; VWKYe3ei " Li <6TL~5 ELCTROVAGNETI CALLY- COUPLED BUS SYSTEM Rel at ed Pat ent
Applications This patent application is a continuation in part of U S

Pat ent AppY@ 8%040637 Serial No. 09/318, 287, entitled "H gh- Spegdsdi.@bdal @
Distribution Systenf and filed on May 25, |1999. Background of the Invention
Technical Field The present invention relates to nmechani sns for

communi cating to digital data, and in particular to nmechanisns for

comuni cati ng di gi taEM@MWH%@ﬁ%T%%LEE&W@S¥§EE%d bus system
Background Art. Digital electronics systens, such as conputers, mnust nove
data 15 20 anong their conponent devices at increasing rates to take full

advant age of the higher speedsR?ltatwag&tkﬁ)%ﬁgat&%rponent devi ces operate.
For exanple, a conputer may include one or nore processors that operate at

frequencies of apg GeResgplicdtichizd a QntintAki6n infag o8t S PalkhOAgHIRMonerikinese
processors outstrips the data delivery bandw dth of conventional systens by

si gni fi cantNor@843i 8,287, EhiitbeddEghrBypad DygitabDistribugat Bdtesymadtidtd onyMayitSel | i gent
caching of data to maintain frequently used data on the processor chip.
However, evi¥9the best caching architecture can | eave a processor
under-utilized. Simlar problens arise in any digital system such as
communi cati on networks, routers, backplanes, 1/0O buses, portable device

interfaces, etc., in which dat&éﬁgﬁﬁwﬁgfﬂk&m%lﬁ{ohed anong devi ces t hat
e§. e

operate at ever higher frequenci Igital bandwi dth (BW of a
conmmuni cat i on claphdal Beid Bbe presentimenttion redstes to mechanisms fbledoeymunagcating t he
frequency at which synbols are transmtted on a channel and Ns is the
nunber of hiigital Hataramtiid paticubs to SydHamkmp i cothMokicatingldepital datain@h density”).
Channel refers to a basic unit of conmmunication, for exanple a board trace

in single eé]&g@mg%@ﬁaéliy%u%dbmygtm_ conplenentary traces in differenti al
signaling. For a typical bus-based system Fs is on the order of 200 Mz,

Ns is one, and the bus wi dth (nunber of channels) is 32, which provides a
bus data rate ofBackgeundsh BigdalglesHpRicesypEms.SHALAEOMPRISTFemES HI0XP d&fr at egi es
for inproving B Whave focused on increasing one or both of the paraneters
Fs and Ns. aqensviein compengnt geiicesat inpreasingialios toekei fuld pdvaglage of thtvaigher| i mit . For
exanple, a bus trace behaves like a transm ssion |ine for frequencies at
whi ch speeds at which these component devices operate. For example, a computer may include
15  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
best caching architecture can leave a processor under-utilized. Similar problems arise in
20  any digital system, such as communication networks, routers, backplanes, I/O 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:

BW =F N;.
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10 the signal wavel ength becones conparable to the bus dinensions. In this
hi gh frequency reginme, the electrical properties of the bus nust be
careful | woenagesh This is particularly true in standard pottusegoos bus
systens, which include three or nore devices that are electrically
connected to each bus trace through parallel stubs. The connections can

create di squpéifiu the GSqichcy ASvHidhagRAbbIERRIARGSitted\bH £EhaffAbhEN Ritth frequency
signals. Interference 15 between scattered and unscattered signals can

si gni fi cantjyvePSUAR 13hMALd pee kil birlcYock Ei@e [ntihdl 4Wagito! ShafiRreRSs r educed
t hrough careful inpedance matchi ng of the System conponents. However,

i npedance Bt ¢hLio Enif S r?ﬁﬁicraﬁ&a,?o?%xﬁrflpl% BGdrd iR iﬁ%ﬁ@?%ﬁ%&?%ignﬁ‘ﬁﬁg“d?

i ncreases the costs of these systens. 1n addition to | ance

di sconti nui | j . aayeal affec

pert o manod s ORIl b QMBS RAERIREYIG Bl iR SRER 1.

pr opagatd o ek RS i e e regeyd re | arger

driver é%rgﬁﬁgggﬂf?%gfﬁg}easggﬂﬁékggﬁ%%ggﬁﬂ%?@bhy%ﬁ%ﬁ%ﬁﬁﬁ%dgvg?%ns based on
RAVBUSTM M (R echnal o represent ot her approach to high speed

si gnal i ng. ySt ; C aught er cards, iC
Nnal | ng. UPH PRUCE & hERI R OB R erB R P FeesiBhnnght er car ds, - whi ch

are connected in series with the bus through costly, tightly matched

connect ors. The Qonpadiend atraagiestorlingedvigsB Wdiane ficiet on @ldrdiksingbre dritdth

i npedance discontinuities of parallel stubs, but the signal path nust

traverse easflthefarinhters BUHNY. Howedler, theGanafetdddcanh@ be @tedaled withoaeldi ti on,

the different daughter card conponents nust be inpedance matched to each

ot her and tfit.CRARREhHIES budAdcd BiBaREliRSA frAfim$3iBATihe PR Gieguentied AOFfch
conponents, all of which touch some portion of the bus, further affect the
si gnal o] i I b M@l Sk and R SSLpAt | on.
Thdue! ) AP el pIRECNG a0 HEhy S OB hrspb
conmponent s b i . . her
r(egfng the efé@tplgzﬁ tpk%)e{;tfep@fthgm xﬁ% 9% ga?f%ﬁll)pﬂa g%% ?féﬁﬁ% 15\6%%1%91?8

t
strategy for-adtdressin requency Ii1m conv syst ens

is toreplace.the direct. el ectrical connecti bet ween a .bus, trace and a
dovi ce. vt g PRaferLEaGog Bl Bs SRR G e HIRRR SR B B00 o s
Pat ent No. 38..402 di s¢] oses a, system t hat 0 el ect romagneti c
Coupter s, Tk et BFEnS corrueh Beist TR n SomefPRee Ftedance
depends strgngly on the fraction of signal energy it transfers between its
coupl i ng cdﬁﬁgﬂé‘ﬁ‘c‘%‘? in the trage MpedaRes, “&‘fj’gé%@f igh g’ﬁ‘&“.e“%‘( signalse JEEseREsyi ng a
| arge coupling coefficient and/or length transfers a [arPe'fnaction of the
si gnal Bnerkg{Weep sealisisdaad pescaticzed pignals can dgniBeanily eedugesigyel whehilify. Thensfers
can degrade the continuity of the trace inpedance as nmuch as standard
di rect el edenilting noisssaebs jedvrsd threush cargful anpedance matahingeofthesystanal ener gy
rapidly, and on nmufti-drop buses, little signal energy nay be available to
devi ces t hawomperentsartdveaver imppedatite maidhinglreqyiires e use@d presisiantdomporeatsd, 20
coupling coefficients that are too small or lengths that are too short
result in twhiclsingreades the cnsis eBthesaisystansatin adiitiohav immgeslandedlissodintlitios;, t he
coupling coefficient is very sensitive to the relative positions of the
coupl i ng caopnsedatisso biatracat manslse affdchsysteml peifbraeanpolby dddiigsapaitaricacr ease
noi se on the bus trace or reduce the transferred signal relative to
non- scajeabl @apacitanee GaGRWNKIRAI propaagdnpeed 4ue 16l tRNRLe HRFISRSLShiCH may
i ncreases, respectively.

require larger driver circuits with increased power consumption.

Computer systems based on RAMBUS™ DRAM (RDRAM) technology represent
another approach to high speed signaling. For these systems, devices are mounted on
daughter cards, which are connected in series with the bus through costly, tightly matched
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Practical BWIlimts are also created by interactions between the BW
paraneters, particularly at high frequencies. For exanple, the greater self

i nduced Rgbagoassoci ated with high frequency signaling |isctastin®ost
reliability with which signals can be resolved. This l[imts the opportunity

for enploying higher synbol densities. Mdul ati on techni ques have been

enpl oyed i nuofifd¥Rordli Tetimpe Xisd-RaRhdde RAGRRE M sleliRlifitdtht fupedaRBCh
transmtted synbol, thereby increasing Ns. Use of these techni ques has been

l'argel y |i ngidcefkiduRticR OF Piralicd staBd, Bht 1GOHERAN uan ightskarly at
hi gh si gnal ilrggﬂlt%regueng%rgs. SBgééguts?e ggmt ﬁ'?f*"“ﬂi gﬁi@é%{égﬁggé‘%g‘?%s, encoded

Symbol S _CanqkR. Gt i ILEH! MEHaiGh, ¥h d?ff&'@ﬁt%tair%@%aljd.(?ﬂnggﬂﬁﬁﬁingﬁi’q;er onment s.

Transm ssion |1 ne effects imt the use of dulation requency

communi cat i '%@dan@élﬂﬁ%h@d tb%aéhfrbtﬁgll Lid ?19 E%eﬁ&\éf ng QIEEEC%]‘%EQ %%E?ﬁ?%&fle ;1 crease

RDRAM based systens may use four voltage |eve

Ns to two. r S| i Dl i dul atd.on. or. ot.her
schenesy: | <16 EafARHERRaY et B! IO ok #E Bl B P ol o1

addr esses thesae tand oetdh{er eissueC%. associated with 15 Cﬁgnun'ﬁc?tti on of data
in digital BPREFISRPEd{AReARICe BIVPLTZRLRONSE Histpagn hRespr R 13 The
present invention may be understood with referenc o the follow n

drawi ngs, i ‘ASSHHT éﬂ'quglﬁéo’éﬁ"é}?éh? tsomif"é'm?% af comnoy e’5§/8’|" ﬁ’RsecaH%FﬁtBtht. ca‘ﬂl?gs e

drawi ngs are provided to 20 illustrate sel ected enbodi nents of the present
i nvent i on ateFedProRubusi nt ended to Iimit the scope of the invention. Fig. 1
is a block diagram of a conventional nulti-drop bus systemthat enploys

el ectromagnet i C YePhRIiRdr Strategy for dddBbssiffthe SreGudAb PGk itsbAQLAMiBRal B
el ectromagneti cal I y-coupl ed mufti-drop bus systemin accordance with the
present 4 NVERELHOR o replace the direct electrical connection between a bus trace and a device with
an indirect, e.g. electromagnetic, coupling. For example, U.S. Patent No. 5,638,402
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
15 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
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,
20  coupling coefficients that are too small or lengths that are too short result in low signal to
noise ratios at the devices. In addition, the coupling coefficient is very sensitive to the
relative positions of the coupling components. Variations in the relative positions can

increase noise on the bus trace or reduce the transferred signal relative to non-scalable

noise according to whether the distance decreases or increases, respectively.



Fig. 2B is a block diagramrepresenting the electrical properties of one
enbodi nent of the el ectromagnetically-coupled bus systemof Fig. 2A Figs.
3A - 3E rwwessnts7enbodi ments of the el ectromagnetic coupl®rry@dorhbgs. 2A
and 2B, and their use in nufti-drop bus systens. Fig. 4 is a schematic
representation of a synbol that represents nmultiple bits of data through
various modul at paptid2@BWIiMie sretalda treated by Ltdrattbas Bebheor sige BIV fardnitgeryr esent
invention. Figs. 5A and 5B are bl ock diagrams of enbodinents of an

interface Hhdkuldy sHitPRtgRedGest For SaRpIM th glclRr RIEHANed ho¥ERbdRAed FI 9. 6 S
a bl ock di agram of one enbodi nent of a transceiver nodule to encode and

- decode b t syl fetpRhubiiddanatity AfinsthelidlabiRRhidAREn ABAN BhbORsolfkaiS, 7A 7D

are circuit diagrans for various corrponents of one enbodi ment of the

transmtt er’l"h%fllnﬂsg:he 9(¥poilt§1m§J %gﬁ}llﬁghlg ﬁatdeﬁlt@égal s at various stages

of data transm ssion for o us system 200. Figs. 9A-9E are
t i

Chat 1 s %sui {abl Yotk s BB YE @’eﬁ‘i@%n R BTy ool °F) 00,

di agr am 1 ep G80bH eachlgﬁgnsl%@& G GG inbDRlng, LLERKE dhigias 20 w0

t he present a frequency response plo

enbodi nent ,of, th ti channel f . bus il ed

Doscr pti ofeoect REETRDBRES Brpornec PaRErmanist i SHE RSB 2 or ¢
nunmer o ec c. detail s_t ugh. d th
vention a&g{ﬂefrequ%rw'eréZBs?au r%ﬁ@f‘g}?}gﬂkpwﬁ ek angied Slafbre ener i ¢

of this disclosure, will ap late that the invepntion nmay, be ractlced
wi t hout t hé&Eb b’déiql‘fqdémli’elflé?lf‘%"e Y Ipw 20ige enviionmenis.i Hgasnyigsion 1wﬁ ctret hods,
procedures, conponents, and circuits have not been described in detail in

order t§ f deukthapsecafmasilation ingh Beuancysommunicationscseseially inapltirsp  The
present invention supports high bandwi dth comruni cati on by providing
great er compyviginmsutsr Fohexampéeg BBRAM-hasgd systaneh may use &dvampliags levelsiepjled t o
transfer data. A
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

15 communication of data in digital electronic systems.

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
20  illustrate selected embodiments of the present invention and are not intended to limit the
scope of the invention.
Fig. 1 is a block diagram of a conventional multi-drop bus system that employs

electromagnetic couplers.



systemin accordance with the present invention includes a data channel,
such as a bus, 1o having substantially uniformelectrical properties for
t ransf er nwo@2/6dogsval s anong devi ces that are coupl ed t hr ougbruBer/BHada
channel . The uniformelectrical properties are supported by an

el ectromagnetic coupling scheme that allows higher frequency signaling to
be enpl oyed wi t IFigIRASE gblock daptainyofian eleatasmaggetivalls-eougplddmnbititdedpl s t 0
transm ssion line effects. The schenme enpl oys bal anced el ectromagnetic
coupl er s t ayge\h s ofdahicalitiethe p@set idveraingf er 15 between the comuni cation
channel and the devices wthout significantly inpacting the inpedance of

the communi cat i @iy, 0BanABlock didgramaeptbdchitt thé S0AAEal PRIpEBeSSNnE ONMENt  al | ows
greater flexibility in selecting an encoding schene to represent the data.

For one enhggioRmidnt f th blgcﬂomé@ﬁédcm-c@ptea*ba@@@emedf@%. phamagnetic coupl er

i ncludes first and second coupl er conponents separated by a dielectric

medi um and havi fgya3 40 36 LR ERLEBGchlof fHe eieeﬁ@nﬁg%@ﬁé a‘dugré{ %@%ﬁeﬂzw | east

one of the coupler conponents has a geonetry that Teduce nsitivity

of the coug&hag,&gﬁL&%g#q@hghﬁgﬁg?h@%%@@%ein the rel ative positioning of

t he coupling conponen coupler may be selected to

provide suffici %g% 4Sl§ 8 g%lemgt@%g%lsetﬁ%ﬁ?§ é)? 4 %y#btop {ngttrelriesrgin simg,gt\i/]%[lp glgss Elt%m

bandw dt h. anot her e € | nvention, ¢ ransf er
data t f . ul ti,-dr. th h el i I , i
ol oot od mumaal Pio piodi R ek S Rt 1 SRE e b R B EhEnaent oo

to sanple a relatively || portion of th i gnal .ener op .t he, bys, which
it oates the i hiosA grd TR aredlik:bbyR ot iebaf il pid WsHiisafa iSRS o
bus. The nodul ati,on schenmes enpl oyed are selected to bal ance the synbol
densi t yi%i tiAr S§IE@IG prepsnt IPVEMIoNnt er and i ntra-symbol interference in the
i npedance environnment provi ded by the el ectromagnetically coupl ed devices.
Fig. 1 is a blodle @ingplesk diappaosang siabadheent peatransesiyer progple fq snsedeof a

mul ti-drop bus 10 system 100. System 100 includes a bus 110 to transfer
dat a anmong apddeends bievia emplitnde pulse-vidth, Bad phase ypdwletiorcal | y, " devi ces 120").
Device 120(1} is electrically coupled to bus 110, while devices

120(2) - 120(n) arFégscdAyDeate tiocultusaglahs fohvanioghcagmoaitatiade einbodimemmgnet i ¢
couplers 160(1}-160(n-1), respectively. In the follow ng discussion,

el ectrical thoumlsmigeroéFgre to a relatively | ow resistance electrical path
bet ween bus 110 and device 120(1) that 15 is capable of transmtting

si gnal sisdown t 0 Figt 9A 8Eaeptesealsigns)at vaNosOstagee ONddtditritisthissibn #sr@npar asi ti cs
130, which nay be associated with packages for devices 120 or connectors,

when devi cambbdihent 6f tiis@Ydtshedomn separate daughter cards. For nmulti-drop
bus systens, nultiple electromagnetic couplers 160 introduce inpedance

di scontinuities F?%s@ﬁ'ﬂ-%e diteit U@ tani¥HsSyaliBRESAIPS RernfProhé BEbdh&t @F4 i cul t.
20 Signals reflected frominpedance discontinuities interfere with other

signals (i 5, I | 7 ' erence). The noi se environnent
created bynggﬁ%fg@?@F%%ﬁgﬁﬁp%ﬁﬁggyg?ggx?g%€%§ﬁgre present) limts the
signaling frequefgi . i §ieS. 4 he . Q. on
system 100. El ecC Téﬁ%ﬁﬁ@ 9%@5?§¥E%ﬁ%?ﬁﬁﬁﬁdégﬁﬁg%ﬂﬁﬁg} %Q§?§§g§@f§g are
disclosgp Rﬁtqm§'n%§nﬁﬁ%ﬁﬂ} Nos. 5, 63S,402, 3, 516,065 and 3, 619, 504. The
“402 patent | SR PGSES @Tectronagnetic coupl ers 160 havi ng parall el

pl ate geonetries,. ("parallel couplin ortions") and "backwar.d cross-talk
oot i o ent | ( KajE oF Sphrdensiarbeyhudt Sk Sin@hPefe raRRHEEYe anpi | ¢ uce
of a counter-pr gating sjgnal induced across coupler 160 by a primary
signal . A 1 gﬁfganﬁﬁy$%“§hglies strong signal scattering on bus 110 and

| arge signal energy |loss per coupler. It also inposes |arge dynam c range
requi renents on the receivers of devices 120. Even Kb val ues on the order
of .2 represent significant signal attenuations and noi se probl ens on bus
110. In addition to their sDetafed Rescripien ebipdnyegtionef fi ci ents of parall el
pl ate couplers 160 are very sensitive to variations in horizontal (x, y)
and vertical (z) alignment of the to coupler conponents (162 and 164). One
solution is to enbed both sides of elecsromagnetic coupler 160 in a circuit
board, with a precision sufficient to guarantee the




coupling coefficient falls in a targeted range. This precision increases
the casts of system 100. Moreover, it requires a connector, as represented
by par asiwo@soéb3sy t o accommpdat e daughter cards. 15 Par al pet/upbiatogsicoupl er s
| 60 are al so susceptible to noise problens if they are inplenented in a
differential signaling schene, where conplenentary signals are driven on
pairs of bus trahegolldwang difRSHoSRBriEnunterflishecific detile keproviddf thofapRf er s
the conplenentary signals to a differential receiver in device 120. The

sensi ti Vit YunbrsRAdiak bethe RiveitRnC PRt RrSthdLQf bidindAf dkall inQRSart, RavifEhBOSi ti ons
of their conponents increases the 2o |ikelihood that coupler pairs have

m smat ched \GQuR Jf s §QbJukE WAl pbreciid tﬁatrtﬁ‘eslH{rén%oh afibé EﬁEﬁ“&H Wathot@le3e, Which
underm nes the benefits of differential signaling.” Further, unless the

couplers arg.spaagshss 4h B(?]cﬁf nc%%”%r ub G- &zlh’r’ mbthBs En%ééd'ﬂﬁ:sté?ﬁ Ghdnfslidg Doard

area needed to support t e corrp enentary’ Signa cross coupl e,
W th a resulit |, AohdvORSt el Gds ngﬂ%!d tﬂpifn%‘ra'dc'r?c} oQusag tloﬁlogtheszhtgr%s 8¢ L Ock
di agram representing one e a sys 85" accor dance with the

present in tem 200 nmay be a conputer system but persons skilled
in the art ﬁ?&ehﬁéﬁnﬁ}ﬁcomm cation and havi ng the benefit of this

di sclosure wll tecogni.ze that bene resent i.nventi.on nmay be
realized in any f&ﬁg{%ﬁﬁtf’h‘ﬁ{ﬁ‘qﬂé&moﬁgi’ 55?%6 ‘I%'Q &uﬂlcatéqnabytﬂx%\v SPers. ” For
system 200, devices 220( - 220(m neri c | | e 220™") comrunr cate
Chrough a HHEASEQRITIgHert %&e%larca@geeﬁf% Raiis oo By s A
interfaces 230( 1 ) 230( respectively, to transfer signals to and

recei ve si gialEd ip Pwdﬁage willpthe preseait foyersion updidss a datp Sapnngl, WehsAR%at e wi t h
bus 210 through associ ated el ectromagnetic couplers 240$ ) - 240(m1),

r espect el havingenkstangially yniforrs elsetrie) pepesies for rangfereing sigrls amame deviessnagnet i c
couplers 240 are balanced to limt the inpact of devices 220 on the

el ectrical thateperaupled thypughitke dutochansl.| Eheymifiping elegirieal ipiapbities are gupgpborted
transm ssi on between devices 220 and bus 210. For exanple, the coupling
coef fi ci entlsy afelelrombhgmeiagnpling schaupther dloR4 Qighedrapemey sigdaling 16 bansf er
sufficient signal energy between bus 210 and devices ~s 220 to maintain

si gnal to nemsieyedavithiotissignifivahity inthding@issiagrigltatiefol taasmiesion e effestis.210 and
the too rapid attenuation of signal energy on bus 210 (signal energy

bl eed- of f). Trﬁadcﬁdm‘eﬁﬁnlﬂbﬁ@afaﬁé&@[&@&bxﬁa@%&édﬁb@m&éQrofvidﬁlraﬁblc)élgﬁﬂma%feﬁ0Up| ing
coefficients in the range of .1 to .4, Kb = .05 to .2. The geonetries

of el eciy onpgp&hitke &ﬁumrﬁéaﬁo@aﬁnmxnme aéw&@mvlmeut@@nﬂ'fcartry inpsimg 3Rl ect ed

coupling coefficients against variations in the relative positioning 20 of

bus and dev'nﬁ)@da%bggf ﬁ@%h@rﬂc&@%%ﬁat Fhe ?e%gltlgélge%%ﬁmoﬁe%pﬁ&ﬁﬂeﬁﬁl y (Fig.

2B). Both the energy transterred by an el ectr gnetic coup er and the

ol oot  omagraeys et ARRb il e AR U En SRR D p B FE T one 1 onger
coupl er's take UikoBEEe 3R Rer B8l €N Bhon! AEAGL. PUNEMERTE Sopler inclligy o1 97
B/ v n a

ener gy transferred coup rbpo I"ona

square of t duce nal waveform e.i nduced si gnal
ng eform i sth rst an second cO p? er components separa edeb &vaec%c me(!llum ancT pavmga 9

20  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
selected to provide sufficient signal energy transfer without limiting the system

bandwidth.



determ ned by Kb, the anplitude of the signal waveformon the bus trace and
the length of the coupler. For a given value of Kb, the |onger the coupler,
t he nor e w ob/igd1$anpl ed signal energy it transfers. |In adgcriugo/4991 synmbol s
are driven on bus 210 at a sufficiently high frequency, the synbol period
may be shorter than the duration of the induced waveform Under these

ci rcunstances, ¢gtditer eftBodiRbnt BT the BRRAEON, HEQERs UWRLIQdatdRG EndSiydial S 1. e. the
synbols interfere, and this interference degrades the signal to noise

ratio. For jhesfod R3M0Eeh &&Fo&@@ﬁ%i@c gle{?éﬁgﬁlggﬁ sedétfeashislfioR Schk@g  enough

to provi de adequate 1o signal enérgy t evice w thout generating
i nter-synbop, . i i ye. e f : 0. Fig.
26 (5 a schinaromEERs Enpler HERAR IIRER pR PR T ey
200. Si I ' . C ' Lce, e.qg.

B A e S R R O

devi ce 220(- ( 0 el ectronagneti c coup In the
i ARG A R T
2900t at od WPER ran.y By Riep b Higr iR b P SRR ¥ e iRPRORS

Kb s r 6l atBATEnSh BovHat By o EleCBABIEnHpaLls P SHES KL) and capac t1ve
coupling coefficient (Kc) as follows: 20 Kb = .25 (KL + Kc) Here, KL is the

ti f th |, . { I t t.h t t |
Comonent s Lo’ R ddbmELE: Geramcre<is ERFH ol BPRIELS UPITHERBp! or
angth Bt veaRmIg. Stk ST e §1 €6 Hgcph e O AR bl |

capacitancesHﬁFr unit |ength of the coupler cpnﬁonents. The effects of the
capaci ti ve aldmAanstically, ‘dskicss BAt) Seyiced2Q(hbis sleetriggliioupisd trugd I%er oss
coupl er 240 v.ardy with signal frequency. In general, the relative

cont ri but i ovhilstdeviges 1200Rd20Wpare sayrdetetatbup bilohwyghensecigiedleaitomeanatict h

i ncreasi ng signal frequency. For exanple, the presence of a significant

i nducti ve oconplersded(1rag0(bd),usspectivelyplmthe dellovingdisduenia, elegtrital coggiliggal s at

hi gher frequencies. In addition, electromgnetic coupler 240 behaves like a
di st ri but edeftesmb aaclatistehelowtrésitanae klactyied pabh\between Bisel 16iasd deviest1@0(Indtatir e of
bot h capacitive and inductive aspects of coupler 240 beconme nore pronounced
at hi ghey tiecipablgwe ransatitinghignald deevist gaval freqastel EDQ). hslshshoomn Bigrpareabl e t o
t he physical dinensions of coupler 240. The use of el ectromagnetic couplers
240 with sylataahicy 156 MWegdhashydRuRokagd HamfatitigefosdEi@ni 10 sraphdeytorgduces the
i npedance discontinuities in system 200 relative to those in systens that

rely on el eghdnl dediceCODNELHrbABS G sepdrhre danphed caiect romagnetic 15 coupl ers.
Further, providing el ectromagnetic couplers 240 with geonetries that are

et Vel | noC) AR AL IR B PR OB 6 DU
R e e U,
2012 5 SRR 0 R SRS L L T SRS,

et D RPhES, R PRl Bt 5 o 001 o

parasitics 130 (where present) limits the signaling frequencies and the symbol densities
that may be employed on system 100.
Electromagnetically coupled buses similar to system 100 are disclosed in U.S.

25  Patent Nos. 5,638,402, 3, 516,065 and 3,619,504. The ‘402 patent discloses
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11 For one enbodi nent of the invention, electromagnetic coupler 240
transfers approximately 5-10% of the signal anplitude on bus 210 to its

COr r eSpoRgh Bgoddeyi ce 220. This corresponds to | ess than 1lpé&s/afordessisi gnal
energy for a particular coupler geonetry and length (Kb = .13, L =1 cm.
The relatively small attenuation in signal energy on bus s 210 limts the

i npact of relctrbbgetlevbupits BAhaoing harallél PRedaaserRt (Pualldtbupliae side ef fect

of this limted signal attenuation is that the signal waveform on device

si de 242 ofpoeiReY)AdB IPRkVEdCRISEIRE coefifidntt (n%m&fawo%aw.@t ®, Mpresetsa snal |
fraction of the energy transmtted on bus 210. Since the coupling

coef fi ci entyd R18NEWRDfitue offr o%hﬁ%ﬂ-ﬁbg&}éﬁ:%‘#ﬁ{ai RABuf Q&B%i colbpibBohGYer se

direction, fromdevice side 242 to 0. The significance of "this signal

at tenuat i on,HepeREs, o I&N}%lde%?%sim%ii?moﬁgsi}ggarl] SohREAIE s 1 RERaAE NO!se 1S

noi se that 'scales"wth the energy of the s € nol se-associ at ed

ith th i h h
1515 LA S UL 8 MR, e s o

fl i a , | i-m I i I . 240.
oot oD L 8 8RB L8 S SR TS, o o

the like. Signal. att nuatioglb elec’ omagneti ¢ coupler 240 may inpact the
per f or manc &U5PURL0LY A, 0556 PP AR 2E% ) e "noi se is not addr essed.
Strategies for addrgssing non-scal able noise jin system 200 include
selecting r obus?n a fo Lﬂtrﬁ?gt%a?é’ﬁ g c "rftlc‘ agllek pipte ﬁ@qurs
signaling. For one enbadi nent. of system 200, interface 230 anEIifies t he

t r ansf er r ed SREFNEHT IROPHY DI VeratipesBharizentaldx, ) andyverideab (73 plignmentef the ansni t t ed
data. Another side effect of el ectromagnetic coupler 240 is that the

t r ansf et eccoRploRFosmEnens @02 ardetph).ePag solusionds tolgmbed pilbidesrnfbus 210. I n
general, a signal transferred across el ectromagnetic coupler 240 is

di f f er ent i elesttompgnetiegeupbard60 i ot board, svithreapreqisidraffkdint orgusuastesitite 244 of
el ectromagneti c coupl er 240 becones a positivel/negative-going pulse 270 12
on devi ce siodglig4defficicet fallt inartargeied range GLips meciddincrEhes thedusdtasf systemchenes)
enpl oyed in system 200 is selected to accommpdate the anplitude attenuation
and signal 100f Morever, @ttrequireas Sehe@d1S 8k feprebentdd ©9 brASHEIB0ItE acOlodsts 240

wi t hout degrading the reliability of the conmunication channel. For

exanpl e, sig@analierdhisgnuati on, in the face of non-scaling noise sources, may
limt the nunber of usable anplitude nodul ati on voltage | evels.
Differentiation naY require the use of integration circuits to recover DC
vol t age¥ for | eferlls) r@%aww&,rs 160 argyafgo ﬁ%ceaegp fopiserpsbdenes ibthey @i i n addi ti on
to transition signaling., Al so, the use of rise-tine nodulation (described
bel ow) in dippleaentsdain @gkff&r%altsr@almaﬁgwmre@?mplﬁ@e@@d@malaéﬁei%m ve of a
signal waveform to For one enbodi ment of the invention, nufti-drop bus
syst em 200 dngaigs eloysitaess. Forthesnsuviemsy awpic eScopplorsdép rrengfsnthet o vari ous
system conmponents, such as processors, nenory nodul es, system |l ogic and the
| i ke. An erdooghiemsntarpsignaltecto aianeritiohreaivsr irddayica 130 Tersensitiityof paallelbus 210
that supports up to 17 devices 220 capable of transferring data at a signal
frequency qflatdOdhphdriz 160By vanigdlooyinnise positiohsadfi their contpendss indrassepthevi de a |'s
synbol density of 4 bits per synmbol, this enbodi nent of system 200 provides
a digital diketdkdodtint obuplerpaigd Ipad niisnguched saplinglcqetficiaia g resulls gher si gnal
frequenci es and hi gher synbol densities, enabled by the relatively clean

noi se envi rqpféreittal Adisd) whickludderiies BR RAHIOYREentRl AYialRs. CHRMe hRBEsET
di gital bandw dth. For exanple, using appropriate materials, signaling

f requenci ?&h@ébu?l%% &R SREedurficidaily fArRYarPBn@ERIng RL i Mt Bodtdirbd ndBQPto20 bus
system Figure 11 shows a fam |y of curves that describe the bandw dth of

- el ect romagnghi hehby), SRUBLHERHS Y STRBar bRsd Quplk Nt AL Rk Biah Sighdl the art
in material s ‘and electronic pacKages. The different curves represent

di fferent QHH@@%&ﬁBf couplers and different coupling coefficients in a
- target range. e shape is a bandpass filter with 13
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passband | abel ed 1101. The | ower frequency bound is set by the frequency
response of coupler 240 and the upper bound is determ ned by printed
circuit Rpgoslogoai=eri al | osses and package parasitic i nducpenuss/ apc

capaci tances. Note that for a 1 cm |ong coupler, the |ength-induced
bandwidth limt occurs around 5 GHz, but it occurs at |ower frequencies for
| onger coupl er s Fig2@. is 4 b0k (HagramQeprasedtityBne @thibbdimehisfgististenl DOGinMaL eri al s
and parasitics limt the ability to scale synbol frequency Fs higher. For

exanpl e, t h@cqraséahehithdfredecintbntlog! Sete Z00MRdydeiadlompiidr SR BIty attenuat es
frequenci es above 3 Giz. To increase digital bandw dth under these

const rai Nt SperQ@AEskilfedGR Rk T digitel doHﬁﬁﬁﬁ:‘dﬁon%yiH? tRBeRE W @ls!dRIos@ehni ques
as described in the present invention. As material characteristics are

i mproved, t \QillerJogﬁi)é@FHﬂgﬁanQﬂ'tls: g?ﬂk@%&ﬁ ifvEtio rﬁ%?g‘?édlﬁgh intapf syfefichM

i nvention can be scaled in or some cofbination of the two to
provi de hi - di g 1 the passband 1 101 of bus system 210 is
mﬁdened.yC%E&gﬁggﬂ%gg%ﬁggmgﬁgqug%?Tonagnetic coupl i ng between devi ces 220
and bus 210 is that devices 220 may be added to and renoved from system 200
nore easily tharof systes 2105 devices SUNNed220(ms) (gaterioally; fidexice 220°) vergmunicaeal | y
coupl ed systens that require precise positioning of the coupler conponents.
For exanpl ethrouglea biis Hi0e &or thisgpyrpeté, dedcas2Re{ 5224@) aiclude imsdrfasestA368(Ireed to
mal e or break electrical connections to, for exanple, the 32 traces of a
32-bi t bus.23Basntspectiely tb Sansirdigasio ef dndSedeive €igrslt fromtbat 2 00. dhisffhas ge
protection, signal integrity, etc, the el ectronagnetic coupling aspect of

t hi s i nventi3o(e)@30Ma\emniiRRataih biO 2 80 RIRG cihed slBRtonfaghdtRREuMESh as
hot - swappi ng. For one enbodi ment of the present invention, electronmagnetic

coupl er g 2400Ngvey tdsh&Sivél Sdafly, “BREFon2HBd JaGpleCRiphy, Ci ents | ess
sensitive to pﬁe rgﬁggﬁvgbpogiyﬁ%ﬁing %f deJ%ce si de %onpoﬁLnt 242 and bus

si de Comonﬁeétro%ﬁéﬁtfm‘éﬁﬁe@?% bhiGfcefkd l‘i}i’ﬁte 'eicpgﬁgw&i&é@i orAfif 10

mai ntain therr co I ng coe ents 1n as range, despite 14

variations %%éﬁ%ﬁg%ﬁﬁ@so&tbﬂizw whilc @io?@!néiaglﬁfefégégglg%nﬁ{ﬁsﬁgy béifedand bus side

conponent s respective sents one enbodi nent 300
of bal anced, el eci+\0 neti.c Loupl e 0 _havin .geo ry that .provides
el ati vl y ik PORTRATAIS” aPiBuile, Bttt B e EE P R omeB i er 3001 s
vi ewed | ooki ng i he negatjve z direction, relative tq t cqoy di nat e
oyst em i na ety 24h o sgleciSbto oSt Suriins Pltgh e bbby by AR ey, 2y
For this orientatjon, .a bus side conp _ent_320,apPe rs above a_devjce side
conponett t mapntale sigpakip e nearging Sthile hnding signa r@ﬁ?ﬁtﬂ@@%‘?rb@s ét0#s and
devi ce side conponents 320, 330 allow the anount of enerqy transferred
t hr ough coulps B raidaticpugiionof sighal paergy phbus2d P (signal %@rgy&lqe%@fﬁe%l@wé
alignment of bus and device side conponents 320, 330. For coupler 300, bus
si de conporri¢stropagnetin denpiaresdOdppicallyempdaygovplingeatiigients i the raneesf .héd by its
end-points (along the y-axis) to forma zig-zag pattern. The discl osed

4, e.g. Ky = .05 t0 .2. The geometries of electromagnetic couplers 240 may be chosen to

maintain these selected coupling coefficients against variations in the relative positioning

20  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
couplers depend on the coupler length. In addition, longer couplers take up more space

and entail larger system costs.



enbodi mrent of bus side conponent 320 includes four excursions fromthe

| ongitudinal direction that alternate in the positive and negative x

di recti oRyo $h6s0dsscl osed nunber, is size, and angl es of theresemséions from
the longitudinal direction are provided to illustrate the geonetry
generally. Their values may be varied to neet the constraints of a

particul ar enbodhgBighal eRa¥y Genskirfée by eHIPRIN M is%&ﬁnohﬂﬁal&héin‘f@ #A6f the 9- Zag
pattern that is con%l enentary to thgt of bus side conponentg}SZO. The

repeat ed cr@gsk oot iRhBRAARER] §&)efdndEr ifsRRA0S. ?ﬂ@iﬁhaceééi%ﬁémacasn@rsi cal ly,
20 "parallel plate regions 340") and fringe regi ons 350(1I)-350(3)

(generi cal | jiermfnkl BY K&rtﬁgéﬂﬂﬁu&% tHe SE@FI[ WARRKA ogglq)egtl)ufs ﬁ@é@éﬂd%e Bl ah 6f and

fringe regions 340 and 350, respecti Yy, Pprovi erent contributions
toth i i.cl.ent 7ol P a I O t.he,af fect f
Lo, e, Couh) BpRRCh{BA il o RUR opeldlhe G DYl 008 e L {oct > of
exanpl e’st 1'55%1 en%%@éé a711§?ers(.)flﬁg¢cﬁ{éc§1, gtl%?xlaﬁé]? ar%?lgvgpcirﬂ)q& 2YGheYa s%ffﬂ;ri‘gn;lgcant ly if

conponen an are shi y fromtherr reference positions
in the x, Yai

| ane, ang the, sizes, of fringe . .regjons 350 var.y, so, that changes
in adj acent @E@?%‘ﬁ%"yag‘ﬁ%%’??ﬁf‘éﬂ/m%‘f besbp 'geera{l@?qh? Hhizpt gﬁ’ec% Shents 320 and
330 are shiftegO fr(Untgtgir refertence qpoFi#'ons i.n the x, g@l ane. Fox an
enmbodi ment Y CEOTpI- 30T CHORM ERESCTIE T F 2500 A1 NELEEOMARYORPPE 5 ni | s,
Kc varies b nly 2% as c onents 320, and 330 are shifted by 8 m s in the
x and/or y %W?’@lét"feot %SXW@%WBW&FYF’ ?ﬁ‘dr‘rﬁ‘zlﬁﬁ’ltqrff!m&ﬁ deeeaten s siend i doisedatiof f ect s
of variations in the vertical separations between conponents 320 and 330
are al so miklorgesesasans.dbgisnath obeuplec2Afahpwg be lpng speuigh & pravide adeaude ons 340
varies to inversely with separation (z), while variations in fringe regions
350 var y0 novignakéngugto Wierdevise pithent igenerating interesymbelf inigrferercezor exagssived
sensitivity to variations in z for coupler 300. Wth this choice of coupler
geonet ry, aenergy dl¥e-offaabge bun2tbupl er separation (z) results in the
capacitive coupling coefficient varying by |less than +/-15% This conpares
favorably with rakl.el pl sed [ ometries i.ch w a
+40/ - 30% vari at {%ﬁ%ag\/’%? S‘?‘ﬁ%taq%r% lg%élta(rﬁgﬁg%tg%?lg@g%%otpg lbss%%%ﬁ’ctg??gﬁ's. For the
di scl osed egbodi nent of. coupler 300, .c onents.320 and. 3 ave, .rounded
Corners. to JPO0 HE s LR pad a0y AP RBLOARIE: CEeYsh 0 oS! Gnai s
transmtte | ong ,ei.t her conponent. ( simjlar reasons, c onents 320 and
550 have. r Al bodetHitARomaETHLE coute 2600} Rate foRouRAReBT BBy des
robust signal transm ssion 20 between device 220 and bus 210, wi thout

i nt r oduéd ngFosPsiteieEsdAthe trasefanelsienal pasigs throyghdhs elestricandimagashis fields

associated with the signal. Electromagnetic coupling includes both a capacitive

component, associated with the electric field of the signal, and an inductive component,
associated with the magnetic field of the signal. For example, K, is related to the

inductive coupling coefficient (K) and capacitive coupling coefficient (Kc) as follows:
20 Ky, =.25 (KL +Kp)

Here, K¢, is the ratio of the mutual inductance per unit length between the coupler

components to the geometric mean of the self-inductances of the coupler components, and
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Fig. 3B represents another enbodi nent 304 of bal anced el ectronmagnetic
coupl er 240. For the disclosed enbodi nent, one conponent 324 retains the
undul at i Rgo 930601 zag 16 geonetry simlar to that despci/usal/4@bave for
conmponent 320, while a second conponent 334 has a substantially straight
geonetry. Conponent 334 may formeither the bus side or device side of
coupl er 304 igttelraticcefithomentl cigatithae Per dnitdergipitwid the eifipleoononents304

i ncl udes both parallel plate regions 344 and fringe regions 354, although
the latter th theg8BhétBE nlechasf the bdMORpEGERERE p&IMitildhgBifithedouplPeonfRasfauent I y,
coupler 304 may be nore sensitive to variations in the relative positions
of conponents 324 apd 334 than coupler 300. Fig.. 3C represents yet another
enbodi nent 308 Jfe BREETRIARF padtivesnd grluetive cepiputions onte epergy trapsterred
enbodi nent, one conponent 328 is narrower_than a second conponent 338 to
provi de botagropagoplerR4doyagy with signa dreguegcyn gengralglbie ralefivesentgagionpf ghe 3p
illTustrates a portion of a nmufti-drop bus system 360 that incorporates
coupl er 5300nduativaepmpoaens be@mes merapieroustadyiph iacreasingssighe! temprsyees 320 at
spaced intervals along its length. Correspondi ng devices 370 are coupled to
bus trace 38anplhsthepiesanhedta signileinbindurtive cingponentdeny bevpestie prayids30.
Conmponents 320, 330 are shown rotated to is indicate their geonetry.
Enbodi nment slireétionelitp lfersig@B atbighdr fichumeies elnadditon, dicelranagnetc compler 240 s

bet ween conmponents 320, 330 to facilitate positioning or adjust the

coupl i ng cdehdveslilend distiibgted 3videl rhthiert that elampeddeviveh dhé distribated astugelafng devi ce
370 to bus trace 380. For the disclosed enbodi nent, bus trace 380,

i ncl udi ng lygth Gpabitivenp ditRebve3dikciof 6Qiptr 240 Bdomethord Srof®nbédd hiphed Ci I cui t
board 384. One end of bus trace 380 is connected to device 220(1). Device

370 is punfderRitsaviidnde sitdatWhiecledBfs BEtQ»_n{éQBﬁB&BlggtJtﬂe gBsicaRdimbaiforzoMpOnent

330, only a portion of which is visible in Fig. . Device side conponent
330 conti nygso@@ndoa surface of flex circuit 3 86 that faces bus side
conmponent 320 en flex 17 circuit 386 is pressed against circuit board

384 {as indicated by the arrow). A socket 388,
The use of electromagnetic couplers 240 with suitably selected coupling

coefficients significantly reduces the impedance discontinuities in system 200 relative to
those in systems that rely on electrical connections or unbalanced electromagnetic

15  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
need for costly, precision manufacturing. The more uniform impedance of bus 210
provides a cleaner signal environment in which to transmit data. Modulation schemes

20 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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only part of which is visible in Fig. 3E, is provided to hold flex circuit
3S6 in place. The flexible character of flex circuit 386 allows it to bend
as it i swies®ets7agai nst circuit board 384. For one enbodpaBusol/4dei ce side
conponent 330 resides on a relatively flat portion of flex circuit 386
formed by pressing flex circuit 386 against circuit board 384. \Wen fully
inserted, |ooki Fgr¢heWibedinkatis thd ind&fionl cistgorietiCgabley 24 ransfets, devi ce

si de conponent 330 and bus side conponent 320 are aligned as in Fig. 3A A
spacer nay aBgoRinfivdled oo gﬂ%@iﬂn@n@@m@m@mmeb@bw@ oty RWde d2yvi ce side
conponents 320 and 330, respectively, or one or both of conponents 320 and
330 may be 1aaloRdspahidtodest thadi19d &Ghd gi%aam{eegy@lq AiduPMcBEb1SBsMéR, be
pressed together w thout creating a short ci rcwlt). A trace that coupl es

devi ce sidgng NRPL P39, 4 Poflf VitkGeRRnPeRdSbhlalliof ln%ggéﬁl;: %n%h%zton%ﬁg

elimnating the need for a connhector bet'ween device si nent 330 and

devi ce 370, Fli6ts i ilphl o R IVAS RUPEIOR S nd BpeBURERY i 290 CORY 8T © | ayer s

of a flexible an Ient nmaterial suc s an epoxy dielectric

terial, | Wi, de. ol . Ront d
w1 m gt on SAREIoEHR et il KOBMADY B ekeche i RAYGERE BB SRR R
nmbodi t,  devi id ent .33 be, dwi b | f
Che 11 oxt bI-LF PR CORT BPY Torsis epPRFIaE D R SAREPT o BeIel ot v i c

i solation used to.fo ler .300. . The dj.scl gsed nechanjsmis just one of

m.cqu
many ways t“f*?ﬁim‘ltfﬁ‘}o‘bé”i%l d%fllﬁe s GpvRling SOTHEICA Fpsyn el asimlag atiggigationg

exanpl e, various conbinatjons of flexible and 20 rigid materials, daughter
cards and \PEFYTa thhEeveise @ﬁ*’éélen:rf@gh%i@ﬁt@e%%/toﬁ%‘sG%Mnlﬁq‘%ﬁce&fé‘%er noi se
envi ronnment provided by a nufti-drop bus systemthat is inplenmented in
accor dalfce signglptieruatign depends orrihe Ppoet ngise Bvwystemgll s to be transmitted
reliably at higher frequencies than in conventional nufti-drop bus systens.
However, 18 sqalilenbiSc RABAYIA {all ith HRUntHy bE B0 GEnad! SAbIRiLI cauenc es
alone are limted. For exanple, the scale o rregularities capabl e of
scat ter i ng S analS,int R FrARSI A3HPR SOAARGL HESLEARES: Bont o iapa!
frequency increases. 1Th additron, parasiticC capacitahces and I hductances,
whi ch can not be conpl &t el | i mnated. or masked . reduce. transn ssi on
speed, at t SIRYGLER L5 touties T el Roir g M slek iy MLass A ces at i gn
frequencies,, Further, material pr rties such as skin effect and
i elact | it bgecRivmendip ghveid 240 by Hin Ades PR eERel g
attenuation by el ectromagnetic cqupler 240 may al so affect bandw dth. For
exanpl el arfBrRiEdneise: fhegngrﬁ%%eaad tediksd Sizpy asrugtion By elesHomeRnsHS RRIPISTi it t he
frequency at which signals can be transmtted. 1o As noted above, the
digital barkdfisyhmpact sheqresfamednce af systoa R0 f norsealabis neise ippetaddressed.s t he
synbol frequency and NS is the nunber of bits transmtted per synbol
("synbol dditrstegigs for apgdiessineencarspdeloreeise infystane 2¢f inclodn selogtingwobesh syl i ous
nodul ati on schenmes are enployed to increase NS, for a specified synbol
peri od (1/ F8)dulation schegiey and ysidig differeritial signalings Forove ehebodimerndwésystem 308cr ease
in BWthat avoids the Iimtations associated with reliance on 15 high
frequency dntgrfadei23) amiplifies thSrimstcrred wandfoinapriaro daineniasngriiyo fseoventibi ned wit h
hi gh frequency signaling to provide significant increases in BW

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

12



In the foll ow ng discussion, various tinme-domain nodul ati on schenmes are
used for purposes of illustration. The benefits of the present invention
are not Iwgipbeehi130 t he di scl osed nodul ati on schenmes. O hepctiugerHosEi n
nodul ati on schemes, such as shape 20 nodul ation (varying the nunber of
edges in a pulse), narrowband and w deband frequency-donain rmdul ation

schenes, sughdedie bide dMBHCeciBMbdmREE SdupleP DAE eTHEREHdURLibD Sohe ABE)
spectrum or conbinations of both tine and frequency-domain no uI ation

schemes (a jpulsan §9tp@rs@1@a@@lto%édmodateqﬁe sfrﬁ;ﬂﬁﬁtﬂ'l&%u%h%ﬁ' sthhal are al so
suitable for use with this invention. 19 Fig. 4 is a schematic

represent at igtroffaritn alsaAskd 4R olbRimishtioiAk g8 G/ﬁhbd?ﬁ@%r@&ﬁé’th@et ween FS,

NS, and various nodul ation schenes that nay be e o0 encode multiple

Crans (¢ ed i e B MRZbmpshORih el 15 B R kR
phase. pul Sl il ool SRy A t@mmamsmﬁg@ﬁ%%%maﬁo@ﬁs Shown

encodi ng five I'n synbo sent vention

may i npl erre‘n\getlg Vﬁ%ﬁrena%%nt ag?g%x?rghl%g[ﬁg f te\’\% 10%9 fcu%{?)rgcdve al?g %gltagﬁs 'n

conbi nati on 0 Thcre sys

el ow . noi 26 B arealre il BT ¥°”Srb%§{t£983cr SR SR Ao,

nodul ati on cherre under consi derati o and the _synbogl period avail abl e
for a given w&ﬂféﬁeymevwdﬁﬁaow ese &ﬁf#& %mw%nb%{my cgtaﬂﬁtheg’éﬂasqr@flws to a
si gnal vvaveform having both a rising edge and a falling edge. For

pul se- basedofdhgssapnddgrivative of praignad Waieformbe encoded, for exanple, in the edge
positions, edge shapes (slopes), and signal anplltudes bet ween edge pairs.

The pregent inveif bﬁé‘enhﬁodﬂﬂént Bftﬁé frfvEhtiof, rH&!'thﬁoﬁ’lﬁE%?stéﬁ 96@s! a@gmpﬁg]v\ever :

O her 15 signal waveforns, such as edge-based 'signaling and vafious types
f lit b

pt oment ed 3g g peviffe2 ?@W@é‘e%gﬂ‘é?@éﬁg %%gn&?ﬂ&%ﬂéni% e
Pivent o b hidits sggsmo el eI X B PP AR B FioR 4& Bresent

i nvention re no necessar ntion.

Conon et ot e By D B 2 P BT Rl | O

nmodul ati on schene. _ For si 0,, the value o rst |t Q. or IS
i ndi cat ed b%}a\mggglefregﬂgmg,o%@M}l% BV&QB'%@’géW@IaH?“ Fipe that H%?cﬁjrs |n t he
symbol period ([/)(glase nodul ati on _or .. The val ues of second and third bits

ar e i ndiitat ¥mbeldepsiteef Lhitspeyabrl Fhés ntpdivaenf iosystam 200 provigss a digitalpul se has

(pul se-wi dth nodul ati on or PWM. The value of a fourth bit is indicated 20
bandwidth of 1.6 gigabits per second per channel. Higher signal frequencies and higher

symbol densities, enabled by the relatively clean noise environment of bus 210, may be
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

13



by whether the falling edge has a large (rto) or small (rtl) slope
(rise-tinme nodulation or RTM, and the value of a fifth bit is indicated by
whet her tywie opdossy anpl itude is positive or negative (ao, ac/usenPbéit ude
nodul ation or AM. Bold lines indicate an actual state of synbol 420, and
dashed lines indicate other available states for the described encodi ng
schenmes. A sikdbaRflabsled M1 CThe bwat frbjundytRuhy iFRE! byRRS fr@fhehdy ridpoide@e 2
reference time with which the positions of the rising and falling edges may

be conpar ed,oydiRE240Rte Whettohtd BRASLRAGHWY S buit B@ar@ﬁﬁféﬁalg&%&r dned

nodul ati on schenmes is provided solely for “illustration. In addition, RTM

b 14 s | d AM

entode it ERaERYEIEe AR AReARE Spuclfler) Qo EIRERT A O AR ana RTu
| A ' i 1t iEAGsL BRePRERLRadul at i

are exanp glgnééﬁ-ﬂdhé'é%rﬂiﬂmd Ilmt?lgblécal:sltaﬁdéhntﬁ?%&gtﬁ%%ltﬁgtﬁ{ e RORLALgdul ati on

schene enc one or nore In one or  nore events,

; e ki FPres o ] .
A e S
| v | \/ | S |

Cort o SR elablTR Yl el FRGERARINERR oY Bmbtt TREpr il e HAT

schene represent.s a mnimum anount of tine necess o.reliably .

di sti ngui sh 'Blgaﬂﬁglﬁtef'ﬁgﬁ I%%‘:Y APl AfeyRtes Tpqendesgpo ﬁﬁ%éy[&hgﬂé‘?“e?ﬁee g8l ati on
schenes sel ected for! articular system_ and the punber of hits

repr esent eobaBQng%'@?dQ{:'?‘@ CABYRRINGS PR §%@p§‘??°§“ﬂéﬁséﬂﬁbﬁé‘ﬂ‘flgp‘r‘? Baien  py the
bit intervals of the candidate nodul ati on schenes and the tine available to
acconmodat eeehiigyes 3s describgd indhepigsenpiavensign. As mpajeripy charagterigtics preimproger. s o
mnimumtinme required to distinguish between po and p, for a phase

nodul at Mon forexample Dheplesing FR with Jefler, theupresentdnventioni eandk Iseadedtinds. Wist hi n t he
synbol period to allow the pul se edge to be reliably assigned to po or p, .
The val ue ofr sprhe derpeinaigonad thedive éo pravide higheridigital banthwidtioasshe peasbapdbiInt erf ere
wi th phase neasurenents. For exanple, if the strobe is provided by a clock
pul se, cl ocdf bluk ytstern Diyis mideeed. he strobe 21 position (time) uncertain,
whi ch increases the mninuminterval necessary to reliably distinguish

bet ween po and . Marious.circuit limtation nd sol.utiQns are.,.di scussed
bel ow 1’ gr oat el mAEeR e fbigmasac Gb kheBikrm A s 480 Rt 28 °F o

all ocated within the nbo riod to all the t tates (rto,, rt;) to be
di sti ngui sh'éh‘af %qvi‘cgﬁ@élm‘%ée &%ﬁétoﬁpbfﬁnq@gg{@{“ﬁﬁ?’ﬁge B’S?rerﬁ‘?‘g’eé‘%lh‘& circuit
limtations associated with rise tine neasurenents. For exanple, rise timnes
are di f i%er eHiecbaoupled syspasr ineleqiomagistical lypoapledsysteme ot EqUERPIESSE t 3 nust be
| ong enough to allow the neasurenent of a second derivative. Three bit

i nterval s ofosiigniag pbthe coupkrsompousatst Eer sxpmplenuse wEelegirpmagngsiscperiers 384G | ow 1o
the four states (wo, wi, w2, w3) to be reliably distinguished. The size of
t2 is deterghiminaiessihe nesd semalrorbraaks gleetrical gpnngciian $o, &grsaampledhe 32 tacepul se

wi dt h nmeasurenents. |If pulse width is determned relative to a clock

st robe, comfiad@rtitttiusnBecaseofdhingnd berekitsjto £letttostatiodigchapgelpyotedtionmignae wi dt h
is determined relative to, e.g., the | eading edge of a pul se,

consi der at i iofegrityuert) theselsatpplagnetio opdieg wspedtalf thiniavdneibivern hivedmpe@syr ement s

of the leading and trailing edges 15 may apply. In general, the tinme needed
to encogle amvimtdyel tovapplications sicl ayidt-@waing. nodul ati on schene (i) that has a
bit interval, t" is (2" -1) t;. If non-uniformbit intervals are preferred

for noise or cirgcuit reasons e tot ti ||otted .to a nodul ation
schene is the For one em O%Iment ott tne presen?{nventlrgg, e?ectromagnetlc couplers gl'd have

geometries that make their coupling coefficients less sensitive to the relative positioning of

device side component 242 and bus side component 244. These geometries allow

balanced couplers 240 to maintain their coupling coefficients in a selected range, despite
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sumof all of its bit intervals. Wien nmultiple tinme-domain nodul ation
schenes are 20 enpl oyed, the synbol period should be | ong enough to
acconmodameo 2/4eBt37~ -1 ) t;, plus any additional timng neg ',ﬂ§(H,4l§§'GBe, t he
summation is over all tinme-domain nodul ati on schenmes used. In the above
exanpl e, the synbol period should accommpdate tl +t3 + 3 t2, 22 pl us
any other nRFighdds idthe hbiFoAGS or VERRSEseP@Htidnd of dleeihd bl iidesinpBnaptsdiahs
i ndi cated by channel bandw dth, residual noise, and the |ike. Using
mul tiple en&gdhqgm%ghﬁggs reduces the constraints on the synbol tine. For
exanpl e, encodi ng bits using pulse width nodul ati on al one requires at
- least 31t2. If t2 is |arge enough, the use of the single encoding schene
ni ght require aFiaddrrresraisone BB?‘?%‘HCTI389\B?baia;ﬂﬁ1ﬁﬁle°ﬁrP@ﬁ%F€H699“Pﬁﬁgﬁo woul d
ot herwi se be necessary. A mininmumresolution tinme can al so be associ at ed
» with anpl i thaviag psaemetty et proyides kelatively stablecoypling hetwasadevied 28 a8¢ hesmes,
anpl i tude nodul ati on encodes data in pul se properties that are
subst antsi al2l{. epemeridfds viewedlaelinginghe negative Chirgséeu esfativy to the copsdidataot 10
add directly to the total bit intervals accommodated by the synbol period.
For exanpl eystempidi¢catedion gl @B 42 partionisfoxhicthis reprofucedt indigy3A).ubke tiif a vol t age
| evel to encode data. The different nodul ati on schenes are not conpletely
or t hogonal ,orieotagatg 1a.bus sid¢ énepminent 82@ xapemis ebove walewinpsidd cookgposemBaGof positi ve
and negative) encode one bit, and the minimumtine associated with this
i nterval nejechremal@icec Soupded 300.0Theapeaimpiries oftyns hiteddvice sils pampehehts 320,380 a
detector circuit to a voltage having anplitude, A The pulse wi dth shoul d

be at | eastallb@ng: AnaiAE6f dneFgyttiafsfeddalithdligcduplePR0(O the fidTativel- insdhdtiiveab| ¥, a
synbol characterized by rise-tinme state rte and width state w3 nay

interfefe Whi RlAveSHdnnN O Wus GhPdedfch Sidk E8HpA¥nBBoG836t at e po. Thus, noise
and circuit limtations (partly sunmarized in the bit intervals), the

rel ative independence of nodul ati on schemes, and various other 20 factors
are consi der ed KRepPupler 304, bugsiderampanens A2&wnlaletes abept p dongifudinalidirectione
present invention. Fig. 5Ais a block diagramof an embodi ment 500 of
i nterface 2B@€nglht itsaind-points (ploog thesiaxis) badotth alzigzag pattarh.sTheotisalised ces
220(2)-220(m . For exanple, interface 500 nay 23

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 340”) 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,

15



be used to encode outbound bits from e.g., device 220(2) into a
correspondi ng synbol for transm ssion on bus 210, and to decode a synbol
recei ved yp@ oPb13210 into inbound bits for use by device 228{/@2%01/4bha

di scl osed enbodi rent of interface 230 includes a transceiver 510 and a
calibration circuit 520. Also shown in Fig. 5A is device side conponent 242

of el ect r onRYALIsioE plafRUBEIBHSs 326 Ao het REPY il Bcantly iﬁaﬁlfpslsern%ehzwaﬂ@mrdﬁa to
transcei ver 510. For exanple, the transferred waveform may be the

differenti %B@Qd‘éﬁéfﬂ&?fb% B8R ?erfé}Eﬁdé paylu&ﬂsqn ikt § bR, AR g8 sBOofAGARS S
el ectromagnetic coupl er 240. A device side conponént 242 Ts provided for

each channedsiofs 50 vB o eRungfiin WiHaeh: RS {RRSIAATy CHTRIGAE e SEOON

devi ce side conponent 242" 1's |n icated Tor t case’i n whi erenti al

si gnal ! ng i gﬁ)g}?é ecg ana- B ?@%8%1&9& ﬁa%%éllqgfetéggespo%lt{oﬁgﬁ &P{eex y%ﬁa?neapgr a

transmtter ei ver recovers the encode e transferred

b ovi des ¢ 18 TERATERLE TRRE 0 T Woch ST da% HBStc Par B It AHE K< Pt ace 230

Enbodi ments of receiver 530 include an anplifier to offset the

att enuat i orPYsrbstigha CWWS%ﬁéﬁnﬁéﬁ@ﬁﬁ%gﬁﬁ%bhﬁ Bdls indhe g endiereignet i ¢ coupl er
240. Transmitter 540 encodes data bits provided by the associ ated device
into a synistiectimd fidmi theis norhivaldyalignéd pnsitionslevi ce si de 242 of el ectromagnetic
coupl er 240. Calibration circuit 520 manages various paraneters that may

he 2 I mbodi f
| nter face 230, GOf gﬁgﬁi‘ffﬁvﬁ%aoﬁ%ﬁﬂﬁgg%gl s By R SARTR PR Wt s on
resi stance del a%/s |ntran

l i . ,
r esponsi ves{38%{r;2ﬁl§°a{{lﬁ§ﬁtg@nncowgce 5, P%lfﬂ%?g ﬁlrleépla\ForF¥‘§C§4\séfﬁrde53tlge like. 24

10  inversely with separation (z), while variations in fringe regions 350 vary more slowly with
separation. The net effect is a reduced sensitivity to variations in z for coupler 300. With
this choice of coupler geometry, a +/-30% change in coupler separation (z) results in the
capacitive coupling coefficient varying by less than +/-15%. This compares favorably
with parallel plate based coupler geometries, which show a +40/-30% variation over the

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

240. For the disclosed embodiment, one component 324 retains the undulating or zig-zag
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Fig. 5B is a block diagramof an enbodi nent 504 of interface 230 that is
suitabl e for processing encoded synbols for a device that is directly
connect edw®odserzommuni cati on channel. For exanple, in Syﬁéﬁﬁ%{ﬁﬁ@%ﬁﬁ g.
2), device 220(1) nmay represent the systemlogic or chipset of a conputer
systemthat is directly connected to a nenory bus (210), and devices

220( 2) - 220 (ggdmERYsith AR 15 AP GesBRER raﬂomoﬁg)oﬁé?ﬁ 330)S/hA0 TR comYpdh &t

Accordingly, a connection 506 is provided for 'each channel "or trace on
whi ch i nt ershags POfsia ' _ ' ' hannel )
'S i cat od Ty R e R Ry SR KA FPRRCHI Aot by 8L of

" for U i ng 1P D OGUHEESR, EhAFEnpIRGI AT AR e SR, CBiehS0F Coo ™
220(2) - 220(iﬁ9[uo%gg?{c§ gh@ﬁélrﬁla%a%g%ﬁ ﬂ&ind ?rirln Vr%u?lts%gh,t Ilt g\P/ue%Ih tﬁie! g3

. rl%
representing an e ransc at d's suitable for

handl i i.n_which bi ded ' h , I i dth
and. anpt e kgt S e A0 b ruRL CoBRAPETT o B o D Bt gnal

Transcei ver_ 600 suppor.ts differential. signaling, i ndi.cat ed by data pads
502, G0, - AR 19 BBy e T AORt RG24 A Loy
calibrati or} gi rcuit 520, via control signals b08. For the disclosed

enbodi ment 8% transcei ver 510, transmtter 540 includes a phase nodul at or
640, a pul se-w dth nodul ator 630, an anplitude nodul ator 620 and an out put

buf fer 610. Qut pift 30uédreent 16 aRsAM ABAITENEI(8aE balRkbel ORctrdYRRLtRD Out puts to
pads 602 and 604, respectively, to support differential signaling. A clock

signal is RoeyEdR0. F6r RRARModmD M Rhipondit 924 B nE¥SWed? hiRRiIa%Ecohfianscei ver 510
with a system clock. The discloséd configuration of nodul ators 620, 630,
and 640, s ' I r k1 ' T rrespondi ng
nodul at 1|00n csgfé]ﬁé@gﬁn%g ogﬁagggﬁ%ga?l?ﬁﬁzgggﬁéﬁne#ﬁ?]a[x@grlrnggch(n)o{ﬂ?? % or nore
schenmes may be applied in parallel. 25 The di scl osed enbodi nent of
recei ver S30 i n€igudBslastratasmpbortibreof 650lfi-diop buspystemde0 denpcupastes 660, a
phase denodul ator 670, and a pul se-w dth denodul ator 680. The order of
denodul at orcau&@B006 Albusamack 3B8Andlsdep muitipiketslisfsiae cohpanshts 820 atzpaed | s not
required to inplenment the present invention. For exanple, various

denodul at origteival aRPg lit8 g Carrddpdiidihg ddvideaBal dretowpleditdbigsiraes 880 thebufh er ent
fromthat indicated. Devices 690(a) and 690(b) (generically, "device 690")

act as on- GhHiPasbRIAMRdEYice Bidk BRASHABRE $30. VdUn§ibnbrils 9208 30RO SHoWmRbtaket td hi s
invention are active while interface 230 is receiving. The effectiveness of

devi ce 390 jhdicdidBesr 36y EentddimeRfsQE %ﬁer@@@%@% RlcHEE sel@RA dredchfoe
variations may be aided by calibration cCircuit 520. For transceiver 600,

device 10 Fh%’eria?s &Wé@ﬁl c@ﬁg%n&] 396486 %o fabitttard RSitAERL BPﬁ%JsF{B%%@gﬁ}-gi tTKemay be

provi ded by multiple an r P devices In series or | h para
control pr c&géfgiggml_)y calibration circuit 520

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

17



may be in digital or analog form and may be conditioned with an out put
enable. Fig. 7Ais a circuit diagram of one enbodi nent of transmtter 540
and its opgeeosisy nodul ators 620, 630, 640. Al so shown i spar&istinPos1
transmtter 790 suitable for is generating a strobe signal, which may be
transmtted via bus 210. For one enbodi nent of system 200, two separate

strobes ar eiRfii@ Y88 PreséddQgsihdt @RGuil oakl TBMi(SHEHIEALd BOMTHRGWRIA QRetf389M devi ce
220(1) to devices 220(2) through 220(m, and another strobe is provided for

communi cat i Gspdrt FFRIRGViE GRDIAAW L BEL B pRNURA 22PNt 86 Bgicee 220(1). 2o
The di scl osed enbodi nrent of transmtter 540 nodul ates a clock signal {CLK
PULSE) to encode_ four outbound bits per synbol, ?eri od. One bit is encoded
in the symbol ' s ThpAsebleshaaeennfiflex cirquit 3Horalows ib tabead dvid i pessedeagsipgiool ' s
width (wdth bits) and one bit is encoded in the synbol's anplitude

(anpl i t ude dhicui board 3gk nfar oae ersbrglimeny, dgwice side compesent 38 regidaeerss wlagively
differential synbol pul se per synbol period, and strobe transmtter 790 may
be used % o ptpertian of RexdiifchieB¥miormed by messingdles eirpat 386 nadindt cipenit todrd Phase
nmodul at or 640 includes a MJX 710 and del ay nodule (DM 712. MJX 710

recei ves a i$dl dWred fully imsepted,dbokBigdoRd dBEcouplar T aldhg tlenatgativeuria] devédt ver si on
of CLK PULSE frominput 704. The control input of MJX 710 transmts a

del ayed or sidethelnpyesht 830 &id baslgide ofmgGnknt BRI S atigisgdan & Fig. 320 A bgacwiahae of t he
phase bit. In general, a phase nodul ator 640 that encodes p phase bits may
sel ect one wfpréfiedas sia@iisin @ kepataioPbbtREerstiljafCdevide sliclcbapaithtsded ays. For the
di scl osed enbodi nent, the output of phase nodul ator 640 indicates the

| eadi ng edm300fsRWNRY, offeft RBEthTECMBSorndAts 320 il 330 S RENEELWHIPE generation
of the trailing edge by w dth nodul ator 630. A del ay-matching bl ock (DWVB)

714 is 0oVy; i 41s i i i el at or. uch as
t he del g{/ o%‘laﬁ/%r)l(é %%;‘slhﬁi“’ﬁhém&gﬁo gﬁéx‘r@%ér%r%tn %tp?r&%?hrcr’pﬁg%%gn? gsmaqg(gﬁ(lgi‘ synbol

420. The oug g'gt}e it 0%857 e%iciz §ig§lcc?£;?cfnte?ts3gg @@Jlev(agggﬁg%{gs %}hﬂ%x Ibr?)%lﬂ[]l’ 3%%' ded to

anpl i tude nodul at or or a ronal processin ator 630

i ncl udes . 122 4 12 n 720 .t.o _gener a secon dge that
is del ayegl\é?'é "ia?‘f‘%gh%tﬂge‘t?ﬁ’gaFP‘F“%Ftogba"gvé%eé‘ﬁe %f?r%%‘%?p°ﬁ“ﬁ'§}3§%?‘édzﬂ%&?egﬂ§ wi dt h
bits. The del ayed second edge forns a stop signal (_STOP) that is input to
anpl i t ude nmodul FexrciGi®3§Omaychaiprisqrfed exampleearion ghordlayers bitn txthid anidst

enbodi ment of transmtter 540, two bits applied to the control input of MJX

720 sel ect @fiBen®iafcill subh A HIepbiy dleleaidis marrihiDh pdlPenisCCYRaR8gE,y IMRi Ch i's
provided at the output of MUX 720. Inputs a, b, ¢, and d of I\/U>2/ 720 sanpl e
the inpw s§,a0@l de Nerfourt BEWiliifttorE PREBwale) or BéYyAfyibheteRARRAKE (BHFHORGP DVE
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

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

The cleaner noise environment provided by a multi-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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722, 724, 726, and 728, respectively. If the wwdth bits indicate input c,
for exanple, the second edge output by MJX 720 is del ayed by DM 722 + DM
724 + DMwa@ohéhstive to the first edge. 27 Anpl i t udecrwdol.gber 620
uses START and STOP to generate a synbol pulse having a first edge, a

width, and a polarity indicated by the phase, width, and anplitude bits,

respect i velgiins Bf WMi#REh {a@vfrdé&%smgﬁér;@rgn e ffegﬁen@ieg hREarS YiHRRH. WM i 0d.
Anpl i tude nodul ator 620 includes switches 740(a) and 740(b) which route

START to e@gﬁﬁﬂa—tﬁyé@% o?i@@ggfa;iaewaﬁa&és’@aﬁaé%na@m HIMhissibgspect i vel y,
depending on the state of the anplitude bit. Swmtches 740 nmay be AND gates,

for exanpl ] LOM| t I, ARu : EP e : 730( b)
(generi cal %{/Iaﬁélgr(%d?egsbe)g .ap{gleq%g%leffég?s%? ﬂ%_rld'g\%_ i%%d%ftygtfg?aﬁlﬁlt%i(&g%g&ggssynbol

pul se, whi Cagd iintduét‘it{c.'& N &cal Rof &gc%bﬁieté?% elﬂ_i%ed Qgsﬂgd, ggiuggtéﬁgg&fsgio PG 730

is activated, a positive or a negatrve golng pul'se 1S’ provi he

f i 540 yia diff ] bhuffer 610 .Strob
Cranam ot erPRonhit Bt b b, ek en HelhecS il B P9I 750 el ays

CLK PULSE rovide a strobe signal t i1s suitable for. resalving the

dat a phasetPg‘ng T WACHR! PIORFTHSES S %%ﬁﬁﬂ(ﬁf&ifb‘s 3‘&%&”&??833&91%&"?@?@] of strobe
transmtter, 790, DM 750, Eoi' ti,on? t he strobF evenl y,betgieen t he thase bi t
states repriBEHCEErIRGEI9na e fisnpl pignyation by elegtramagnetic coppler K08yl e g.
receiver 530 to denondul ate phase by determning if the | eading edge of data
arrives befabee bgpdwyelthe For pramples apalifyingtranamied sgnabnia offses aiopuatiadmapo0 t hus
corresponds_to phase nodul ator 640 of data transmitter 540. Matching logic
bl ock 780 dinpt the feeuenghat whichasigrialigar be tafisidftedf transmitter 540 to keep the
timng of the strobe consistent with the data, after DM 750 has fixed the
rel ativg positiqni I : d ' ogi k 780
dupl i catt%e for t gng'%? S g’ef ﬁégggbqgﬂg“%‘?%ﬁgﬂ%@%‘ ?@glslg?{vgtgngg gﬁﬁiﬂg}thg]%si gnal s
at the Leve . Iy G tay N2 hi t chi is
Fobust o ity Rt iluchdY Bl it RERGANTr bk PR B Fu B GO | o,
t he remai ngﬁr e co nnel fromt.he o

Of t icati cha utput of transmtter
540, ¢ hr oudk igar 4Of PACHEOCIITa pF B BREY et ighneEP o R bn ShefESBEs on t he
other side of 28 . coupler 240,. and to the i ts of receiyer S30 at the
recei vi ng cf@\ﬂké'éc}tqfﬁ?eﬁsé%a{oﬁﬁ%ciﬁgwwge%’&(\i@gn%%%.'V ’t\é{’ﬁ"éﬁfé sn order
to keep the chosen relative timng. However, the matching of delays is one
enbodi nent pa@gféqsiaaeuerﬁ%rncrqamgﬁ%&%vogﬂfr%@@@t@nﬁawl wieebiasspy o
practice this invention. For exanple, if the circuits and remminder of the
channel 5do hight frequpney -ignaling densdSelented merudation pehenes mysbe qombined ayith highy
calibrate for the relative timng of the strobe or even conpensate for the
absence of feequencybigndlingrie provisieisiggifichst indreasesgn BMom appr opri atel y encoded
data. Fig. 7B is a schematic diagram of one enbodi ment of a programmuabl e

For - exanpl e, _onth 5¢ SRR abcioh \ARAE dihBioofaf hdbd SRR Lepg B8P 77 0"
724, 726, 728, _an

intr oduceddjru%)rsegsrﬁ%gglggat%?@r ?&g b?&@%ﬁ%%%%&%%@ﬁ&%@%f@%@{t’%@égr i ﬁjgr : gr ﬁ
772 (7 . . : [ V1 V2
lrst and SoEbhe ppaftiShogsr obp: ey Smsh g alife Foagayitn theps, " 1

respectively. Reference yoltages VI and V. "be the digjtal, supply

Vol Laged't oy aRineie maBs ot slesd thaisey trpniand angyfebia 2067 i
applied to transistor sets 774(a), 774(b) .and 776(a),.776(b), respectively,
alter the dEqaUCY-dAEIRE meiatioy Seheles. Suhds freayeaey '&H@‘W?}}( M)asedﬁaqu?aﬂon,
consequently, their speeds. As discussed below in greater detail,

cal i brat i orend spread spegtpn, phgomplkingfipas of ot ime aqd fipquepcyrdeingin modyiatios, p~ - p~
-and n~ - nk, for inverters 772(a) and 772(b). 20 Fig. 7Cis a schematic

di agr am of solmanes o seperpoded B atdgh frdguency sinvsaid)adst elsé suitabls dorvise withhe
present invention. The disclosed enbodi nent of EPG 730 i ncludes transistors
© 732, 734, dhidink8aicmnd i nverter 738. The gate of N-type transistor 734 is
driven by START. A positive-going edge on START indicates the begi nning of
a synbol pulse. The gates of P and N-type transistors 732 and 736,
respectively, are driven by STOP, 29



whi ch, for EPG 730(a) and 730(b) in Fig. 7A, is a delayed, inverted copy of
START. A negative-going edge on STOP indicates the end of a synbol pul se.
When STORya B/dkoed?, transistor 732 is off and transi stor 786r/Uso1oM961A
positive-going edge on START turns on transistor 734, pulling node N | ow
and generating a | eading edge for a synbol pulse at the output of EPG 730.
A subsequent negii i e ghemgicaagesenmntinldd, sidnal 119 tigdt illkir@esths inbdipldyp6 and
turns on transistor 732, pulling node N high and term nating the synbol

pul se. For patvetei B Ne‘,m%nawInﬁﬂulaﬁmaierﬁwmmasi@aaﬁgroy&ﬂto(eﬂ&ﬂamwmgoI ng
edge) before or after the corresponding _STOP Is asserted. For exanple, the

di scl osed epiaaals Rk sftibdlf SRR HeluAD ﬁ1§d1ﬂdté"ﬂfé§/niﬂot 0GsRldePR a and_hi gher
symbol densities may be obtained to by enploying narrow CLK PULSEs. The

wi dths of AR A &L FaF rb&é?o@illﬁéﬁ'&ﬁ&d BE‘asefpuisQ%%%xf BUlme-aiy dth, while

t he separation bet ween ‘START and STOP is & function the w dth bi ts The
dlfferet I o e = pni ng of
P iy %ﬁ@?ﬁ‘@éﬁ‘)‘iﬁﬁ%ﬂéﬁﬁ% o hecklo g RS B By The ey h b .

Spect 1l g rhapele: &W%ﬁirazgxlpgﬁmg%ogf g,foamxm@c&r&sggwewg dghg edge of

1s STOP termna e sy thus™ el e exposed to
t he paraS|t C_capaci t ransi,st or not. This

od 3
vari abi bR By pReT: Gl adre vandv e £ 59%5?&%388 Chr oouh Eha
730 di [t t
L o many Toadis aﬁéﬁaﬁwé} mi B sefeaed By Sp RO RE e %&a%t?‘%?{aqe%eba%%@eg; i
730 h START t . t t t h ds th
Var abi | ¢ poUESe Fag L DBoRIRIgl fBCh DR SRR EHE RS0 ¢ hat
it always ends after STOP begins. This is done by generating a new START

whose b¥gi r@nﬂH@Sw@bvlrmrle@e‘@da‘dyfqrﬁ@l\@mﬁgﬂ%w START but whose end is
i ndi cated by the beginning of STOP, instead of the wdth of CLK PULSE. Note

also that, int I d 1] of the
del ays t hrough eT g)félg{owqﬁalyﬁlat@ﬁlgn% I?)egiljg%s {5 &’h&g)rmb %r?u;%n mat-ch

the uninte &5 PULSE,
START, STOggﬁ%\?W alin yﬁg@@wé"?ﬁe""g‘{desgﬁg“%%Fh'gc’rr“%”gE‘é‘§ g%\(‘o ffent of
system 200.. Here Y C]_ r rese I\/B foll vvlng
7 anom asi R SePBles MATRAES SRAGHE e iek bk ghe el Ehei s P uce o
TR SYMBQL r Iatlve 0 O i,s rou ated by the cale ange
bot ween ¢ he BEUAROTHEPEH lnaen%l%w%n ifed B bRt Seapies Bty T2RG75 0o
t hat |s decoded b |nterface 23 ract, data bits for
processing Stﬁ?a'dtéﬁ)y efarms,sych ﬁégﬁgﬁﬁ‘f ﬁ@l?ﬁiﬂg A erigp RS §f B’;T/‘p]é'élg‘h pEWR/BEl are
i ndi cated bel ow the corresponding to SYMBOL in the order a).
Fig. 9Ais EF%‘?H%M‘J@W&P&B?ﬁWﬁFﬁ?%@Wlbﬁg‘n@ﬁ@e@%M% he(ﬁ‘?“%’é&l ver 530
that is suitable for use with the present invention. The disclosed
enbodi ment dicussiondbarses GEDo¢Hation sbrusechassdeignalingicheraesdo shugidate yarigms g, 9A
al so shows a strobe receiver 902, which is suitable for processing a
di f f er ent i abpestsrobithe psesgntahventiom, bbighese sefiemes are oot neesssyyy thvpradiceltieay

invention. Considerations similar to those discussed below for pulse-based signaling may

20  be applied to other signal waveforms to select an appropriate modulation scheme.

For signal 410, the value of a first bit (0 or 1) is indicated by where (pg or p;) 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, Wi, wa,

w3) the pulse has (pulse-width modulation or PWM). The value of a fourth bit is indicated

20



15 matching for receiver 530 simlar to that discussed above. Receiver 530
and strobe receiver 902 may be used, for exanple, in system 200 in

conj unct i wo oddstust he enbodi nents of transmitter 540 and stpcaiagsolifisygsmi tter
790 di scussed above. The discl osed enbodi ment of receiver 530 includes
differential to single-ended anplifiers 920(a) and 920(b) which conpensate
for the eneyghethblthe Blinguigabsadgt @) v salldn, )slope (riseamgaddutationopl er 240.
Amplifiers 920(a) and 920(b) produce digital pulses in response to either

positive ORTMQJ&Id tHE valiid SESHifHbit B endidafd by Whedsr thé Bilad arhplitidR YdMpKaktiven Fi g.
8E) and its conplenent, e.g. the signals at inputs 602 and 604. In addition

. to 31 PP dafivec@t, lagrramﬁrrrmrd hodilaiof 39AN?Y BbRIHBs fnRhiE af HétRA EaWMrt h

appropriate timng signals to provide sufficient pulse widths for
succeedi ng sﬂ%&&lh@b anb Ueded ﬁnes"iﬁér&alﬂs! Seerab4iRbR sfa%@%r‘fﬁ‘éde@&ﬁ)ﬁ 'eﬁUoliﬁE;' y

~anplifi es t acconpanying differential strobe si gna For the drsclosed
enbodi r # in data
cymbol " 320 HEfHEs S SRUNER EicaR Rl e ol p R RS FroP AP IR AR

AT 111 ' 2000 A 87040 DSBS Lo Lo AL LB Sl Ul 1y

904 replicates mu e re I'ni ng y Inreceiver mat ch

del f dat b i to th h t tt
S0k o (ABKR Pkt PERool Rl e BB RA R SR PRl 205
| ud { d t d dul to 670 d dt h
oo e UGy SR RRE Pt PR o L BB O e
990 buffers_the received strobe for di s(ﬁj;{]arél ti ong{ ggulwl e receivers 530,
up to the ﬁ%WFW"@H&H‘?@F?‘t?Wm@“@Emm Fﬁ)‘g“ Ya1e fer 990 may be

| arge, depending on the nunber of receivers it drives. Data buffer 980

corresp@nds to pif waaﬁdfm%%xanﬁ eSS B Phin M8 datlsEiRimed8Badheed not be
an exact replica of strobe buffer 0. The delays can 1s al so be nmatched by

scal i ng dow, bbbl sare.&&qc@dagoﬁet& nlo?@msrrg trrertmser)tar QRigh sﬁfyoroz e; ative

to their counterparts In strobe recelver -OR gat'e {UOR) 94

combines _t aE_lfét EIuﬁRfas é‘fmh%@dgg ape %gé @%ﬁe %&Po“%ﬁ ‘%9 *a)far 1%% éa%g Dbl it ihfig first

edge of TR name el ay

through gate 8{1@5 i, aL ﬁ]&t‘"{lent}])ﬁtrﬁ%%)s%?egr&br%én@ﬁ b&‘rﬁ?ffen ot lé\t'en})NBes &°

enbodi ment “YP ate (LTAND)

gﬁgw:]elcgvﬁlrdfgfetr%%essbee%vggc% e%erg%mes in tﬁe syml\{)BP'erlod A%nplg’%l vn?assomatedU it eacﬁ 0is

15 time-domain modulation scheme represents a minimum amount of time necessary to
réliably distinguish between the different bit states of the scheme. The modulation
schemes selected for a particular system, and the number of bits represented 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, t; represents a minimum time required to distinguish between po and p;
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

21



32 The di scl osed enbodi nent of phase denodul ator 670 includes an arbiter
950(b) (generically, "arbiter 950") and data buffer 980. Arbiter 950(b)
conpar es wheddoisst edge recovered fromthe transferred sypbnusdyodddR 940( a)
wi th the correspondi ng edge fromthe recovered strobe by UOR 940(b),
respectively, and sets a phase bit according to whether the recovered first

edge of thgosieEImd) anctstadl which rewasds iR thininsim BEGeal @bccky BIrEIRBE. AN
enbodi ment of arbiter 950 is shown in Fig. 9D. An output 952 goes high if

i nput 956 gREIRghsIRNRENT; and %_pWari@@s%iro@#Iiﬂﬁtﬁti&éém&&ﬂ%&ioﬂkgt}édisf:u§sé’tpuf[ 9S8
goes high before input 9S6. Fig. 9E is a circuit diagramrepresenting one
enbodi ment wRfovAiliRldater 6tai920. The di scl osed embodi ment of anplifier 920

i ncludes 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
anplifier 920 afieilarky, erebitcipervabefidiwation i lwlgwp@w i theogymbebpesiestfo synbol
period. Gain control device 924 conpensates the gain of anplifier 920 for
vari at i dns aflpwghedesiates\(gi, rage be disipauishedreliablynthe digs dfitkie detgrndeadtbyol si gnal
926 may be provided by calibration circuit S20. More generally, device 924
may be nul tnopsk endigvdui dimittionseastoerdted iwithaist EmeancagBepentsal Hoe lexangie rist gnal 926
may be several bits produced by calibration circuit 520. Pre charged | atch
928 r eshapesnesaraliffadntuddigpaisity thivegicanpkn24h consdquentyc aaslishige loag cui t s.
Resul ting output pulse widths are determned by a timng signal, RST. For
one enbodi reaaighad aliewp tHefmeaakur&idéht of Retondsdepivatieced by DM 916 (Fig. 9A),
along with other timng signals used in receiver 530. It is possible for

pr e- char ged Iatcg 928 .and signal ;20 RST to he in inconsistent states, due
to power-on sequBired¥ igervalspEdurationds 3¢ glioppted WikiR the symRgl peidieallp% o det ect
and correct such events. The di sclosed enbodj nent _of anplitude denodul at or
b60 i nclouddle BHr dates tar Wo 304 taps reliabludishingaished, Thg §i3E f 2 dedetarminsd by r ed
signals fromanplifiers 920(a) and 920(b). 33 Arbiter 950(a) sets an
anpl i t ude Ivoise andeiratithimitaonsesoniated ith pulse pidth sreagmgments. df pdseoyidth isr  920( b)
pul ses first. The disclosed enbodi nent of wi dth denodul ator 680 i ncl udes
del ay noduldeterribid jelBive to DAk Brdls, cansidletatinss 19g0(in} clodisjitamayabplye)f, and
decodi ng | ogi c 960. The recovered first synbol edge is sent through DWVs
910, 912, aobe9idthtisdetreméned redative s Rige shedéadirgdgegs ofimpli®, baidagtiadslsagts t hat
replicate the del ays associated with different synbol w dths. For one
enbodi nent a@Engipl}evdlﬂag@VHriaﬁbhs Hebvie fHe meédbitemeétco (A eidyg SR tiailgRapst ed as
programuabl e del ay nodules (Fig. 7B). Arbiters 950(c), 950(d), and 950(e)
deter m pe tyy dppgporal ) position of the second edge with respect to the
generated to edge signals. Decoding |ogic 960 maps this position to a pair
of width bits. Latches 970(a), 970(b), 970%(;), and 970(d) receive first and
second wi dt h bi {isgenerd thatipaengsded to spcpde ppn-bifyriug injetime-domaisdandulation| vy, at
their inputs, and transfer the extracted (inbound) bits to their outputs
when cl ockecheme (i) thathieka bigintsrephdl, is R0r1)e tie itiosamifomibie intawilnarat of recei ver
530, the latches are clocked by sanpling a signal fromthe delay 15 chain
of w dt h demnsfeltddafoonoi&Bdr cirbuitteedons, ke tetal tirae aléittay tood mMIAibG schiEhieds that chi ng
synchroni zes the denodul ated bits to the acconpanying strobe timng. In
addi tion, awdeXaltef ALBit fikyvale qMhenanwltiple titneelonainabdulmion sttemes #& t he data to
a local clock, e.g. clock synchronization circuit 560 in Fig. 5B. Persons
skill edyin eHb%y%ﬂ,tth@%%@géri@G shdifd BEIBRS erdout tolbSmelbdugd Dee] Wit hlus

appreciate that this ' can be done in any nunber of different ways. zo The

vari ous COnRODEHisha By rEHRRS! HERn LunlMBh {REr APGnl-B6hMH ShcRuRtigPer of

schemes used. In the above example, the symbol period should accommodate t; +t3 + 3 1,
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circuit elements that may be adjusted to conpensate for process, voltage,
tenperature variations and the |like. For exanple, conpensation may entail
adj usti ngydlogosdeiry 34 provi ded by a progranmbl e depeyusodisha ( DM
770), the gain provided by an amplifier (anplifier 920), or the termnation
resi stance (device sets 690(a) and 690(b)). Fig. 10 shows an enbodi nent of

calibratio (I;pl@si dn§/btter MAPkinsTdY@inIbsP These MayGadlidemhinfih pssd Widths di@rdibgck to
nmeasure and conpensate for variable process, s tenperature, voltage, and

the Iike. ThenRMHAAWIRArefduaffdibdhREth@fikLi rcuit 520 shown in Fig. 10 is a
del ay-1 ocked | oop (DLL). A clock signal (CLK PULSE) is del ayed by

seri esconnected DVs 1000(1) - 1000(m, The nunmber of DMs is chosen so that
the sum of the dbingmulgpls epeodingtschemessrdypesdirecopiirainigiomthe symbabtimseFomr bi t er
950 is used to detect when the sumof the delays through DVs 1000 is |ess
t han, equal exe@plegencaging Sbiansiegreulsel etk maslujatipn slane Prtires ehleasHBleb0IM cycl es
t hrough delay control settings until the sum of the delays natches one

cl ock pefi o largeramongh, disl uss hEtie siogle endodingistliemy might/reqiiis atlirgersymbalt s of
process, tenperature, voltage, etc ... on the delays of Dvs 1000.

Cal i br at i orpecipd dower sygbohfgquieypihen abeld odentissbemestsgaryper i odi cal |y, when
conditions (tenperature, voltage, etc. ) change, or according to any of a

vari ety of other, str.ateqgies.. 15 The sang calibrati.on nt r ol ttings can
be. distributed ComHNE e itP SSEn BT P Brreieve oIy o150 o
910, etc. The.desired,del.ays of .DVMs . in interface Q are achjeved b

sel ecting a@‘ﬁﬂﬁg@rt"ﬁ dﬁ?ﬂ&%’ﬁﬁﬁlﬁ ?%scmegyamﬁﬁqﬂ%égod%%o? Brfcoa‘ﬁ@ﬁtaéﬁeﬂs%l\/l whi ch
have the sane ratio to the total nunber of delay mpdul es 770 included in
al | the DIVPrasiers dhatepresupsiantialiynerehogenaliagdes Rosifiang, Corsequsatip igerd pRér i od.  For
exanple, if there zo are 20 total delay nodules 770 in the sum of DMs 1000,
one can!%e|adddirgetlydp e totl bihiaterwahy ascommedateddydbksypioel priiody Fersxpgple, del ay
nodul es 770 for any particular DMused in interface 230. In addition, one

can al so clrasepditudg niodatation nses thexsignor dabeitnde of a woliagp levelite alicade @4. by i nserting
smal| extra | oads at the outputs of selected delay nodules 770 which

constitute that : call i i j i

calibration ci r(;[%dl%gﬁm ﬁ%gmgﬁ%no&h%&%gééﬁ 86@@%@%%#3?%@‘%’%%& Fnythe
paraneters,_,in th ace of variable conditions. These may, .jncl]ude the

resi stance BPV$ &R %pinea .%?%“?J‘el“b.ecsg“?"égbf’sgwa 4 f“?%a%‘fe}-ﬁ?ﬁ?ﬁ? ??%tf;f, gft)tge This may be
done by correlating the infor. ion cqgntained in t del a ontrol setting
with the ef?‘%‘&?'ﬁ“&%’eﬁsi?émgef’%@é{s‘Q@P‘Fﬁé‘?"‘é{tbﬁﬁst,ef%?‘pgﬂ@?‘a‘a B condi t i ous
on the other circuit paranmeters. There h%s .thus been di ?lcl osed, a nechani sm
for pr oV dirﬁﬁ’oﬂ?edﬁmb €¢foR, circuit to a voltage having amplitude, A. The pulse width

should be at least long enough for the sign of A to be determined. Similarly, a symbol
characterized by rise-time state rt; and width state w3 may interfere with a next symbol
characterized by phase state po. 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
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comuni cations in nmufti-drop bus systens. The discl osed system enpl oys

el ectromagnetic couplers to transfer data to and froma nufti-drop bus. The
el ect r ongaRgidce150upl ers inpose rel atively mnor perturbagdrosoia9sdihe

el ectrical properties to of the bus, reducing the noise associated with

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

al I ows var igygedBAHAL bABodEHRIESmt Og. b@ewdmb@@?m@aicdrfeswﬁmngsﬂﬁm fRus
systems at higher signaling frequencres. The di scl osed embodi ments have

been provi I n.
Per sons sk?‘leaﬂs'l%@?lar)\l“t) ]ZJSaZ? ? eagy?%usy%assgﬁbwl%ém%é)es?%gfﬁag\%bnduﬂaﬁ?&fg
benefit of w Il recognize variations and nodifications of

t he di scl osué‘gb (rifg}l%cjzg s "which none the less fall within the spirit and
scope of the appended clains. 36 W claim 1. A systemconprising: a
conduct i ve tr acéhe diaclbsedsmbddivientoftigerfpsn @d Giineludesfa trapsceggnbdlandad to drive
the first synbol onto 5 the conductive trace; and plural receiving devices

t o sanplse tchkbrhfionsdircaiy /BD| Alsdslouglin Bgs Db isdesite bide eoomabet|2d42 bf omagnet i ¢
couplers. 2. The systemof claim1, wherein the bal anced el ectromagnetic
coupl er s haketromagietio goupire 40 wipentide d trankferred wanggorafto trinsceiverd.103ForThe system
of claim1, wherein each bal anced el ectromagnetic coupler includes a first

conponent Eb&&xﬁﬁlb&h@daﬂf&ﬂ&d NafefBim b be M aiffthdifiatde WaeTorm @ens@@A@RY conponent
associated with the conductive trace, and a dielectric nedi um between the

first and sRaaRftinkDulseAE derod cleliiinsnelicbupler £402i ANeice WHR c8hPorht J49ast one
of the first and second conponents has a geonetry that reduces changes in a

sel ect ed cquploifagd &f?%ﬁéhlcw.@r egsﬁda 48 Ioﬁwhmname,@ace%o Edlﬂrﬂﬁm@%t est e first and

second conpohents. : temof claim4, wherein t Irst and

second GOMRENGH tdéw@é?‘%{@e &Q{Bahmﬁ 3 WdithiBa F2 he JEX TR WhichStifferential si ignaling

is employed.

Transceiver 510 includes a receiver 530 and a transmitter 540. Receiver 530
recovers the bits encoded in the transferred waveform on device side component 242 of
electromagnetic coupler 240 and provides the recovered bits to the device associated with

15 interface 230. Embodiments of receiver 530 may include an amplifier to offset the
attenuation of signal energy on transmission across electromagnetic coupler 240,
Transmitter 540 encodes data bits provided by the associated device into a symbol and

drives the symbol onto device side 242 of eleciromagnetic 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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37 6. The system of claim4, wherein the selected coupling coefficients
are in the range of .1 to .4. 5 7. The systemof claim1l, wherein each of

t he bal aggsgh/fhest ronmagnetic couplers has a | ength sel ected/tsoitwansfer a
targeted fraction of a sanpled signal energy {s) without limting bandw dth
of the system 8. The systemof claim7, wherein the bal anced

el ectromagnet i CFOSIBELS blbédCdiAf ofarl éntodin®dnt SOAGIGREIH 200 1At RSHRBR
conponent separated by a dielectric nediumand at |east one of the first

and second GORBARGIH chcB@d sgmBSIO R b d¥vibht if e@&g@%ﬂ&&@@&ﬁhw a coupling

coefficient of the electrofmagnetic coupler wth”variations in nom nal

osi 110N Qb HIHaRREORE LARRONEm I0b (i Btk SHBI, iyl @i M 1,

wherein the first device | es a transmtt 0 genera e first

symbol fr Or}%;ﬁe&hﬁﬁ@%’é{e}(ﬂ Bgltc 181 &lﬁps%p (q” a 8@1'&)9%%}?%%3@%15 &'IIOCCIEI%Q(%PE&CS& {50 of claim

9, wherein € cond Ivectrace 1 nclu race ansnmt t he

cl ock signal and, a ond, frac mt the synbol . 3 11. The
system of W %S,éme?"éjic%wtcﬁsgzzg@é%%@(ﬂﬁngéeqrgseﬁy'ﬂ%w?ryB}O?af'lre%@ééheand t he
synbol is transmtted as a differential .Si . 12. The temof claiml,
Wherai n ¢ heORBRE G Acp el BT SonfieniSs Hls ot oo St e RS Sifbast one
of the receiving devices is on a second circuit board. 13. The system of

ol ai m 12, \HSHUSTHNHEo A SRAMER e A %av%Dﬁscowﬁ%wwéy(p@ae}w@%) o the
first circuit board through the electromagnetic coupler. 10 14. The system
of clai m 1,indipasaddprthe gesefig phich é@fﬁre@éalisr&@pkmeéetapltquﬁémetf@@riiﬂﬂ Ba¥ncode a
first set of bits in the synbol and receiver to decode a received synbol
into a secdnraudsetclesk sphchsonizefion diteyit $9@ tocasrait foir timingldifferemmes misignals | east one
of the plural receiving devices 15 includes a receiver to decode the first
synbol iont dotweedeflifrost diffetentafevises 2060 22(n)raad s hackkdockt 0 encode a third set
of bits in a third synbol. 16. The system of claim15, wherein the at | east

one receiving device drive third s ol on the through i

associ ated el ec?}r[gogrésgah'gelf)%i(clse‘é% g%ﬁ@?’_ re%rgsexgpg An emrbodlmcnpg(% ofj}n ansceiver 5t 19
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 510, 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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39 17. The systemof claiml16, wherein the first, second, and third
synbol s are encodi ng using one or nore of phase nodul ati on, pul se-wi dth
modul at i owWoO 02/®et7i me nodul ation, °~ and anplitude nodul atigPeu§14GesiA
system conprising: a conductive trace having nmultiple first coupling
conponents characterized by a first geonetry; a first device to drive a
signal on the conghudisctosed emboekmendptlrenaildrispid tchrdeansiniidifieessosasanpsiiude oned
adj acent to corresponding ones of the to first coupling conponents, each
recei ving desthédlN@\6600h phasedediddulany pro, Bed £ AIRONRI deathanRer 680.za%# by a
second geonetry and positioned relative to the corresponding first coupling

- conponent  t grdbPsMeABdAhOEIT60EFINAII 680 GHBVi8 fof ﬂ'lﬁstfdtlbﬁ hnd8 goﬁ@fﬁl‘%@ to
geonetries to provide the el ect romagneti c coupler with a robust coupling

coef fici ent jiomd the??@seﬂﬁ&eﬁ%xpfFo? 'e@dnﬁBlé alaum%éﬁbrﬂhlit&@ ?%Béx‘afgg)n a

- coefficient has a nomnal value selected fromthe range o 20.

The conpyt SLighd 3 ml&i ofihah Gt Paif #&ﬁ{ﬁélﬂtﬂahﬁldfch{eét device drives the signal

on the 20 co ve trace t rough a direct electrical connection. 2 ~
The conputer systemof claiml 8, wherein the at |east one of the first
and second geone é?‘il@,f; 620 (2baidH98() (Reperirabiy devite GORD actassinichip tewaindtioni ent on
rel ative positions of the ' first and second coupling conponents. 5 22. The
conput er sy gngadasks, Vhadhnin lon@smiddémeit of thisgn¥entign ard estive avhils irderfaca 3 isace of a
first integrated circuit and the signal includes a synbol that encodes
mul ti pl e bi teseigingy THeecffiryiveness dfidedte 69 ie ghefoabfod.g. cprodess, Binpeihee,candput er
system of claim 22, wherein the second device is an interface of ato
second i nt egslaige darbitionsimby bd dided bytcalibratian direait 620. Nkpr araskeciogha00,tdeviert r act t he
multiple bits froma waveformtransferred to the second device through the

correspqndi BgD fsishGin &N 6 @saRInE Herlebing FATPAARY ISy b frovillBELEATRIPIeEN SYst em
of claim 18, wherein the second device drives a si gnal on the 15 conductive
trace throughy/diedelces i CHRWI L pdral P UPheonfrpiREdda by L ifbritidnthrc@in s s econd

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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coupling conmponents. 25. A systemconprising: a bus trace on a circuit
board, the bus trace including a first coupling 20 conponent; a device
renovabl ywoonmeesed to the circuit board in a first positipgiygRh@sdsye to
the first coupling conponent, the first position having a designated
precision; and 41 a second coupling conmponent associated with the

devi ce, thassio gattraoa pifferagtiglopmbolguise per dymbol periodlaad strabaagnsiitter 90upl er
havi ng a nom nal val ue of a coupling coefficient selected fromthe range of

.1 to .4, nespensidus gherithedidyendsl ek pglsepemy@bblipsriéhe first position. 26.
The system of claim 25, wherein at | east one of the first and second

. coupling components has a ometry t res es t te m nal
value within a EB%?E i""foﬁlélatof g‘ﬁb‘é“ﬂf‘g‘%{s atlﬂgs%ﬁglaﬁ‘ﬁg%{@'dmﬁ‘?‘g"c@%@ {]ﬁe first
position. 1.0 27. The st em of rein a | ength of the
. el ectronmag 389 Teée‘é’ﬁif’p‘?ei%’eis gersigp 8§?§'& %E%ﬁ‘ﬁm 78 @‘h’aﬂnl geleysd veisiop @€ trace
at frequenC| es up to a specified frequency. he system of claim 25,
wher ei n3a [@HgPNLISE fomeingpteiOf Jhagemsef E‘PE%MI@X 7?%“%‘@1’“&?@633{68 ¥ransfer a
speci fi ed fractl on of s:égnal ener y on the bus trace. 15 29. The system of
cl ai m 26, wWhdslaied firs adgy, @éﬁ&‘% desppegived thgedive of e phiwse bitThegesgieh em of
claim 26, wherein the device and the second coupling conponent are nounted
on a fl exi lBlphassimasiyiator§4@ that erieadesips-ppase bietranspichene af BB vérpipsstofci r cui t
board. 42 . Af.AsR As . AuLY . ANLy. Aa'y. AasY .Au .Aa'| .AsR A e. AaLe. AusR A
s?. AaLR As’ELA(@PIJIANssﬁbjMSQdWeRnMQayAuFR tb«aéisclmd embodimém, the owiplst.ofL. A" . A . A
L. AQ. AQ.. AQ.. A" . Asy. As. A" . A . A . A +CBbe/ 25;i
| wr mhc”Y] ¢ ahasa ncal) atof 64Gindiafes the derlling Jedgd «f symbol 420 and serves as a timing
a]J ca] ca] ca] ca] ca] c™a] ca] ca] ca] ca] c”a] caV] ca]ca]caUlca] caUcalcalUcalca b
10  reference for generation of the trailing edge by width modulator 630. A delay-matching
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 c, for example, the
second edge output by MUX 720 is delayed by DM 722 + DM 724 + DM 726 relative to

the first edge.
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' addition, the remainder of the communication channel from the output of transmitter 540,

through board traces, electromagnetic coupler 240, board traces on the other side of
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21090& ()- bdEdV73!10% & ()-,F10% & ()-&910% & ()- -10% & ()-°
10% & ()-!s10% & () -
. * dEdV7 +&W@Pe2Qsq1p7 ) 10% & ()-'10% & () -9%40% & ()-#t!10% & (Pertwsh9Foods () - 4*
AdE:/ 10: 10:8s10% & ()-s610% & ()-14L10% & () -
@-10% & ()-/10% & ()--3"10% & ()-2.xY:/ 10: 10% o0& ()- F!'10% o& () -
@L0% 0&' () coupdyRé& afd tdthe PIts o&teLyivarGIP oh¢ Jeceitiig di\dckmlay be matched in
10: 410% o0& ()-110% o0& ()-/10% o0& ()--!10% o0& ()-%0% o0& () -
#9! 10% o0& (¢lapstieGrekn dah@ld &by invorldr@eké&p(the FHoddn%ellive)tivhih® YHEvEver, tH' 0 10' 0
10' 0&610% 0&' () - aHNdEbC 10: 10% & ()-10% & ()-10% & () -1
- y10% & () - sib@Hing of Helhysli® dheSenihod Mrn€l 8e3€kiBed fbr illustrative purposes and is not
F10% & ()-Z10% & ()-s10% & ()-10% & ()-'10% & ()-10% & ()- Xz!dEbC
10: f/ @LO% Gededsaty to pldd¥ieeSthis)inverfl@/6R&r Exaniple, if the circuits and remainder of the
,)10% & ()-9"10% & () -#10% & ()-RbC 10: &910% o0& ()-!L10% o& ()- 10% o& () -
10: 10: 5  channel do not maintain matched data to strobe delays, receivers may calibrate for the
relative timing of the strobe or even compensate for the absence of a strobe by recovering

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; — ny, 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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10: 3&10% & ()- 11 10% & ()-R ° dEbC 10: s10% o0& ()-Y,10% o0& () -
S10% o0& ()-LF10% 0& ()- F 10% 0& ()-@10% o0& ()- D I'!1"N'"dEbC 10:
10% o& (lv& Bheafs7() - 10% o0& ()-10% o0& ()- f1l0% o0& ()- PCT/US01/49961
10% o0& ()-"" #$#s##$dEbC 10: +10% o0& ()-)10% o0& () -
' 10% O&' () $S10% 0&' ()-"GL0% 0& ()- 10% 0& ()-9$' $r$$3$$3xMbC
10: s10% o&whijch, HOEPG T700@) dfd 139&h) i0Pig OB, (9 a dldya8pinérted eopy of START. A
@ 910% o0& ()-9-10% o0& ()-$$ M&&&, ' dEnbC 10: - 10% o0& () -
&10% 0& () neghfi¥é-gnlhg 3dod oh 0BT OR ifdicat S IREnd &F & dyrhbol Pl &Vhdn , STOFGK hjghr dEMbC
10: & 10% o0& () - %40% o& ()-#9!10% o0& ()-10% o& () -
'110% 0&' (Jradsidiér g82 () ofPardd trahBstor T 6Hs ox NR @sifivel liddddpe 8n START@iras 4P’ O
10' 0S/f10% o0& ()-L- 10% o0& ()-F+10% o0& ()- ,)S10% o0& ()-,,.;/ 01, 2zX6nb@
transistor 734, pulling node N low and generating a leading edge for a symbol pulse at the
5 output of EPG 730. A subsequent negative-going edge on _STOP, turns off transistor 736

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
anew 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

30



101 # G'10%J& ()-!1 G 10%@@& ()-!! G'10% ;& ()-!11GC10%"' & ()-!

10% o0& ()-!< s!10%cé& ()-,22333333336rS4 10L, 10% & ()-4

1710% & (o dAps7()- 10'E E 10'E E 10' E E! PCT/US01/49961

G'10% E E& ()-!1G' 10%E0E0&' ()-!36660777B8dEr S4 10L,

1010% & ()-10% & ()-10% & ()-10% & ()-10% & ()- 310% & ()-BBR889S: w;, X;V; z;
dYNC 10L maichir@; bldeB:712@nd ERDG780(C) must OfAsch' tife) urdit@dded délhys in width modulator

#10% & ()-!'yl0% & ()-z;{;|;; <E==dEYNC 10L, 1 10% & ()- yl0%n & ()-S-

10% & () 630.910% & ()-! 10% & ()-10% & () -==N>>?S@\aBYNC 10L, %40% & () -
#9110% & ()-L10%B& ()- !310%\& ()-,10% & ()-10% & () - AB[ BBCHCSCYCL&CAYNC

igléio%lgz\ ( )1 o E%%@:gﬁls%@é%@ié%%ﬁ@iﬁ%‘é‘}’-aﬁi85&@‘%3-0’10% & ()-1

10% & () _ré]épectively, for one embodiment of system 200. Here, TR_SYMBOL represents the form

5 of SYMBOL following transmission across electromagnetic coupler 240. The smaller
amplitude of TR_SYMBOL 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, wi, 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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LO10% & ()--:10% &'é) Wr10% & ()- # 10% & ()-L10% & ()- F
10% & () - Str obe signal arithe digslosedgralpdiment, thn reqdived strobe is used to decode phase

10\ 810% & ()-610% & ()-14s10% & ()-f2 10% & () - ddddEnbC 10!
| 109% o& ()information in data symbol 420. Strobe receiver 902 includes d1f erential to single-ended

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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10% 0&' ( YgenbASAlRS: 3500 O dader UERPHNK 9 B the first ed
1001 25008 4B 0~ 10/08?@“8% S0 ot Hrbitor ORBPERRARE the first edge
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10% & () - Y'An]%o%u@nt 0118-?{%% 960 isksh&#a ]n{ﬁ1é®§Y% 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. 9E 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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10% & () - KPVSIE |, 032 @) 4.cubt 5(9)59(%%@),1%?’0% aEé%C&d'(“ ogic 960. The
IF10% & ()-MLO% & ()-S 10% & ()-M 910% &'1&) 10% & () -7; dEnbC
10’ 0) 10% &eqoyered fiptEnkof cdgegssegt thycugk DMmALE: 912, andiQ)dy@Bqnerae a series of
10% & () - >DdEnmbC
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 exira 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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L o S Bl A R e 7 O
LF10% & ( )cal?blngl/gngis go use feedback to measure and compensate for variable process,
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 control 1010 cycles through delay control settings untif 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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5  process, temperature, voltage, and like conditions on the other circuit parameters.

There has thus been disclosed a mechanism for providing high bandwidth
communications in multi-drop bus systems. The disclosed system employs
electromagnetic 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

15  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.
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3" 109 () - LIOYVE gt deQide to generate a first symbol and to drive the first symbol onto
5 the conductive trace; and
plural receiving devices to sample the first symbol through associated

balanced electromagnetic couplers.

2. The system of claim 1, wherein the balanced electromagnetic couplers have

10 coupling coefficients in the range of .1 to 4.

3. The system of claim 1, wherein each balanced electromagnetic coupler includes a
first component associated with one of the receiving devices, a second component
associated with the conductive trace, and a dielectric medium between the first and second

15 traces.

4. The system of claim 3, wherein at least one of the first and second components has
a geometry that reduces changes in a selected coupling coefficient with variations in

positions of the first and second components.

5. The system of claim 4, wherein the first and second components have

complementary zig-zag geometries.
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s 7. The system of claim 1, wherein each of the balanced electromagnetic couplers has

a length selected to transfer a targeted fraction of a sampled signal energy (g) without

limiting bandwidth of the system.

8. The system of claim 7, wherein the balanced electromagnetic coupler includes a

10 first component and a second component separated by a dielectric medium and at least one
of the first and second components has a geometry that reduces changes in a coupling
coefficient of the electromagnetic coupler with variations in nominal positions of first and

second components.

15 9. The system of claim 1, wherein the first device includes a transmitter to generate

the first symbol from a plurality of bits and a clock signal.

10.  The system of claim 9, wherein the conductive trace includes a first trace to

transmit the clock signal and a second trace to transmit the symbol.

20
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13.  The system of claim 12, wherein the second circuit board is separably coupled to

the first circuit board through the electromagnetic coupler.

10 14,  The system of claim 1, wherein the first device includes a transmitter to encode a
first set of bits in the symbol and receiver to decode a received symbol into a second set of

bits.

15.  The system of claiin 14, wherein at least one of the plural receiving devices
15  includes a receiver to decode the first symbol into the first set of bits and a transmitter to

encode a third set of bits in a third symbol.

16.  The system of claim 15, wherein the at least one receiving device drives the third

symbol on the bus through its associated electromagnetic coupler.

20
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smg one or more of phase modulation, pulse-width modulation, rise-time modulation,

and amplitude modulation.

5 18. A system comprising:

a conductive trace having multiple first coupling components characterized

by a first geometry;
a first device to drive a signal on the conductive trace; and

multiple receiving devices positioned adjacent to corresponding ones of the
10 first coupling components, each receiving device having a second coupling
component characterized by a second geometry and positioned relative to the
corresponding first coupling component to form an electromagnetic coupler, the
first and second geometries to provide the electromagnetic coupler with a robust

coupling coefficient.

15

19.  The system of claim 18, wherein the coupling coefficient has a nominal value

selected from the range of .1 to 4.

20.  The computer system of claim 18, wherein the first device drives the signal on the

20  conductive trace through a direct electrical connection.
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5 22.  The computer system of claim 18, wherein the first device is an interface of a first

integrated circuit and the signal includes a symbol that encodes multiple bits provided by

the first integrated circuit.

23.  The computer system of claim 22, wherein the second device is an interface of a

10  second integrated circuit, the interface including a decoder to extract the multiple bits from

a waveform transferred to the second device through the corresponding first and second

coupling components.

24.  The computer system of claim 18, wherein the second device drives a
15  conductive trace through the electromagnetic coupler formed by the first and

coupling components.

25. A system comprising:

signal on the

second

a bus trace on a circuit board, the bus trace including a first coupling

20 component;

a device removably connected to the circuit board in a first position relative

to the first coupling component, the first position having a designated

and

41
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being mounted in the first position.

26.  The system of claim 25, wherein at least one of the first and second coupling
components has a geometry that preserves the selected nominal value within a specified

range for the designated precision of the first position.

10 27.  The system of claim 25, wherein a length of the electromagnetic coupler is selected

to support signaling on the bus trace at frequencies up to a specified frequency.

28.  The system of claim 25, wherein a length of the electromagnetic coupler is selected
to transfer a specified fraction of signal energy on the bus trace.
15

29.  The system of claim 26, wherein the geometry is a zig-zag geometry.

30..  The system of claim 26, wherein the device and the second coupling component

are mounted on a flexible circuit board that is pressed against the first circuit board.



