used to control

other circuit paraneters,. i YRhi R Bcs QRlidnioRst 2These may
i ncl ude thbec?%eE?@Fgﬁscee“CS dt@@%%%%@ﬁ%@%\?l@el 690 and gai n&of anplifier 920.

This may be done b correl pedadsbeidtbewdr! ay
contr ol se???ﬂ@’%‘“ HE PHRS ?4% aﬂggltole mﬁgé%?%%:(g@g%?{g?gera? Srét vol tage, and

| i ke conditions e o her rCUIt been
i Scl odad etEeR o hip o RARRTTLG0e A1 BARELWe Ded?

el -dr Opat?éflstlagglnsgfes;pg%al c-ggl?gy ((jnI] aans?nslsesgons 05§ é‘i‘e&%lagé{e?m coupler 240.

Transmitter 540 encodes data bits provided by the associated device into 2 symbol and

drives the symbol onto device side 242 of electromagnetic coupler 240.

Calibration circuit 520 manages various parameters that may impact the
20  performance of transceiver 510. For one embodiment of interface 230, calibration circuit
520 may be used to adjust termination resistances, amplifier gains, or signal delays in

transceiver 510, responsive to variations in process, temperature, voltage, and the like.
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el ectromagnetic couplers to transfer data to and froma nufti-drop bus. The
el ectromagnetic couplers inpose relatively mnor pet-turbations on the

el ectri celo @epagti es 1o of the bus, reducing the noi se aBSHUPHIME O t h

hi gh frequency, transm ssion line effects. The cl eaner noi se environnent

al l ows various nodul ati on schenes to_be inpl nted i [l bus
systens at hi ghe5Bsik ghbick ﬁ@gfﬂf@ﬁ@éﬁ@%@?‘eﬁ*ﬁ@gg? %ﬁ‘%ﬁ%@%&%ﬁuﬁéﬁgs have
been provided to illustrate various features of the present invention.

Per sons sk ploesing endedediptmbsts fousdeyics dit Sylieen R8T °f%vi ng the 15
benefit of this disclosure, ~ill recognize variations modi fi cati ons of
t he di scl esetursedion chaantls Fongnagtplenrrsiern 809 gdg Qﬁnélewlcﬁﬁz?(ﬂ' MPhe spirit and
.scope. of the appended clains. W claim 36 WO 02/ (1S7928 PCTI1JSI11/50879
1. A syst ppreseamieissitag logc aomihsettaf ¢ compuiersystem that st diggedy c@nedddP fve ont o
the conductive trace a first synbol that encodes plural bits in selected

. proper ki emepbryttve (Byxtad devod 2’30(@)-§E1£mhmamWi‘@@ltt“éﬁﬂ%%bb’@é‘t‘le%fﬁéthﬁl ural bits
froma waveforln transferred to the second device through an

el ect r omagaghits r:g@eiﬁ.l alcordingTheDEystrentiar 506lispnavided o ercliicharnBorgiddpert i es
of the first synpol include positions of first and second edges of the
synmbol Wi hiyhich isTRe!50nesmmdnicites. 3\ sctbrel BY somewertdn Woainer chanighdf ei n t he
first device includes a phase nodulator to position the first edge of the

symbol  r espRRRIISE: the AP RhichRIRdiilSigndlinghemplypedeimtefface| S8f mag, wher ein
the first device nodifies a clock pul se responsive 15 to the plural bits to

encode t hg ! Risthidhidah6n Eifdugt sesomdalunt for tifhie diffetems ofsighklsi m 4,
wher ei n tﬁnecrﬁlcdgﬁghogt iS%/le tréce includes a f rst trace to transmt the first

symbol and a second §if@&f: dQicks BIEIRoManeh arkl godise. 37 WO 02/ 1157928

Fig. 6 is a block level diagram representing an embodiment 600 of transceiver 510
that is suitable for handling waveforms in which data bits are encoded using phase, pulse-
width and amplitude modulation, and the strobe is provided by a clock signal. Transceiver
600 supports differential signaling, as indicated by data pads 602, 604, and it receives

15 calibration control signals from, e.g., calibration circuit 520, via control signals 608.

For the disclosed embodiment of transceiver 5 10, transmitter 540 includes a phase
modulator 640, a pulse-width modulator 630, an amplitude modulator 620 and an output
buffer 610. Output buffer 610 provides inverted and non-inverted outputs to pads 602 and
604, respectively, to support differential signaling. A clock signal is provided to phase

20  modulator 640 to synchronize transceiver 510 with a system clock. The disclosed
configuration of modulators 620, 630, and 640 is provided only for purposes of
illustration. The corresponding modulation schemes may be applied in a different order or

two or more schemes may be applied in parallel.
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PCT I U S(11/50879 6. The systemof claim1, wherein the first device

i ncl udes phase, pulse-w dth and anplitude nodul ators to encode the plural
bits in peapés7aesdth and anplitude propet~ties of the firBET/E§IHO87 5 7.
The systemof claiml, wherein the first device encodes the plural bits

using Wo or nore of phase, pulse-w dt anpl.i tude d rise-1i

{mdul ation. S Theriscloged emhogimep %tﬁ"ﬁ?ei‘,’erg,%%F@nﬁﬂe%%é‘@gﬁg'néébdaélvﬁlrépgg bdSel udes a
ranscei ver to recover the plural bits fromthe transferr vefon n. t

9. The sydmeariuborébdianhse dpfepepir '{”Wea‘i‘{f’a %@W@J@]@ﬁ‘&%? E& ﬁ@epl ural bi ? s

responsive to receipt of the transferred waveform.and a clock.signal

associ at eordoi afidemiadulators 96967 cand BV & REP isled1igr Hlpstratipy a'@f%t’%tr‘r'?%”eﬂ?oai m 9

. Wherein the second device generates a second, nufti-bit synbol responsive

to recei pimmémertehefpuessut issentiarl. For examplenetielty dpppduiaers av% oPFRY Bt a

conprising: adjusting at |east one property of a first synbol responsive to

. pl ur al s bi tignal Zippataliey binig ab helef diffstentiyprb diat oicatedonduct i ve trace during a
correspondi ng synbol period; 3s WO 0211157928 PCT1US01/ 50879 sanpling the

first synbol thrau el WG « {909 i h
bits from the Q&Wﬁ‘g?aa‘%%igﬁ%f’igég%ﬁéé‘h??fe?ﬁ‘g% R
~one property .of the first . i +ach { i

second e?g’@%ﬁd@‘rwl’gﬂngvﬁﬁﬁ? R el A

od of claim12, further c risi dj ustd éil Hﬂ'?rozf the first
synbol re&sENEBydES fea"“f’ﬁ}efsa"fgiienﬁfze ﬁ%{]@ﬁe eeOflhegg'hﬁgce@‘!fm g e 73 ", her ei
20 st o Bl o] L B SRR T8, 2 7

_ : : - f [

wherein adjusting at |east one property of a.first s gl 25 Co%l)lg] ili’es
adj ust1p ng 690 fsobpwi anandi devaces by ke dspirghfu ﬁ&’@gléﬂ/ may e?'ogg’fd E{/H%‘gtlplr esponsi ve
to the plural bits. 16. The nethod of claim 11, erei n.recovering the
pl ural bi asd/ooPrpeviessén stiparin hg‘afﬂ%eTB%?ﬁFFréEPI'g‘ﬁiﬁ@m]y ﬁﬂﬁ‘?"ﬁﬁ%{l QI g

associ ated elocl: signal. 20 39
may be in digital or analog form, and may be conditioned with an output enable.

Fig. 7A is a circuit diagram of one embodiment of transmitter 540 and its

component modulators 620, 630, 640. Also shown is a strobe transmitter 790 suitable for

15  generating a strobe signal, which may be transmitted via bus 210. For one embodiment of
system 200, two separate strobes are provided. One strobe is provided for
communications from device 220(1) to devices 220(2) through 220(m), and another strobe
is provided for communications from devices 220(2) through 220(m) back to device
220(1).

20 The disclosed embodiment of transmitter 540 modulates a clock signal
(CLK_PULSE) to encode four outbound bits per symbol period. One bit is encoded in the
symbol’s phase (phase bit), two bits are encoded in the symbol’s width (width bits) and

one bit is encoded in the symbol’s amplitude (amplitude bit). Transmitter 540 may be
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WO 02{1;57928 PCT/;lSlll/Sfl871 17. The nmethod of claim 11, further
conprising generating a second synbol responsive to the plural bits

recover ewdosrnehe f rst synbol. 18. A system conprising: PGITESEG®$79a fir st
device to encode multiple bits into a synbol using one or nore of’phase

pul se-wi dth, and anplitude nodulation and to drive the synbol. o the bus;
and pl ur absed ¢xgingiatep dipreatal sywbal it eertsﬁ“éb@yﬁ%ﬁ 2 Stforl?gxlﬁ?fgmfeﬁ ?%ﬁgh to
correspondi ng el ectromagneti c couplers and to recover the nmultiple bits
fromthe sappt estdsy photate 4 differntial siask pytscarer eymBhahPIBOd wherein the first
device is electrically connected to the bl115. 15 20. The system of claim

19, wherein thﬁha‘%%fn%q;#gﬁgkﬁ?ini:lﬁdéé aNIRIED aﬁ@&léﬂlﬁo&h@@) tleviigs are pl ural
; e

. menory nodul es. ystem of claim 18, wherein t first device

nodi fi es | ocl ;. sidn r (VAT i j :
The symbol 0o Bl yes s B g PG e o %e1 af m 21.

(Wherein UG TRl Dl O HE S0P fudR ik 91 fubishiis backpdidy a phase

del ay and ock’ si gna e system of claim 21, wherein

the 111t daulca dlihyes,dhs & 9Sk PULRRDNR LI Putifosedh TloaYS! em of

claim 23 evi ces sa
, _ npl e the clock pul se and
recover the nultiple synbols by conpari th nd
. cl
pul sle_. 10 azﬂé}.ase,&“%cf})‘?tt% rﬁ4ggl?ﬁ5 F‘?Cgﬁ?‘?d’: PRag ﬁ%@a}/ %’é cggp éngfd"‘;%%?%?% f?t y of 01(‘: ikr st
coupling conmponents at selected . intervals,al,ong th r . ilest devic
> < : e
(o ool GRATS SRl e rptfhcol 40 A IR i
' ¢ . L g, devl Ces, C roximte t.0.
cor r espondihagy reerislaigr orf dndigates thedgatiie g8 %tsog%‘ga]e%os%ng A Trie h@fr%g a second
coupl i ng conmponent, the second conponent to s | e be tromagnetic fields
gener at@d ofprenbefor genstationebhie trailing edge by Wldt% 11loadr{{})altor 6? . .X de% '-rr%Pc%mg
block (DMB) 714 is provided to offset circuit delays in width modulator 630 (such as the
delay of MUX 720) which might detrimentally impact the width of symbol 420. The
output of DMB 714 is a start signal (START), which is provided to amplitude modulator

620 for additional processing.

15 Width modulator 630 includes DMs 722, 724, 726, 728, and MUX 720 to generate
a second edge that is delayed relative to the first edge by an amount indicated by the width
bits. The delayed second edge forms a stop signal (_STOP) that is input to amplitude
modulator 620 for additional processing. For the disclosed embodiment of transmitter
540, two bits applied to the control input of MUX 720 select one of four different delays

20 for the second edge, which is provided at the output of MUX 720. Inputs a, b, ¢, and d of
MUX 720 sample the input signal, i.e. the first edge, following its passage through DMs
722, 724, 726, and 728, respectively. If the width bits indicate input ¢, for example, the

second edge output by MUX 720 is delayed by DM 722 + DM 724 + DM 726 relative to

the first edge.



on the first coupling conponent. zo 26. The system of claim 25, wherein the
first device encodes the plural bits using one ' or nore of phase, w dth,
and anpl waeersneedul ati on. 41 VWO 112/ 0a7928 PCT/ USOL/ sOBZRUSI/508 e syst em
of claim 25, wherein the first device encodes the plural bits in selected
properties of the first synbol. 28. The system of claim 25b lv\,h rein each of
the receiving deplicwls modulrigr 620 ¥ey $%g§§p%e$TQ%tocg§E%9}g AEHBOEAEGGed bits
fromthe sanpled el ectromagnetic fields. 29. The system of cl Jﬁl 28,
wher ei n atatieas firdrdzeod widtie ande polotity gndiealadydhyRhaes &’ﬂ@%* agd §@8ﬁ g]e synbol
responsive to receipt of the first synbol. to 30. The syst eﬁn ﬁf cl ai m 25,
wher ei n atbits@espkctbiely, mbvitlbrbtoftiangittainaf Oferbgivercyiypl 1oL otPHENE s has a
. geonetry that reduces dependence of a coupling coefficient for tPe first
and secongnsRErialg ihaiposverhss (2 ehhT40(B me(gi ipite §SABT tp gdeeriorse ang
second coupling conponents. 15 2 . A n. ASu. Ay. ASae. A@. Ay & A@9. AS% A
A, % A s8% ASerAsNIFRAGYT A 8. 0AGH3 KB, Afsectifaly Alependinglon S staig of thespmpliggide Az . Af .
Af a&L. A, L."Au& AL. A 9. AyN9. A, 9. Ay& Ay&% AF&% Ay. AF% A9. A A@! ?eh17SVf +| #$
- 0: Lyt o e ZUlsalchad dapalasak 0alD adtes threajmple] cHQRis pedvidell dajacord Batea] ca] c a]
cal] ca]l ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca! LA\ h! 7: DTTV=kBx| w mhc”Y] ca] ca] ca
1 ca] ca] ca] ﬁ@da?ﬁ]d%b@lgéﬂ&ﬁ@]lﬁ,dﬁm']m] OafeapralJ ey G aPés]¥a] ca] ca] ca] ¢
aJca]ca]calcalca]cal6: DU ; ‘
e i B3 ULAHBZY MM vt o Mpdipaid] SaRaDbpalinglooajhid] ca] ca] cal
ca] cal ca] ca?ca cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] caU]l ca] ca]ca]ca! %0 b
O g 190 o blaROBEHSARSRNTMess o) e afipaleta) cal cal cal
ca] ca] ca] cd] ca] cal ca) ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca! T4b4r 445 i AT 16 1<A<<<<%u>>(?u@@vql gb] X] ]] ca] ca]
cal ca] (]2%1] ctéinég‘f%eg?gg?@éﬁ%g%ﬁ 12%1]1: B%fifégg]lca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca
] ca] ca] ca] ca] cal] ca! @BBB>CCCCCCTDt DDF, GGGGEKHHJ\ JJJJJJJPL I gb] X]]1]c
a] ca] ca] ca] ca] cajate]resdita]708 jrekldenP¥a] Y ajakchingdgEahled t% ﬁ?[gé?ca] ca] ca]
cal] ca] ca] ca] ca] ca] ca] cal OO COQQQQRGRRRRWY .
Y} 2277] 1 M délays CIHaR@ISE th Biafvidglagbboby Jigrehbpciapeaplefpoasb it he 4 #43%€a] ca] ca]
ca] ca] ca] cal] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ng)] cal ?@;beer Tf
£ Oghhoi i i AdibdsipVjafd p] f syinBkdCIRDMirITeEpRpdinen! Gisyogetiapeaiiea] VaPlal v cal cal
ca] ca] ca] ca] ca] ca] caU] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca]ca]c
a] ca! qbqqogessss thexiblosvenlywamien e phydeybystates represented by p0 and pl (Fig. 4).
{@{{+ z| | ?vql gb] X]]1]1]ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] g:al]lca] calca]ca]c
a] ca] ca} calgakes-aaleabl ca) cadedat SH) wakmajwath ples & fqgrmiring i thedpading 3,
069EY} xsni c*Y]]]]] ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] %@%&ﬁ]cﬁ?a]a?ﬁ\]&%@@]&aﬁ&aﬁ@aicﬂba] DM 0] o7 6wohe YiansmikEaXMthisca] ca] ca] ca
] ca] ca] ca] caj ca] ca] ca] ca] cal] ca] caU] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] Cc@%rgs‘z;l hdsid ghﬁm‘oaﬁlﬁﬂaf] 540 of data transmitter 540. Matching logic block 780
zuoje [V]]calc ]Ocas] cal calU] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca]
ca] ca] caj C@}{},ﬁ%}&qﬁ&%%?%%ﬁlﬁé]&ﬁhl@ﬂiﬁ&%@é %o edp the timing of the strobe

C

o)W w mhc” ca] ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]

ca] ca] cal ch%iq%rft]%lgﬁj%& a‘?ﬂt&@il@@’k@ ad CleBRthe relative positioning.

i o] X&' {vql a] caJ cadJ ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca! | p#vPVet Xcj aZb snid Z cajc
!a] c!a] c!’a:]OC!a] c!a] C!’iﬂl gla]ewl&]m]ﬂﬂéé}l@(lal}‘é T‘@%Qﬂéﬂ] lﬁ%‘]%@fééﬁ@ﬁ?&éﬁ%ﬁ%ﬁ%‘fé {] Ea} 1:!3} ca} c
a] ca] ca] ca] ca] ca] ca! 3y0?CSY\ a” f u<e{vql gb] X]]]ca] ca] pa&cagécaéc%_gcl%h a] ca] ca]
ca] ca] ca] cajpeatbaadicahonite1 ah daP cighela picth§ teagl CAPRAICR P YT c 5P EE] 'cal j z=C
FQohaYG@-JUf | vagl gb] X] ] ] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] caLca C ]lca] ca] cal ca]
ca] ca] ca] cahpakpg\dacimga} mhiiead vaidtenscaPoats ApBBsHIEHYOlRS GHy
| wmhc”X] ] U ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca,ltcaslze]oca] cal ca
.]ca]ca] ca] c@dd@cﬂn(’;ﬂ&@@]@aﬂeﬁaqtha@mpmataﬁon channel from the output of transmitter )
~$. "=R7AF| w mhc”Y] ] U] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca
] ca] ca] ca] calsiah b8 ahesn] datomhgric apupdr C4).datig Mages odhe-other side of
{val gb] X]]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca]
cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca! YpypAMB_*Y! JIP{vqgl fa\W]]ca]ca] caUca]c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca
]ca] ca]ca] ca! P #f)$*-+1?0.5?Z{vql gb] X]]]] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]calZ
QWY T""##3+3$. $0$170. 5?Z{vql gb] X]]]] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca]ca]ca]ca]ca!?ehilSP F
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the timing from appropriately encoded data.

Fig. 7B is a schematic diagram of one embodiment of a programmable delay
module (DM) 770 that is suitable for use with the present invention. For example, one or
10 more DMs 770 may be used for any of DMs 712, 722, 724, 726, 728, and 750 in the
disclosed embodiment of transmitter 540 to introduce programmable delays in START
and _STOP. DM 770 includes inverters 772(a) and 772(b) that are coupled to reference
voltages V, and V through first and second transistor sets 774(a), 774(b) and 776(a),
776(b), respectively. Reference voltages Vi and V; may be the digital supply voltages in
15 some embodiments. Programming signals, p; — p; and n; — n, applied to transistor sets
774(a), 774(b) and 776(a), 776(b), respectively, alter the conductances seen by inverters
772(a) and 722(b) and, consequently, their speeds. As discussed below in greater detail,
calibration circuit 520 may be used to select programming signals, p\ — p; and n; — ny, for

inverters 772(a) and 772(b).

20 Fig. 7C is a schematic diagram of one embodiment of EPG 730 that is suitable for
use with the present invention. The disclosed embodiment of EPG 730 includes
transistors 732, 734, and 736 and inverter 738. The gate of N-type transistor 734 is driven
by START. A positive-going edge on START indicates the beginning of a symbol pulse.
The gates of P and N-type transistors 732 and 736, respectively, are driven by _STOP,
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and turns on transistor 732, pulling node N high and terminating the symbol pulse.

For a given symbol pulse, START may be deasserted (negative-going edge) before
or after the corresponding _STOP is asserted. For example, the disclosed embodiment of
transmitter 540 is timed with CLK_PULSE, and higher symbol densities may be obtained

10 by employing narrow CLK_PULSEs. The widths of START and _STOP are thus a
function of the CLK_PULSE width, while the separation between START and _STOP is a
function of the width bits. The different possible relative arrivals of the end of START
and beginning of _STOP may adversely impact the modulation of symbol 420 by the
width bits. Specifically, transistor 734 may be on or off when a negative-going edge of

15 _STOP terminates the symbol pulse. Node N may thus either be exposed to the parasitic
capacitances at node P through transistor 734, or not. This variability may affect the delay

of the trailing symbol edge through EPG 730 in an unintended way.

Fig. 7D is a schematic diagram of an alternative embodiment of transmitter 540
that includes an additional EPG 730(c). EPG 730(c) reshapes START to ensure a
20  consistent timing which avoids the variability described above. Namely, the modified
START is widened so that it always ends after _STOP begins. This is done by generating
a new START whose beginning is indicated by the original START but whose end is
indicated by the beginning of _STOP, instead of the width of CLK_PULSE. Note also

that, in the alternative embodiment shown in Fig. 7D, the sum of the delays through delay
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109 () - amplc&gaoqﬁ(E l%QMBOL relative to SYMBOL is roughly indicated by the scale change
between the waveforms of Fig. 8D and 8E. TR_SYMBOL represents the signal that is
decoded by interface 230 to extract data bits for further processing by device 220. The 4
outbound bits encoded by each SYMBOL are indicated below the corresponding

10  SYMBOL in the order (p, wy, wa, a).

Fig. 9A is a schematic diagram representing one embodiment of receiver 530 that
is suitable for use with the present invention. The disclosed embodiment of receiver 530
processes differential data signals. Fig. 9A also shows a strobe receiver 902, which is
suitable for processing a differential strobe signal. Strobe receiver 902 may provide delay
15 matching for receiver 530 similar to that discussed above. Receiver 530 and strobe
receiver 902 may be used, for example, in system 200 in conjunction with the

embodiments of transmitter 540 and strobe transmitter 790 discussed above.

The disclosed embodiment of receiver 530 includes differential to single-ended
amplifiers 920(a) and 920(b) which compensate for the energy attenuation associated with
20 electromagnetic coupler 240. Amplifiers 920(a) and 920(b) produce digital pulses in
response to either positive or negative pulses on the transferred signal (TR_SYMBOL in

Fig. 8E) and its complement, e.g. the signals at inputs 602 and 604. In addition to
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amplifiers 920(c) and 920(d) and matched circuitry 904. Matched circuitry 904 replicates

much of the remaining circuitry in receiver 530 to match delays for data and strobe
signals, similar to the matching of transmitter 540 and strobe transmitter 790. One
embodiment of strobe receiver 902 includes circuits that correspond to phase demodulator

10 670 and width demodulator 680 with some minor modifications. For example, strobe
buffer 990 buffers the received strobe for distribution to multiple receivers 530, up to the
number of channels in, e.g., bus 210. Strobe buffer 990 may be large, depending on the
number of receivers it drives. Data buffer 980 corresponds to strobe buffer 990. To save
area, data buffer 980 need not be an exact replica of strobe buffer 990. The delays can

15  also be matched by scaling down both data buffer 980 and its loading proportionately,

relative to their counterparts in strobe receiver 902.

Uni-OR gate (UOR) 940(a) combines the outputs of amplifiers 920(a) and 920(b)
to recover the first edge of TR_SYMBOL. The name uni-OR indicates that the
propagation delay through gate 940 is uniform with respect to the two inputs. An

20 embodiment of UOR 940 is shown in Fig. 9C. Similarly, uni-AND gate (UAND) 930
recovers the second edge of TR_SYMBOL. An embodiment of UAND 930 is shown in

Fig. 9B.
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An embodiment of arbiter 950 is shown in Fig. 9D. An output 952 goes high if input 956

goes high before input 958. Output 954 goes high if input 958 goes high before input 956.

Fig. OF is a circuit diagram representing one embodiment of amplifier 920. The
disclosed embodiment of amplifier 920 includes a reset equalization device 922, a gain
10 control device 924, and a pre-charged latch 928. Reset device 922 speeds up the resetting
of amplifier 920 after a detected pulse, in preparation for the next symbol period. Gain
control device 924 compensates the gain of amplifier 920 for variations in process,
voltage, temperature, and the like. A control signal 926 may be provided by calibration
circuit 520. More generally, device 924 may be multiple devices connected in series or
15  parallel, and signal 926 may be several bits produced by calibration circuit 520. Pre-
charged latch 928 reshapes received pulses for the convenience of succeeding circuits.
Resulting output pulse widths are determined by a timing signal, RST. For one
embodiment of amplifier 920, _RST is produced by DM 916 (Fig. 9A), along with other
timing signals used in receiver 530. It is possible for pre-charged latch 928 and signal
20 _RST to be in inconsistent states, due to power-on sequences or noise. Additional

circuitry may be used to detect and correct such events.

The disclosed embodiment of amplitude demodulator 660 includes an arbiter

950(a) which receives the amplified transferred signals from amplifiers 920(a) and 920(b).
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- 5 recovered first symbol edge is sent through DMs 910, 912, and 914 to generate a series of
edge signals having delays that replicate the delays associated with different symbol
widths. For one embodiment of the invention, DMs 910, 912, and 914 may be
implemented as programmable delay modules (Fig. 7B). Arbiters 950(c), 950(d), and
950(e) determine the (temporal) position of the second edge with respect to the generated

10  edge signals. Decoding logic 960 maps this position to a pair of width bits.

Latches 970(a), 970(b), 970(c), and 970(d) receive first and second width bits, the
phase bit, and the amplitude bit, respectively, at their inputs, and transfer the extracted
(inbound) bits to their outputs when clocked by a clocking signal. For the disclosed
embodiment of receiver 530, the latches are clocked by sampling a signal from the delay

15 chain of width demodulator 680 through the extra delay of DM 916. This latching
synchronizes the demodulated bits to the accompanying strobe timing. In addition, a
device 220 may require a further synchronization of the data to a local clock, e.g. clock
synchronization circuit 560 in Fig. 5B. Persons skilled in the art and having the benefit of

this disclosure will appreciate that this can be done in any number of different ways.

20 The various components in an embodiment of interface 230 include a number of
circuit elements that may be adjusted to compensate for process, voltage, temperature

variations and the like. For example, compensation may entail adjusting the delay
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5  temperature, voltage, and the like. The embodiment of calibration circuit 520 shown in
Fig. 10 is a delay-locked loop (DLL). A clock signal (CLK_PULSE) is delayed by series-
connected DMs 1000(1) - 1000(m). The number of DMs is chosen so that the sum of the
delays can be set to match one period of CLK_PULSE. Arbiter 950 is used to detect when
the sum of the delays through DMs 1000 is less than, equal to, or more than one clock

10 period. DLL controf 1010 cycles through delay control settings until the sum of the delays
matches one clock period. The established control setting reflects the effects of process,
temperature, voltage, etc ... on the delays of DMs 1000. Calibration circuit 520 may be
operated continuously, periodically, when conditions (temperature, voltage, etc. ) change,

or according to any of a variety of other strategies.

15 The same calibration control settings can be distributed to DMs used throughout
interface 230, such as DM 712, DM 910, etc. The desired delays of DMs in interface 230
are achieved by selecting a number of programmable delay modules 770 for each such
DM which have the same ratio to the total number of delay modules 770 included in all
the DMs 1000 as the ratio of the desired delay to the clock period. For example, if there

20  are 20 total delay modules 770 in the sum of DMs 1000, one can select a delay of one
tenth of the clock period by using 2 delay modules 770 for any particular DM used in
interface 230. In addition, one can also choose a fractional extra delay for any particular
DM by inserting small extra loads at the outputs of selected delay modules 770 which

constitute that DM.
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There has thus been disclosed a mechanism for providing high bandwidth

communicatbns in multi-drop bus systems. The disclosed system employs
clectromagnetic couplers to transfer data to and from a multi-drop bus. The
electromagnetic couplers impose relatively minor perturbations on the electrical properties
10 of the bus, reducing the noise associated with high frequency, transmission line effects.
The cleaner noise environment allows various modulation schemes to be implemented in
multi-drop bus systems at higher signaling frequencies.
The disclosed embodiments have been provided to illustrate various features of the
present invention. Persons skilled in the art of bus-based system design, having the
s benefit of this disclosure, will recognize variations and modifications of the disclosed

embodiments, which none the less fall within the spirit and scope of the appended claims.

We claim:
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5 a second device to recover the plural bits from a waveform transferred to

the second device through an electromagnetic coupler.

2. The system of claim 1, wherein the properties of the first symbol include positions

of first and second edges of the symbol within a symbol period.

10

3. The system of claim 2, wherein the first device includes a phase modulator to

position the first edge of the symbol responsive to one or more bits.

4, The system of claim 2, wherein the first device modifies a clock pulse responsive

15 to the plural bits to encode the plural bits in the first symbol.

5. The system of claim 4, wherein the conductive trace includes a first trace to

transmit the first symbol and a second trace to transmit the clock pulse.
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5 7. The system of claim 1, wherein the first device encodes the plural bits using two or

more of phase, pulse-width, amplitude and rise-time modulation.

8. The system of claim 1, wherein the second device includes a transceiver to recover

the plural bits from the transferred waveform.

10

9. The system of claim 8, wherein the transceiver recovers the plural bits responsive
to receipt of the transferred waveform and a clock signal associated with the transferred

waveform.

15 10.  The system of claim 9, wherein the second device generates a second, multi-bit

symbol responsive to receipt of the first symbol.

11. A method for transferring data comprising:
adjusting at least one property of a first symbol responsive to plural bits;

20 driving the first symbol on a conductive trace during a corresponding

symbol period;
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12.  The method of claim 11, wherein adjusting at least one property of the first symbol
5 comprises adjusting first and second edges of the symbol responsive to first and second

bits.

13.  The method of claim 12, further comprising adjusting an amplitude of the first

symbol responsive to a third bit.
10

14.  The method of claim 13, wherein adjusting an amplitude of the first symbol

comprises adjusting a sign of the amplitude responsive to the third bit.

15.  The method of claim 11, wherein adjusting at least one property of a first symbol
15 comprises adjusting a position and a slope of an edge of the first symbol responsive to the

plural bits.

16.  The method of claim 11, wherein recovering the plural bits comprises comparing

the sampled symbol with a sample of associated clock signal.

20
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18. A system comprising:
5 a bus;

a first device to encode multiple bits into a symbol using one or more of
phase, pulse-width, and amplitude modulation and to drive the symbol onto the

bus; and

plural receiving devices to sample the symbol on the bus through

10 corresponding electromagnetic couplers and to recover the multiple bits from the

sampled symbol.

19,  The system of claim 18, wherein the first device is electrically connected to the

bus.

15
20.  The system of claim 19, wherein the first device is a chipset and the plural devices

are plural memory modules.

21.  The system of claim 18, wherein the first device modifies a clock signal,

20  responsive to the multiple bits to generate the symbol.
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24.  The system of claim 23, wherein the plural second devices sample the clock pulse

and recover the multiple symbols by comparing the sampled symbol and clock pulse.

10 25. A system comprising:

a trace including a plurality of first coupling components at selected
intervals along the trace;

a first device to encode plural bits in a first symbol and drive the symbol
onto the trace;

a plurality of receiving devices, each proximate to a corresponding one of

15

the first coupling components and including a second coupling component, the

second component to sample electromagnetic fields generated by the first symbol

on the first coupling component.

20 26. The system of claim 25, wherein the first device encodes the plural bits using one

or more of phase, width, and amplitude modulation.
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27.  The system of claim 25, wherein the first device encodes the plural bits in selected

properties of the first symbol.

28.  The system of claim 25, wherein each of the receiving devices includes a

transceiver to decode the encoded bits from the sampled electromagnetic fields.

29.  The system of claim 28, wherein at least one of the receiving devices generates a

second symbol responsive to receipt of the first symbol.

30.  The system of claim 25, wherein at least one of the first and second coupling
components has a geometry that reduces dependence of a coupling coefficient for the first
and second coupling components on relative positions of the first and second coupling

components.



