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SYSTEM Rel ated Patent Applications This patent application is a

conti nuat i orwonezperisy of U.S. Patent Application Serial 5 No. QY Ak31/43¢;
entitled "Hi gh-Speed Digital D stribution Systenf and filed on My 25,.

1999. Background of the Invention Technical Field The present invention
relates to mechanisnms for communicating 10 digital data, and in particul ar

to mechani sns for conmEii:@'ERIQMA@NﬁTIQAIdaX-&Q&”aﬁD BUS SYSTEM

el ectromagneti cal | y-coupl ed bus system Background Art. Digital electronics
systens, such as conputers, nust nove data anong their conponent devices

at increasing rates to take full lgg)(t%ﬁtl’?f&% R{;pfi&‘?ioﬁkgher speeds at which
t hese conponent devi ces operate. For exarrpfe, a conputer may include 15 one

or nore processor Srﬂibﬁétermaﬁwetaﬁo@ts afcoREHIBIGH iﬂ%aﬂfof@.SlinﬁJﬂEAﬁﬁlicfaﬁﬂﬁerm_
nore. The data. throughput of these processors outstrips the data delivery

bandwi dt h of Ner08e18j26AAdntitled SHieheSphed BiggaliDistcihutiom3ystpnisand THedgordViay 2Bpancy
is mtigated somewhat by intelligent caching of data to nmaintain
frequently -usé¥2data on the processor chip. However, even the best caching
architecture can | eave a processor under-utilized. Simlar problens arise
in 20 any digital system such as communi cati on networks, routers,

backpl anes, 1/0 buses, portabl epdevd Gend SERE RS Ton€t C.-, 1N Which data
must be transferred anong devices that operate at ever higher frequencies.

The digital bandwiTitimi¢B\WeldThe possannimicotiin rolates hamechanisms fhecomupricsting ed
as: BWEF, N,. 1 2 MAY 2905
J 10 digital data, and in particular to mechanisms for communicating digital data in an

electromagnetically-coupled bus system. -

Background Art. Digital electronics systems, such as computers, must move data
among their component devices at increasing rates to take full advantage of the higher
speeds at which these component devices operate. For example, a computer may include

15  one or more processors that operate at frequencies of a gigah.c;'tz (GHz) or more. The data
throughput of these processors outstrips the data delivery bandwi:dth of conventional
systems by significant margins. This d.iscrepancy is mitigated somewhat by intelligent

caching of data to maintain frequently used data on the processor chip. However, even the
) best cachi_ng architecture can Iéave a processor under-utilized. Similar problems arise in
20  any digital system, such as communication networks, routers, backplanes, /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,.



WO 02/ 060137 PCT/ US01/ 49961 Here, Fs is the frequency at which synb&l@ MAY 2005
transmtted on a channel and Ns is the nunber of bits transmtted per

synbol per cwaokmeyicte ("synbol density"). Channel refers to gh@stinQogsiit
of conmmuni cation, for exanple a board trace in single ended signaling or

the two conplenentary traces in differential signaling. For a typica

bus- based syst Hefe, FiSs thd feq@Bndy e whidheymBbls R ArabbhEed bR 2icBardBnd dRGs thbe bus

wi dt h (nunber of channels) is 32, which provides a bus data rate of |ess

than one. gi gabingbep8f bRLEAREhittddqRY YMHo? PélciotkcPbIe B s§RibbiQendityPy. QHaRgkI Rerdls

have focused on increasing one or both, of the parameters Fs and Ns.

However, thesewpahaBRhRcE coaMRicalts, FICLEARES p¥ick RALE in sldam&defggnaﬁﬁ%m e,
a bus trace behaves like a transmission line for frequen€ies at which 10

the signal wavgkaigidmpeaRiRs &é&@ﬁrﬁ@r&tfa&i%&%ngy §?‘d4t tﬁ@i@%ﬂib‘il?—%asch Q)Bsfééﬁitﬁ?s

hi gh frequency regine, the électrical propertie us must

carefull n bS L Gl I 0 St t L bus
yst ems, " uy chernaloane o Wk 1 iEbetand b By iR (IRBE btk 530
connected to : . ral l el stuhs. The connections can
Create discoﬁ?@ﬁhpp?gggggﬁ%&%ﬁgﬁa@ggggggégﬁgg? %ﬁ?gﬁmg%étter hi gh
frequency signals. Interference 13 between scattered and unscattered

si gnal s can si gni f iCeanehtionaesiategics ifgriabrovalgiBiNiHave focusEd @n incesuging bngortoitis e
can be reduced through careful inpedance matching of the system

conponent s. Hofghegrrametpadgacd NgaHoweveg thed€ patamstetI@nti® de @ifcrdabRiovigioan
conponents, which increases the costs of these systens. In addition to

i nEedance di sdintit. i Hodiekaraple, 2 BOITARE bitANS ITk@ abkabisthisS6€ nd'RY fradueAciad ft dich

syst em performance by addi ng capacitance. 20 Capacitance can sl ow signal
propagati ao s pesibnaneral€li@ith bét®nick 86 dHREGIRCHEYs diEEibrSBlh thisaepH fFuémyger

driver circuits wth increased power consunption. Conputer systens based on

RAMBUSTM DRAMrdoRRERAN ele 8RN QProishyrids SPIHE D8N nustR ChRENyARLORC Frifidis BAdbuspged
signaling. For these systens, devices are nounted on daughter cards, which

are connect edy0iS@irdasy :thtit'd:%B %upﬁﬁe&grwahngﬂlﬁé th¥ee drintl hoviBR UG

electrically connected to each bus trace through parallel stubs. The connections can create

discontinuities in the trace impedance, which scatter high frequency signals. Interference
15 between scattered and unscattered signals can significantly reduce signal reliability. The
resulting noise can be reduced through careful impedance matching of the system
components. However, impedance matching requires the use of precision components,
: ) which increases the costs of these systems. In addition to impedance discontinuities,
connections to bus traces may also affect system performance by adding capacitance.
20  Capacitance can slow signal propagation speed and lower the trace impedance, which may

- 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

2
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i npedancé- mat ched series connections elimnate the inpedance

di sconti nui tweszetoparal | el stubs, but the signal path nust trg SR
of the daughter cards, increasing its length. In addition, the\f{i}‘b??erent

daughter card conponents nust be inpedance nmatched to each ot her and the

connectors, antnh&RoPATAS ithpddafiRAARERAREES cBhncetib REHR G RONRMaSnced! | Of
whi ch touch sone portion of the bus, further affect the signa propagati on

speed, | npedandigoniliNey ofHarfle] AN, m\ﬁ?ers u%fsédtip@%t%wg@%%ﬁ F Ihe %%%éltcg'ake n

t oget her seriously constrain the total onen

capacity) t hatcaﬁﬁ”m@@aﬂﬁé ?f§ﬁ:q @n I@Q@dlt%ﬁstheﬁﬁ&br zb%ieéégrda%}lg cnps "E"{ft be

addressing the frequency l1Tm Es of convéntl ona

repl ace the dijmBedangd %E&]E&% eaERBRECIIIGR: &5 onn ergr a%d Lnlaspa%a;? xﬁ%f:%rc]:: @%gsdoe Iatc gnt

with an indirect, e.g. electronagnetic, coup

No. 5, 638, 402 tthh E&fng&%ts‘aaﬁ X?&zﬁ@b EJ?:%B Fcaér?})l 00 ésrh(gtl tﬁe é‘%ggiartﬂﬁ&f&ﬁggo ndS

The i npact of ctror’mgneu c coup
strongly on t ener it trapsfer.s tween. its
coupl i ng corrptﬁg'?oeEJ %&%S%ed) Té coup “Veés'ég@f‘f{%\"%’ ss’Pﬂ“‘i‘Bhﬁlﬁﬁ‘b?fg‘?c Hafffing a

I arge couplin eff|C|e d/o thtr sfers ge fraction of the
si gnal energyg?gt% Sanp °é‘§ anf t&% Erl] Lmbey éQWE%"e“ffa( éé‘sé%"&-ﬂ thatsaz per s
can degrade th@ CFOI’I'[I uity of the trace inpedance as nuch as standard
direct el ect r PESTY UbMife® ons. They can also attenuate the signal energy
rapidly, and on nmulti-drop buses, little signal energy nmay be available to

deél ces that are f¥etdithek E@méﬂ‘tﬁr &ddeidsihg ﬁﬁlﬂ‘cﬁﬁcncf?"'inﬁﬂ%t‘ %ﬁ@ﬁt:&ﬁg{%ﬁort

pling coefficients that are too snall or lengths that are to

(r: gz ult i nib ovsysiegial td t‘éplaﬂ@th%%irécﬁtc'lc@ﬁ*lcgitcohmﬁugﬁUétﬁ/@én a bt tﬁgg Ad L8k %Q@ﬁl
pling coefficient is very sensitive to ative pOSI Ions o
coupling conpai@Biréot, V@leitlofEsnctiB, dollfidgCIFaF LY %) § A% K8'S 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.



~increase noise on the bus trace or reduce the transferred signal r elladi NAY 2003
t o non-scal able noise according to whether the di stance decreases or

i ncreases, rwgpexnicoyely. 3 1 2 MAY 2005 WD 02/060137 PCT/ USO);&%,E%}J;Q‘M
Practical BWIlimts are also created by interactions between the
paranmeters, particularly at high frequencies. For exanple, the greater

sel f-induced noi sepasOAIEAY Gthits\Wd ﬁsomr&*ﬂedftl{y‘%ﬁté%ﬁb{nsﬁigﬁﬁ@h itﬂ?:ga‘%\ﬂh;gir&réct&&e

i [imts

reliability with which signals can be resolved. Th
opportunity f i i ' : . i g i :hoi ques
v R R e R S L e L et

[
3 [
have been enployed in sone dig syste ncode nu

transmtted syglion ARG .Sié’rﬁﬁﬁgﬁ'l%?t%?m’}gfabl s \évgpiv%%%zs%n{ag%gmag%g ved@S

been largely linmted to point-to=po comu , particularly

acoudt smpohis A EOUGRALERy CPERRNTGHlenkl Shinolhghifter 121 & onS) LE 22,

encoded synbol s can be yre v atively | ow noi se

e o T SRR SRS AR Db PSR ShoB " 0

hi gh freqguency connuni catl Ons, C

exanpl e, RDRAM hased, systens ma se ur vpltage .l evel cal |l ed SL) to

h o Bes o ¢ WA R TRl 3P mbdhert P freiasng 16w Dee AOheE decroia ey

ot her schenes) i.s ecl uded t he noise environnent. The present .i.nvention
addr esses t hed® bﬁ?fg{afﬁ%EmftE@ée"é’"ﬁ'é%’BE’f‘é‘i"é‘B“W‘?%‘°" fot Faty gl dat a

in digital electronic systeng. Brief Description of the Draw ngs The
present i nvent BN EEINEClTRABFLEFRT ik Hehes daip dppstios orepdedrsymbaiiicagbe
drawings, in which ljike elenments are indicated by |ike nunbers. These
dgjwi ngs are BrARY Healved ooly ip rqlaivelydew naist ertiwamenBo dTarensEopiing sliechy esent
i.n¥ention and are not intended to limt the scope of the invention.
10 limit the use of modulation in high frequency communications, especially in multi-drop

environments. For example, RDRAM-based systems may use four voltage levels (called

QRSL) to increase Ng 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.



Fig. | is a block diagramof a conventional nulti-drop bus system tHad MAY 2005
enpl'oys ‘el ectromagnetic couplers. 4 1 2 MAY 2005 WO 02/ 060137 S
PCT/ US01/ 499¢D 02/060ig72A is a bl ock di agram of an PCT/USO1/49961

el ectromagneticall y-coupled multi-drop bus systemin accordance wth the
present invention. Fig. 2B is a block diagramrepresenting the electrical

properties of one BebbAlismhibciodiagran oEbe clettiEARICalALdpIGAHREHPHS SySt em
of Fig. 2A. 5 Figs. 3A - 3E represent enbodi nents of the el ectronmagnetic

coupl er of Fi gyyste@An aacud@itSwith ek frBRhf inv&Riohn nul ti.-drop bus systems. Fig.
4 is a schematic representation of a synbol that represents nmultiple bits

of data through vdiig.@Bsisabekalidepdn E@?&Bﬁt&%@&: éx@@ﬁcaﬂﬁ,%aérugg aplg for use

with the present invention. Figs. 5A and are bl oc I'agr ans of

enbodi nent s ofenstodinidne bf @6 eletficthadnsticylRRbIEL bk pth the present
invention. Fig. 6 is a block di ag"rngrln o;y oﬁéa en%oé%t%ﬁ?ﬁg%'transcei ver

modul o o encode s 9RCaRRbkich MG AR bTE I AR Ak phage

nodul ation. Figs. 7A-7D are circuit agrams ftor vari

enbodi ment of and bs, Mdelﬂ@gh&tiﬁhu%—dﬁp%us?ysm%% Fi gs. 8A-8E represent signals
at various stages of data transmssron for one enbodi nent of bus system

O odi most of" aF 2ER B £nbmdh SRR of 251 10T BRI P BloLIHE of daa

enbodi nrent of a receiver that 1s*sui

invention. Fi [ .diagramrepresentjng a calibration circuit
that is sui tag}r%@o‘{aﬁagseabﬁﬁ%m tgtglmqucs (81 ate sultaLle%or use with the present invention.

», 10

Figs. 5A and 5B are block diagrams of embodiments of an interface that is suitable

for use with the present invention.
Fig. 6 is a block diagram of one embodiment of a transceiver module to encode
and decode bits via amplitude, pulse-width, and phase modulation.

Figs. 7A-7D are circuit diagrams for various components of one embodiment of

the transmitter of Fig. 6.

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

~ embodiment of bus system 200,

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

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

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

20 with the present invention.

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

~ channel of bus system 200,

Detailed Description of the Invention

W



20 with the present invention. Fig. I | is a frequency response pl oi %fM’Agnzﬂﬂ5
enbodi nent of the communication channel of bus system 200. Detailed .
Descri pti onW? 0346€137nvention 5 1 2 MAY 2005 WO 021060137 PCHLEEQd)A9861
The foll ow ng discussion sets forth numerous specific details to provide a

t horough understanding of the invention. However, those of ordinary skill

in the art, havi ngThhbllobdmpedibdussibn tdu fortlins@lkaas5cifitidelaild RFE6HAS Bobddah

the invention may be practiced without these specific details. In °

addi tion, var iuodesstwelidg dithevinvemida0 FoweREQ BRME Rtdins 9 TRANE MeSrt, ANGhDthe
circuits have not been described in detail in order’to focus attention on

the features bénefihef thisrdisesttire] WVEMPr@ate RGP SRSRYL th LR i gh
bandw dt h comruni cati on by provi d?ﬁng greater cont rolazt\séeﬁr thgé*&?‘e?%l{ijg%éé;

and encodi ng seeifnaits. RgkRAdvidut (RIS HRlidis Ao iLE Bbk o RRE o HaNCe

with the present invention includes a data c suc

havi ng subst acikduits havelidic bodnBed A5l il §akii iy, o § lnti AR AN ignal s
anong devices that are coupl eé thrloug I tf?g@%é% g%g%%t%ﬁg%g"lﬁg?ﬁw?qu

el ectrical prgpentinoéntine supported by an el ectromagnetic coupling schene

that allows higher frequency signaling to be enployed w thout

significantly incrgas ' ibutable to transm ssi.on |ine effects.
The schene enpl oys b?ﬁ%‘é@g’”@lﬁ‘e’@%‘?@ﬁ%hé{qib?:"‘}c‘%’ﬂ%ﬂ°8P’§“{"6°“B?fbk’/ﬂr PRViRg apl e
communi cati.on channel and the devices

ot Chout | S5 on e oS B R iaR e B apr e TR AT Aota. A
h |. Th 1] | i nvi ronment |1 t
Lo bi 1ty ihe i A BrdanEE R i hrongn oY RoHan i less Gxa phanoHcsighesa bor one

egbodi me of, _.the i,nventjon, _a bal anced el ectromagnetic coupl er includes
b having substannallly uniform electrical properties for transferring signals among devices

that are coupled through the data channel. The uniform electrical properties are supported
by an electromagnetic coupling scheme that allows higher frequency signaling to be
employed without significantly increasing noise attributable to transmission line effects.
The scheme employs balanced electromagncti_c couplers to provide reliable signal transfer
15 between the communication channel and the dcvicés without significantly impacting the
impedance of the communication channel. The resulting cleaner noise environment
allows greater flexibility in selecting an encoding scheme to represent the data.
) For one embodiment of the invention, a balanced electromagnetic coupler includes
first and second coupler components separated by a dielectric medium and having a
20 coupling coefficient in a specified range. At least one of the coupler components l;as a
geomeiry 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
;elected to provide sufficient signal energy transfer without limiting the system

bandwidth,



first and second coupl er conmponents separated by a dielectric nedi ur11 gnHAY 2005
having a‘20 coupling coefficient in a specified range. At |east one of the
coupl er conpewerweoisas a geonetry that reduces the sensitivitpcQfisdiAgde
coupling coefficient to variations in the relative positioning of the
coupling conmponents. The |length of the coupler nmay be selected to provide

sufficient signal epRragyther enibddeheol R uvehtitd, devigesttRasEyft£idanf @M dth, 6
1 2 MAY 2005 WO 02/060137 PCT/ US01/ 49961 For anot her enbodi nent of the

i nvention, devimeRBdiopdisRsughalRibPagflc E6PBra usit hiéledé LRoAHSdNRERIAGN
el ectromagnetic couplers, using a selected nodul afion scheme. The

el ect r omagnet i TheQelofiagndid QupkRAIISELES i1 AMBlE &mﬁ?ét%%éﬂ?baméﬁ@% the
portion of the signal energy on the bus, which mtigates the I npact of the

devi ces on thesigh#ehdriFah it &E,%ﬁéﬁéﬁ%gg%%{ﬁam %fthyagxi%%‘t’nltﬁé érQé?ci%? henes

enpl oyed are selected to bal ance t ensi t susceptibility to

|t er and Lt oSkl bR HRE NG LEnbIRESIBNRS ST BRARLOVT ded

;
d
by the el ectromagnetica evi ces. is a bloc Iagram

D1 ESenLiNG sl BELLY G LR Rl o TRt DMieec BRERIL0

System 100 i ncludes a r ng various devices

- 120(n) (generi "dey] 1 . Device 120(1,),i.s electrically
coupled to bugernkiig%nllé/ﬂvt\ﬁlr q’é&leggbgisdéee%mf)fﬁta Q‘}?‘TE@V(%‘)“P‘&P gc‘élﬁ‘ffpl ed to bus 110
t hrough associ ated el ectromagnetic couplers 160(1)-160(n-1), respectively.

I he foll ow di : . 1.Cal | . . at 1 vel

| ow resi tance ol ottt aar sk BBERSERes iR B ReBhaut B A ihin e | ¢
bl fiqt I b by ' f DC) . Al i

T ar " ARG kg8 RelR b8 SIS R R et in R ST

g:‘lj'gﬁtez r 1(2:gr oL 1986 BseniBanty, USRI Bevie 1 LS il iAGY iR ILt fo,

while devices 120(2)-120(n) are coupled to bus 110 through assaciated electromagnetic
couplers 160(1)-160(n-1), respectively. In the following discussion, electrical coupling
refers to a relatively low resistance efectrical path between bus 110 and device 120(1) that
15  iscapable of transmitting signals down to zero frequency (DC). Also shown in Fig. 1 are
parasitics-130, which may be associated with packages for devices 120 or connéctors,
when devices 120 are provided on separate daughter cards.
For multi-drop bus systems, multiple electroﬁ)agnetic couplers 160 introduce
: ,) . impedance discontinuities along bus 110 that make impedance matching more difficult.

20 Signals reflected from impedance discontinuities interfere with other signals (inter-symbol
and intra-symbol interference). The noise environment created by couplers 160 and
parasitics 130 {(where present) limits the signaling frequencies and the symbol densities

- that may be eniployed 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

v



For multi-drop bus systens, nmultiple electromagnetic couplers 160 iﬁké%&ﬁgezmﬁ
i npedance discontinuities along bus 110 that nake i npedance matchi ng nore
difficult. @ &womis reflected frominpedance disconti nuiti gactigialbes.e

with other signals (inter-synbol and intra-synbol interference). The noise
environment created by couplers 160 and parasitics 130 (where present)

limts the signkttrogagnetquepbiremsiandingeatyiiat co@ngiids (SsarallhadupiRy be
enpl oyed on system 100. El ectromagnetically coupled buses simlar to system

100 are di scl Op@donsﬂ’) khda “bﬁﬁvﬂdhﬂi@B—tM&oef@clﬁa’?’&Iébgaf ap%roxﬁ%@te%ﬁsﬁ ﬁ{'x‘ipresents
3,619,504. The '402 patent discloses 7 2 MAY 5 WD 02/060137

PCT/ US01/ 4996 Ltiehelativeaimgads cﬁa@@&ﬁhﬁﬁ@pgg}@ﬁlﬁgﬁﬂ%dﬂé’éﬂ%}oﬁ&c ik %o? a
geonetries ( paral |l el coupling portions backwar ss ta ’k

coefficient' (Khmha®fsighaRr X, BlebLY 3 1§1p{l§bstﬂfoﬁ§§€ﬁ§%§tenﬁp§n b l]qb'a (T(l%geby

anplitude of a counter-propagating signal across cou

prinmary signal sigdi @%rﬁﬁld&?‘)é}fcog’pibrrml él?osll rgntogﬁqgrg :dg&?rlxc 911.; Pe%l:lfr&gcn?sgon he. 110

and large 5 signal energy loss per coup ar ge

range requir enRBLise@Bf ddiices 1 8§ SEVR' \Bfucggﬂ He%rd ro 2 reEﬁlesn nﬁsdgrggcaafgg?%m on

order of.2 represent signiticant si enuat i ons "a

bus 110, 1 n_adglichlffind 9d Sl SHESOG DS, 1 phe. coupl ing coeffi cient's of

parall el plate couplers re very ‘Sensitive to variations in horlzontal

d t I d
169)” cne - sotut i on I 28B4 BT HisnBlng; e coing Pt FtmEa el et b er%QO in
acircuit boarl(ti)P recision . suffi CI ent i uarantee the coupli

coefficient faltd vnerjés?'gwé’gfo ‘éf’"raa?fb“é“ W"g% % &7 8ROYFHA %é‘é%’é"eph%ﬂ%sts

of }syst em, 100 reover [ ires connector, as represented by
par asitics? 158" ’%Yb %W&Hﬁ?ﬁﬂé’té@ é@@hpé‘F splyfiepss to embed both sides of

electromagnetic coupler 160 in a circuit board, with a precision sufficient to guarantee the
coupling coefficient falls in a targeted range. This precision increases the costs of system
. 100. Moreover, it requires a connector, as represented by parasitics 130 to accommodate

daughter cards.

I3 Pacallel plate couplers 160 are also susceptible to noise problems if they are
implemented in a differential signaling scheme, where complementary signals are driven
on pairs of bus traces. For these systems, a pair of couplers 160 transfers the

) complementary signals to a differential receiver in device 120. The sensitivity of parallel

plate couplers 160 to-variations in the positions of their components increases the
20 likelihood that coupler pairs have mismatched coupling coefficients. This results in
differential noise, which undermines the benefits of differential signaling. Further, unless
the couplers are spaced sufficiently far apart (increasing the circuit board area needed to
support them), the complementary signals can cross couple, with a resulting loss in signal

to noise ratio.



15 Parall el plate couplers 160 are al so susceptible to noise probl enf‘s szAY 2003
they are inplenented in a differential signaling schene, where

conpl enment arwgl‘)ﬁfﬂ%{’l‘? are driven on pairs of bus traces. For p&e®€01/49961
systens, a pair of couplers 160 transfers the conplenentary signals to a
differential recei ver :'Zn device 120. The sensitivity of parallel plate
couplers 160 to vari % #0ri$2 Pick Hisspasiepicormsing bnd dnaiotlineonpongaten iGREAS €S

the 20 likelihood that coupler pairs have m snatched coupling coefficients.

Thi s resul ts i ACUTPFEVERthedresae inentioni Systanm2ormiyiesa ddnepubeRedih S0
differential signali ng. Further, unless the couplers are spaced
sufficiently faFapakiliedimise adof digitelvempiuntuiion Mafadin@ iRAbeREEUR L fisclosure

support them, the conplenentary signals can cross couple, wth a resulting
| oss in signal Wil{ scpasizecthatienafits of tBe Meden? Q¥ontioMh I HLAEAL AT X |s%§8}1% 96i
Fig. 2A is a block diagramrepresenting one enbodi nent of a system I n

accordance i t ffauss highdpadwidtindmatemiers.Syst em 200 may be a conputer system
but persons skilled in the art of digital comrunication and having the

benefit of this digg OFdir il I Z hat benefits of the present
i nvention may be reah zedﬁ ?%dygﬁvc?%ﬁg&"tzﬁgé“)ig%ﬂﬁﬂflb’e‘éﬂchicgBZQ)'andwrnthhatdata
transfers. For , (devi.ces 220(1) - 220(m (generically, "device
220") conmmuni égﬁ}égﬁ?ﬁaﬁ%ﬁ thﬁt r%&d(eﬁf’?s 12 9-B0tmdsdudadiaterfaess 230(1)-
220(1)-220(m 4;pelude interfaces 230(1)- 230(m, respectively, to transfer
signals to and'! Bpéné)efeisl%ecgl"?jﬁé? E’a\‘srfféfrﬁﬁﬁ‘ﬁé t@ 2wl re¢aivemigratsdioom BROF1D) IntedRRE M
conmuni cate wi ﬁ@ouga&lg t hrough associ ated el ectromagnetic couplers 11,
2411(1) - 24 P T -3y EeppReicoieIwith bye 20 Hraighyssotiated elecnomaanetit SopMp! er
249"). E eﬁtrgn&ﬂnetic couplers 240 are balanced to limt the inpact of
devi ces 230 on*hb240@chy fesnetctipatp faentricetly Gt lebuicm hbtic odaplee 2p0-9Vvi di ng
reliabl e signal transm ssion between :

Electromagnetic couplers 240 are balanced to limit the impact of devices 220 on the

electrical properties of bus 210, while providing reliable signal transmission between
~ devices 220 and bus 210. For example, the coupling cocfficients of electromagnetic
couplers 240 are selected to transfer sufficient signal energy between bus I210 and devices
229 to maintain signal to noise margins, while limiting signal reflections on bus 210 and
the too rapiFi attenuation of signal energy on bus 210 (signal energy bleed-off). Balanced
electromagnetic couplers 240 typically employ coupling coefficients in the range of .1 to
) ) | 4, e.8. Ky =.0510 .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.



devi ces 220 and bus 210. For exanple, the coupling coefficients of 12 MAY 2005
el ectromagneti c couplers 240 are selected to transfer sufficient signal
ener gy bet we¥R B{#8%1310 and devi ces 15 220 to nmmintain signal tecmsEAsG
margins, while limting signal reflections on bus 210 and the too rapid
attenuation of signal.energy on bus 210 (signal energy bl eed-off). Bal anced
el ectromagneti c coukdiesignabengrayiprnateried by npiptey 260 idroprgtierRefikiickeaat T thd) t he
range of .1 to .4, e.g. Kb =.05 to .2. The geonetries of el ectronagnetic
coupl ers 240 n@yasef Higondused ggnatavaveform ovhrdselustion C TReina 4l sid@l waveform is
coefficients against variations in tile relative positioning 20 of bus and
devi ce side cdlffirningd by ipothe ntnplitdd Bf tadicadidyaveReRRthe/BlsHratEhst the RhgnBet h
the energy transferred by an el ectromagnetic coupl er and the nmaxi num

ef fective sigrih¢ tauglefr Bouegiesn sppell g thellyngdr 6% Sb@IRH Mg tnd?0b P Yinpled

el ectromagnetic y couplers depend on the coupler length. In addition,

| onger coupl erszgnabdnergxiiptremsfees.smaeeicioa,ﬁdsﬁm-éreHf-mecrnm&&@@m&ﬁﬁe uy -1 2
MAY 2005 WD 02/060137 PCT/ USO01/ 49961 The signal energy transferre qby

coupl er 240 i sighrfeeeddypthalsyibel defib@eHag!be orteh Bran m@m;ogfo{tmnmegyced

signal waveform over its duration. The induced signal waveform 1S

det er mi ned by wéBefoirdne Uadg thésd dRcfisthddes, %Bﬂﬂé}'zctﬂ?élrﬁ{n?:{ 'ﬁ?g& 4d1g t@éj{?rh:;[mcrargce and

the length of the coupler. For a given value o onger e

coupler, the spiiofe. thd SnfaThgtere ﬁ&gégi_rggrgtﬁé&¥ dicgr]aglésﬁpcs {ig N t%lqogﬁ ratio.

addition, if symbols are driven on bus a sufricien

1 auenor, {eoeuseglagde U o0, APl 00 IS SUAR Bkl

i nduced waveform Under thesé circu ances,
fr

L0 85 TR TRl o8 icd IV IBRL Ak BhETL S0 o0 L S et ence

dégrades the signal To noise rati 0.

coupl er 240 sfiglh b5 PR, SRR, L0 Provi de adequate

Fig. 2B is a schematic representation of the electrical properties of system 200.
Signals are transmitted electromagnetically between a device, e.g. device 220(2), and bus
210 through electromagnetic coupler 240(1). In the following discussion, electromagnetic
coupling refers to the transfer of signal energy through the electric and magnetic 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 (Ky) and capacitive coupling coefficient (Kc) as follows:
20 Ky =.25 (KL +K¢)

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

10



10 signal energy to the device without generating inter-synbol int er}«azr&'wé{ezm}5
or excessive energy bleed-off along bus 210. Fig. 2B is a schematic

represent ati 8P B¥PLHE el ectrical properties of system 200. SigoaGSI12H%!]
transmtted el ectromagnetically between a device, e.g. device 220(2), and

bus 210 through el ectromagnetic coupler,240(1). In the follow ng

di scussi on, el &6t GrEvetithe m8ugbeaphsitagee et enis lehgth thbeveke esdopleOfonipohétdd
energy through the electric and magnetic fields associated wth the

signal’. El ect r BrfgEemicricmep dithe seiftapdamnbatphr niCioRas bE ¢ Rou I RADEHn s,
associated with the electric field of the signal, and an inductive

conponent, associ apied. ¢ ponetic.field of the signal. For exanple,
Kb is related to die i%&%@f&ﬁ\}g"a ‘oub‘ﬁﬁ‘é "Ed('J‘%tl“feiCBf"é&lP“?‘}éLc)“ thfeneesijeaptemred
(KL + KC), Here, KL is the

coupling coeffji&d ollows: 20 Kb = 25

r at !Oo 019 t he ntctq%gl%ﬁpﬁ\%%lto %%r eI re fieayeary t 1t S5atrale tis reRkvasanpitetion of the
conponents §0 : ic. nean of the self-inductances of the coupler
conponents,” ani H&?c%%@fi&@ﬁ*%&v %ﬁ%‘“ REy OB PRnsaes ™ aner 235w sigupd 68querey. iFort he
rati o of the acitance per_unit, | ength between the coupler
conponent s tgy; H@l cgtggﬁﬁs?rfcg Oﬁéé%“gfca?%%d‘@ﬁﬁQoé'a)ﬁa@ittffaaﬁ’d@ysgéto paevide | engt h

of the couplerycq ngﬂgﬁls.. a;I'he effects of the capacitive and inductive
contributions ‘On the &ntrysrals atheaher freqrenrisso 4 additign, elecidagnatiy caviptch240 gnal
frequency. In %@ner |, the relative contribution of the 5 inductive
conponent  becSHEY R istibuisH davicawathsr thae p duspadglesicgnihe disteiued ayturciodr
exanpl e, the Brtﬁsence, of a_significant inductive conponent may be used to
provide di r eCPPSRRACINVS apd indiriyyeeaspecst ofisbger240 hecpneni esprotdunaddidit hisher,
el bctromagneti.c coupl er 240 ‘behaves like a distributed device rather than
a | unped g%vi fequensies, éﬁhfktlﬂlqmdwnmimgélsmtcorﬂwohap@&]b&abﬁhe/@y@m@i dimeisfink ve
aspects of coutpl er 240 becone nore pronounced at higher

of coupler 240.

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, r‘e5p<_ectiveiy, allows the balanced coupling coefficients to be maintained without
) need for costly, preéision manufacturing. The more uniform impedance of bus 210
provides a cleaner signal environment in which to transmit data. Modulation séhemes
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.

1



10 frequenci es, when the signal wavel engths beconme conparable to the1 2 MAY 2005
physi cal dimensions of coupler 240. The use of electromagnetic couplers

240 with sui Wapegisr ect ed coupling coefficients significantlpcrrgshiaest he

i npedance discontinuities in system?200 relative to those in systens that
rely on electrical connections or unbal anced el ectromagnetic 15 coupl ers.
Further, providing Ereoereobadimeti of hoinpteios, Qddroniashet Beoupts 146rhitat are
relatively insensitive to variations in the positions of device and bus

si de conponent apprakimatglyds-2a%, oftiessigel huglitrde o $@W0 tiEs BteaRmaRs GOHR! 3710
coefficients to be nmaintained without need for costly, precision

manuf act ur i ng. THiheormspendsnto les than TpestaRe e o 848 pafic o} (Q)%ﬁlcgné\ohﬁﬂpe.r
signal environnent in which to transmt data. dul a{)i on schenes" 20

enpl oyed to enoddengtth{ks, daBaLi=ni aqy ordanetvely dohil N BRI Lich I L6 Sbus
refl ect both the cleaner noise environment of bus 210 and fhe effects of

coupl ers 240 aiotlingitswhy GhedchBf mhiik debRES90n the %chg%%us ME Opl 00137
e

PCTI Ushi | og(a For one enbodi nent of the invention, ectronmagneti ¢ coupl er

240 transfers cfRPRIFeNL M&Ii&ﬁ)éig’éaﬂéi%@itioﬁrﬂ%héit&g&‘?‘inaﬁ{?ﬁtésféh#?ﬁ% éri]’&i‘%)%idfe%&%ft 0

its correspondi ng device 220." This corresponds'to the

si gnal energy eﬁéél’roﬁa@ﬁa'ii@:icﬂ:'ﬁl@rr 245%‘!9%%51‘9@95’@&%%"? %%dsnlxa?{}g%ﬂorgggthga'f%% L =

| cnm). The relatively snmall attenuation in signal “energ

limts the i ; i i 220 he i d f . 210, On
000,11 | b b S S0 655 B8 SRR BRI sy B ST

side effect of this mte
devi id . I ti 24 " ferred fornt
e A el fr Sinthe reUERE W ORA o G Gt et 30 b1, 0% siifisanati s )

colipl i ng ef fi cl i.s symetric, a sinlar attenuation occurs in the
reverse diq?ec% gﬂr%fgﬂﬁug?hoagschgs g?&@‘@&i%@‘%d?ﬁ‘%?o%he si gni fi cance of

this 10 signal attenuation depends on the types of noise in system 200.
Scalable noise is noise that scales with the energy of the signal. Scalable noise

associated with the transferred waveform is attenuated to the same extent as the transferred
waveform itself. Sources of scalable noise include signal reflections that are not
eliminated by electromagnetic coupler 240. Non-scalable noise includes externally
15 coupled noise, thermal noise, and the like. Signal attenuation by electromagnetic coupler
240 may impact the performance of system 200 if non-scalable noise is not addressed.
Strategies for addressing non-scalable noise in system 200 include selecting robust symbol
) _ mbdulation schemes and using differential signaling. For one embodiment of system 200,
interface 230 amplifies the transferred waveform prior to demodulating it to recover the

“20  transmitted data.

Another side effect of electromagnetic coupler 240 is that the transférred 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



noi se associated with the transferred waveformis attenuated to the sane
extent as thedeamsiwrred waveformitself. Sources of scal ablgmgigAv961
i nclude signal reflections that are not elimnated by el ectronagnetic
coupl er 240. Non-scal abl e noi se includes externally 15 coupl ed noi se,

thermal noi se, oRBeviddadd 2Aeof eRicBBRbgREL ﬁ]&%@r haf Pie RbEAITRRBRRRL) EmpRYLY fr

240 may i npact the performance of syste 00 if non-scal able noise Is™no

addressed. St rrastyeagin@mofiegeleéiéiflmééoﬂgn&fa&-tﬁ&é}hﬁhh@c ARhSHioh Qnééf%&afm 200
|

i ncl ude sel ecting robust synbol nodul ation schemes and usi ng ferenti al

signaling. FordeRRnRaatlaBilebitYRLEMER  colBlRHASnEAN AL s the
transferred waveformprior to denodulatifig It to recover the ransmtted
data. Anoth e o : te, LSt at ok e,
Franst orr ed wear oo G cpgAlh RRARE ol o LT Sl ehighi b o e of
e oo Pl T ARRSA05 56 RANEAL oGB! L 0 s,

‘differentiated. For np ve sI gnal !

f elect I OHN| 24 itivel tive- 270
T2 A 2wy 2008 e B ustds HalFREE e Rebaii el Ftd e andrelits

200 1 5 so oot i ERRFRIR AL el AEER Pk S aRbaD FOan Sigtiae. Alo, |
differentiatiqp assqci ated w electro neti ¢ couplers 240 w t hout
degr adi ng t heqp‘? (S eiogﬁisf"ltw ’B?é"?ﬂ’é’" Z‘gﬁﬁﬁﬂﬁgﬁg’éﬁ“’él‘\“ BhEMTA0 erady the qugagyrament

signal attenuation, in the face of 5 non-scaling noise sources, nmay limt
the nunber of Y¥KFeEP Vetivrerl dsigaplvave®ol t age 1 evels. Differentiation
may require the use of integration circuits to recover DC voltages for

level signaling, ifofbidehBodhasbethe if\VEhER fiti-aRp HUPE}@QFH édoq?akan uter

transition signaling. Also, the use of rise-tine nodulation escri bed

bel ow) in systpmemaRd 86Vi8ds! 50 b sPERPYVATSR system components, such as processors,

OkD

memory modules, system logic and the like. An embodiment of the invention includes a
-50 centimeter long bus 210 that supports up to 17 devices 220 capable of transferring data
at a signal frequency of 400 MHz. By employing modulation schemes that provide a

15 symbol density of 4 bits per symbol, this emi)odimcnt of system 200 provides a digital
bandwidth of 1.6 gigabits per second per channel. Higher signal frequencies and higher
symbol densities, enabled by the relatively clean n.oise 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



of the second derivative of a signal waveform 10 For one enbodinenﬂ gfwwﬁemmﬁ
invention, nulti-drop bus system 200 is a conputer system and devi ces 220
correspond t Y U%IBIE syst em conponents, such as processors, HENUSY/I9961
nodul es, systemlogic and the |like. An enbodi nent of the invention includes
a 50 centinmeter.]long bus 210 that supports up to 17 devices 220 capabl e of
transferring dBssbanddabeled YRy The L@q@egwew 00d i seizby tBy freqoeinoy fesgpnse of
nodul ati on schenes that provide a 15 synbol density of 4 bits per synbol

thi s enbodi mentoupter3¢Q padihewopysbovidie setarndingl byaprintibriduit Bbdrd afatekiab (Giegakiit s
per second per channel. Hi gher signal frequencies and higher synbol

densi ties, enapicsagemparasic indictancesaing capaeamenni et envior @NeRNone bodplsr, B30,

may be enployed to provide even greater digital bandw dth. For exanpl e,

usi ng appr opr i kngth-indaced baldsyidts iligridccmy afduad 8 €1, 66t iDRclRet R fre@ientieSHZ
may be enployed in a nmulti-drop 20 bus system Figure | | shows a famly

of curves that fodémger dvaptere e Bah2WGHE forof 4 i bOGH1EQEME) EXHLS RlaeriatimR Bt Rids
system 210 for the current state of the art in naterials and electronic

packages. The lithittierabiitty caiscaeSysmbol fg@eticy ¢ highee Mor BRI Shdfre CAMURIPE RafNd
different coupling coefficients in a target range. The shape is a bandpass

filter with 13idic@rid/N¥t?ADER4 YWoeRY ABAIRL fﬂéﬁé&@g%x@%%{{i TR AR5 G gital

| abeled I 10 1. The | ower frequency bound is set by e frequency reSponse

Of coupl o1 24anenidit ek RS coaatls ohe SRRENIRY iR KULFELiSk FEML k2T d

material | osses and package parasitic I nductances and capacitances.

that for a | G#Bhnlq@Esas dQMHYe®tn the Bﬁ:scr#t RS mﬁgr]@ag gﬁﬁqﬂtgés%cé 5:‘@1 Er%grr?)ggéj,r S

around 5 GHz, but it occurs at |ower frequencies onger cou

e.d. 1. 2567 §f,Qhafpie Q4 4 hus material s and paygsiLi
limt the ability to L b PR L“E‘Bgt&ﬂ%'hg@e ¥§S°H%‘5H%ﬁ%9"ﬁ6¢g%§é{?gl‘%,s'ﬁ‘fie
preval.ent PC Bogy ik combination of the two to provide higher digital bandwidth as the passband 1101

of bus system 210 is widened,

One advantage of the electromagnetic coupling between devices 220 and bus 210
is that devices 220 may be added to and removed from system 200 more easily than in
15 direct coupled systems or in electromagnetically coupled systems that require precise
positioning of the coupler components. For example, use of electromagnetic couplers 240
eliminates the need to malke or break electrical connections to, for example, the 32 traces
| ) _ ~ of a 32-bit bus. Because of this, and benefits to electrostatic discharge protection, signal
integrity, etc, the electromagnetic coupling aspect of this invention may have important

20 advantages to applications such as hot-swapping.

For one embodiment of the present invention, electromagnetic couplers 240 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

‘14



dielectri,c material FR4 severely attenuates frequenci es above 3 GHz.1 WZOMAY 2005
increase digital bandw dth under these constraints, one is conpelled to
increase Ns BP 8%t 7nodul ation techni ques as described in t RCHEEH&AY61
invention. As material characteristics are inproved, 10 for exanple by
replacing FR4A with Teflon, the present invention can be scaled in Fs, Ns,

or sonme conbi natatigns if the herizoptsl poveptica) saperabipesrddevcgnddius sida gangersnies 42 he
passband 110 1 of bus system 210 is w dened. One advantage of the

el ect r omagnet iasd 24 pisperiivblyt ween devi ces 220 and bus 2 10 is that devices
220 may be added to and renoved from system 200 nore easily than in 15

direct coupl ed Sys???f*g‘?ﬁ’%%“‘g:?ﬁfE‘{‘%m‘g'gﬁtejr"%%gh%a&%%& AL Bou ieéﬁﬁr;o

require precise posi e coup onents. For’ exanp use of

el ectromagnet ¢, b _nak JrRke

el ectrical coh%\gg‘? ?gtlﬁogﬁﬁtﬁg?‘ﬂ%&{@éé(egﬁgﬁi‘%%f ﬁéﬁ%gﬁﬁﬂgégcs 0 deg[cgg-rz g?‘{m Us.
Because of _t hi nd,b fits t l.ect rostati.c di.scharqge. protection. signal
ntegri ty, et 810 RPIR SUP FovigurEle Rt BIBE eite p RS R ot tinth 2y
have i nportant 20 advant.ages appl.icati .such,as, hot.- pRi ng.. For one
embod nent - of YR PRKGEH AT F e e BRioEPLABRS it R e 0L Toh B ave

el ati ve. posi BTG bPs SHAACEROR S ST GPTve2 45V in b ARmE et L Bonent
coupl i g oot FIPEIEHES e FAPSEPeL: B SFUMGECS HESANGIa i TARPRISS +4Ac70
02/ 060137 PCT/-WQG f4qY6l variations in the horizontal or vertijcal_ .
separations otllayetr aeoupicplisnersy renstusaiioush couplep 300iade olatival e rmeiivg & v
Fi.g. 3A represents one enbodi ment 300 of bal anced el ectromagneti c coupl er

240 havi iy athgecarverajignment of besAndalsvieebide Faapapents 38.83@oupl i ng bet ween
devi ce 220 and bus :

For coupler 300, bus side component 320 undulates about a longitudinal direction
defined by its end-points (along the y-axis) to form a zig-zag pattern. The disclosed
embodiment of bus side component 320 includes four excursions from the longitudinal
direction that alternate in the positive and negative x direction. The disclosed number,

15 size, and angles of the excursions from the longitudinal direction are provided to illustrate
the geometry generally. Their values may be varied to meet the constraints of a particular
embodiment. Device side component 330 has a similar iig-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



5 210. Cqupler 300 is viewed | ooking in the negative z direction, rél gtM(% 2005
to the coordjnate systemindicated in Fig. 2B (a portion of which is

repr oduced iwq:‘?zé’.‘;m?\i). For this orientation, a bus side conpOHEHS0IRIM! -
appears above a device side conponent 330 of electromagnetic coupler 300.
Tile geonetrieg of bus and device side conponents 320, 330 allow the
anount of eneré&?slzfa%l 1ir regipnsiAe dg ot warp bignifisglyti Bedmepanetta 82 /aldy330 are

i nsensitive to 10 the relative alignnent of bus and device side conponents
320, 330. For uBlH LighthoFompier siarenceqepitinurin U820 yphuis) Ailese Ghawt frmge

| ongi tudinal direction defined by its end-points (along the y-axis) to
forma zi g- zagrBRnt 21thvaryprethdl dehgssdd adjecdpodiciventppoxibusiysifie: GeRPABERten320
i ncludes four excursions fromthe longitudinal direction that alternate in
the positive affinpeeegfst Pakand Id0mecthifto fidih ehettirs@tensesbsitioRb & the kSy lade Fornd
angl es of the excursions fromthe |ongitudinal direction are provided to
illustrate 3 t en egeodetany ofj@melealiyin Wiieh 5 iy abSIGS, FRY5DEnd W is8YniOkTEalest NE
constraints of a particular enbodinent. Device side conponent 330 has a

simlar zig-zay dagt £8% Bs EdRborests 360 IR ?ﬂ?zﬂ-& @l{iﬁccf ?y L@%Fls i %én%/jﬁg?

conponent 320. The repeated crossings form paral ['eT” plate f&qi

340(1)-340(4) 4£@ i - . I .ate regions 340") and fringe
regi ons 350(1) - 3%5)!](%%')%?{9@%%P%ﬁ%ﬁ@%ﬁél*cr%ipﬁ%le‘o'}segi ons 350") for coupler 300.

Parall el plate and fringe regions 340 and 350, respectively, provide
di fferent contri bufhescatvofivasatiomsih ey etivef epabint bofveePetthRine®9820 i ch
mtigate the effects of variations in tire relative alignnment of

conponent s 3203%ard 2B Mnitifwed Ecanpibe300l CohpAndi baRlObplatR iRl 360 L3 Tes
PETNJSA T499f G the sizes of plate regions 340 do not vary significantly if

conponent £¢ 32Gvemely 380 sapaaticiyy, wddle Shiig@hinb 1h fingeRepldRl 550 GIFRRACA xPl?%Hj ons
inthe x, y plane, and the sizes of fringe regions 350 vary so t%a
changes in adjepertion.r Bigi mneffed Ry Ol IERUREMIRAd 30 arRBEA RET6 colPRP300. 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 parailel 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 intreducing significant impedance changes in

either environment.

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

240. For the disclosed cmquiment, one component 324 retains the undulating or zig-zag

16



conponents 320 and 330 are shifted fromtheir reference positions.hilgﬁ@“&2ME
y pllane. *For 5 an enbodi nent of coupler 300 in which Sis.125 cm 6 = 35,

and Wis 5 mwbaznkgsvaries by only 2% as conponents 320 and 3c¥a;sai/89961
shifted by 8 mls in the x and/or y directions fromtheir nomnally

aligned positions. The effects of variations in the vertical separations

bet ween conpoReety3ZLilRMlihaBRRc@b baOfoNtdnhyiakad 20 NwikiRUHesndZdRportaatipl i ng
in parallel pFate fegions 340 varies 10 inversely with separation (z),

while variati 9fs,.k1 sﬁﬁ%ﬁﬂﬂi@l&f ﬁgdlé}ﬂ%egfﬁ&rw Aok 35k Q¥ Yo Lither B@ PR Add &N.

The net effect Is a reduced sensitivity to variations in z for coupler 300.

Wth this ch év?c% sﬂzfetoggi:!‘l.ﬁ;lgr 3 OQ?QHRF;é éc}fnpoﬂen't/ﬂ@ y 95@2‘%2?&1@ sffel @oﬁﬁler 304

separation (z) resu the "capacitive couplin ficient varying by

ess than +1- doithed RPoSARMES LRI fillkd ReBR! 2al SndRbRER 1RRPRI

coupl er geonetries, ovariarion over t 5 sane range

of conduct of sCRRr Ak AiSee by 557 dloS gl ORpd ERRGILAR bouFler 364 P dloted).

conmponent $ VE® T oun oners ovrrde r ely uniform

i npedance envirannment for si.gpnals, .transmitted al on .t her . For
simlar reasoff@ L BHRHTE ‘%9{? rﬁ’ﬁﬂvcs%ﬁ'ﬁﬁﬁl%iem?’ PPRETR A ngl’%? %rq?n%ﬁg%s
sections. In me coupl er 300 provides robust signal transm ssion 20

bet ween devi ce™220 and bus 210, wi thout introducing significant inpedance
changes in either environnent. Fig. 3B represents another enbodi nent 304
of bal anced el ect rRgBENRpicseROYR aadtherdhbodintnt 308oibahatcdstatronbpdiicent, one
conponent 324 retains the undulating or zig-zag t6 A 2 MAY 2005 WO

02/ 060137 PCldo\sie} 240 Ik 1€ eMBbdiMiest, Bhd dinpbfert D28 is@afowedtReh fdronal f or
cofiponent 120, while a second conponent 534 has a substantially straight

geonetry. {0 RSt 334 thﬁ'}SvifciQ b SakdN8Y plith feghtihS348iaH@ fiftige regions 358.

Fig. 3D illustrates a portion of a multi-drop bus system 360 that incorporates
coupler 300. A bus trace 380 includes multiple bus side components 320 at spaced
intervals along its length. Corresponding devices 370 are coupled to bus trace 380 through
their associated device side components 330. Components 320, 330 are shown rotated to

is _ indicate their geometry. Embodiments of coupler 300 may include selected dielectric

materials between components 320, 330 to facilitate positioning or adjust the coupling

coefficient.

Fig. 3E illustrates one mechanism for coupling device 370 to bus trace 380. For
the disclosed embodiment, bus trace 380, including bus side component 320 of coupler
20 300, is mounted ona 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



devi ce side of coupler 304, while conponent 324 forns the opposite lgi aeMAY 2005
Coupl er 304 includes both parallel plate regions 344 and fringe.regions

354, al t houghothesigtter is s smaller than fringe regi on 350 pRTABHRISG]

300. Consequently, coupler 304 may be nore sensitive to variations in the

rel ative positions of conponents 324 and 334 than coupler 300. Fig. 3C

represents yetciRmostek pRodatidmait ¢idQR bedid et B GRIcRIESI HORRAMETA Sockamss| er

240. For this enbodi nent, one conponent 328 is narrower than a second 10

conponent 338 4, ﬁh@ﬁmcmt\hsiﬂ@ﬁ@hg?hé@é ﬁ}l&ﬁdé@ﬁiiﬁm RA&IRRA 356 I fRe! €71 ONns

358. Fig. 3D ill'ustrates a portion 0 mul ti-drop bus system 360 t hat

i ncorporates coupler 300. A bus trace 380 includes nultiple bus side
conponents 320 at Jpaélenible ¢hagcieapkiiey disyit PEGaljavrigt 19 bead py B BFEFATIREIISY | ces
370 are coupled to bus trace 380 through their associated device side
conponent s 33@ircdbbasehdft.sF@ame egbodiment, dhvdisarsidesiompenent 339 wsidarercaicltivaly r
geonetry. Enbodi ments of coupler 300 may include selected dielectric

mat eri al s Bet laeporompbfientiscud B35 f@86@d by pfeasing fitaticcui38b agaimst pigeudtrboard ust
the coupling coefficient. Fig. 3E illustrates one nmechani smfor coupling
devi ce 370 t o 3BésWheadellBBGertddplookinhdowi sictapéa 360rklodg themegatiye g-akisadeyi®80,

i ncl udi ng bus side conponent 320 of couplet 20 300, is nmounted on a
circuit boar dsii84omfrrene B30 aid huside caporidBBZ0arcdipned ketl Ri® 3de\A src@20§y ) .
Device 370 is nounted on a flex circuit 336 and connected to device side
conponent 330 be prilvided t¢ afalrit£in aGEpardtiot beingey b Aali@etide Fidgcondoneile 92candsi de
conponent 330 continues along a surface of flex circuit 386 that faces bus

si de conponeng3@2&prdiRkly, bedne drbolto tibrpeiRl 320€hd 23 0H@1 B cdatehivith D1/ 4061
QJ}CUl t 386 is pressed against circuit goar d 354 (as indicated by the
arrow) . A §0CHRIecBREnaterial, allowing them to be pressed together without creating a short circuit.

A trace that couples device side component 330 to device 370 bends with flex circuit 386,

eliminating the need for a connector between device side component 330 and device 370.

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

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,

I8



only part of which is visible in Fig. 3E, is provided to hold flex Jigcﬁm¥ 2005
3S6 ‘i n pl'ace. The flexible character of flex circuit 386 allows it to bend

as it is preseadwegarnst circuit board 384. For one enbodi mepcridevieRi

si de conmponent 330 resides on a relatively 5 flat portion of flex circuit

- 386 fornmed by pressing flex circuit 386 against circuit board 384. \Wen

fully insert ecainks @obirdgidhhwioidedtHHMBIRF sid@Pind FRQGtRRe aBRGAE liMBied - BX S,
device side conmponent 330 and bus side conmponent 320 are aligned as in

Fig. 3A. A spagenplpdic sife pf bkl tids Cafi®letral diteAns SPMIAI RN RELNSBA bus and
devi ce side conponents 320 and 330, respectively, or one or both of

conponent s 32@Ghaiid! dedkaBBYashife Saal B infredQs dinSld8 &R &rﬂﬁk%ﬁ?a@ltaqccs
allowing themto be pressed together w thout creating a short circuit.

trace that couph ﬁﬂp&ﬁﬂéeﬁﬁwﬁﬂcﬂeawﬂgBﬁ%mt@%%uhﬁnﬂé‘d’%ﬁﬁas%oregfgl@é’éan‘éfnﬂg?%' ex

circuit 386, elimnating the need for a connector between vi ce sl

corponent 330 sahd, ﬂé}«hgefsfgg%agﬁ szaeg;aggsvesméﬁgumgm%g Qhﬁgh gt caf&2PI €,

one or nore |layers o g an resifien eriaf su as an
epoxy di el ect ki Ls |y de. ( . t,ono ol Pont de
Nenours of W Flﬁﬁ%ﬁ%%&@e‘ff&%ﬁ?&%w&&gb e;?fé:?%ai'i‘é giﬁeég Ul @%{) c?ﬁ'ﬁ?’ 5‘ gt h?%]ET) . For
one enbodi nen i iLde. cogponent 330 nmay, b andw ched hetween | ayers
of the. f1 exi BPAEhes ropafifiofadBy Fafe afema e d gt ey M py
dielectric isokation used to for couypl er 300, The disclased nechanismis
Fust “one of el bEERS Foney i, aahibing veasniied Shagk BOBIAIDNE M nce
380. For exanpl g, v&rious conmhi nations of flexible and 20 rigid material s,
daught er car d4™HHE Feguerey Frithighs@nbeen ReEnsNIlHE may be enpl oyed. The
cl.ganer noi se environnment provided by a nulti-drop bus systemthat is

i mpl ement egl i n accqE ARBE Bbie! fhe HRAIYAREOREL d FR@RRAD T N WYB Wi-gF1 M Swhae be

transmtted reliably at higher frequencies than in conventional nulti-drop

bus systens. Fqua¥aimbdBfirdquéndyitid28)0othe Wi/ 0P B Bdnshitelibdl d/ftdP 0 dymbol
density™). For one embodiment of the present invention, various modulation schemes are
employed to increase N, for a ;peciﬁcd symbol period (1/F;). For a given F;, the larger N;
provides an overall increase in BW that avoids the limitations associated with reliance on

15 high frequency signaling alone. Selected modulation schemes may be combined with high

frequency signaling to provide significant increases in BW.

In the following discussion, various time-domain modulation schemes are used for
_ ) purposes of illustration. The benefits of the present invention are not limited to the
disclosed modulation schemes. Other time-domain modulation schemes, such as shape
- 20 ' modulation (varying the number of edges in a pulse), narrowband and wideband

frequency-domain modulation schemes, such as frequency modulation, phase modufation,
and spread spectrum, or combinations of both time and frequency-domain modulation
schemes (a pulse superposed with a high frequency sinusoid), are also suitable for use with
this invention.
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gains in bandw dth provided by hi gher signaling frequencies al one ar
limted, *For exanple, the scale of irregularities capable of scattering
signals in W@ okh@ism ssion channel decreases as the signal PramBsneye!
increases. In addition, parasitic capacitances and inductances, which can
not be conpletely elimnated or nmasked, reduce transm ssion 5 speed,

attenuate signal amu.i4ivdesheniifid répr@aiBtici &Cllidnal EHARANGEFa@E tHeli@brplay
frequencies. Further, material properties such as skin effect and

di el ectric | ogzaeeei®y, N fMd vatiofHmoldISEHACR A RRFEF b @irplolB® to5dr@Bd multiple
attenuation by el ectromagnetic coupler 240 may al so af?ect bandw dt h. For

exanpl e, anpl idaivig iktbansbbE ezl IPISIuHe %E&ﬁste@;f&r%wéd PdhsHRYed ih b t
the frequency at which signals can be transmtted. I0 As noted above, the

di gi tal bandwiggt,BoiQferidd ?ﬂgf‘?ﬁ% Huﬁsogésvm#&%am fzjh:EE, dN_ise-vymr ﬁse—lli_'mc,iagflt he

synbol frequency and N, "I nunber of bits’transmtted per synb

n nbol n i i L i
("synbo qe n%mt e nl:&fuéa‘ir:%ﬁ (s)?/'g.gl%g hlrg%%wﬁ) t:nctogﬁ];g?f\)?yrw&f dathV s %&n Ss%x?x ('())llous

nodul ati on sch S are to increase a spe

iod (I/F,). I : .1 h N i I
R

ations -‘associ a i"fance on
frequency signaling. al one.  Sel ected dul ati. chenes may  be nbi ned with
i g1 equendis PoindioPinagid e Begartt B BT T RETSEHAR 381 2t ne
fol |l owi ng di scussj on arious tinme-d i n_nmodul.at i op. schenes ar sed for
pur poses “of | FOUSEPa pelRmeln iay b sy Feted f corRigeripi g A MiGHVALcae B 4P i
limted to the disclosed nodulation schemes. O her, tine-domgin madul ation
SChenps, | Such USRI B o BRI Frif TG SO At eE AT
pukse), narrowband and wi deband frequency-domai n nodul ation schemes, such
as frequenty awtiie aYmbel pepRdawrilblg for given frequgeryspr ead spectrum or
conbi nations of both tine and frequency-domain nodul ation schenes (a pul se

ts mogr Pg\s}gﬁt :Motn h i‘gﬁﬁi 180 (S IRAMERCHs b U5 BLILY" re i E10d skl Ve RRINGal PG bdfhea W L N

rising edge and a falling edge. For pulse-based signaling, information may be encoded,
for example, in the edge positions, edge shapes (slopes), and signal amplitudes between
edge pairs. The present invention is not limited to pulse-based signaling, however. Other

15 signal waveforms, such as edge-based signaling and various types of émpiitude, phase, or
frequency-modulated periodic waveforms may be implemented as well. The folidwing
discussion focuses on modulation of pulse-based signaling schemes to elucidate various

) aspects of the present invention, but these schemes are not necessary to practice the

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 (po 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, w1, wa,

wi3) the pulse has (pulse-width modulation or PWM). The value of a fourth bit s indicated

20



1 2 MAY WD 02/ 060137 PCTFUQ0AT961 Fig. 4 is a schematic represent ali%li‘myf 2005
a sirgnal *4 10 that illustrates the interplay between F,, N,, and vari ous
nodul ati on sebemesishat may be enployed to encode nmultiple datwighiz®oento

a synbol. Signal 410 includes a nodul ated synbol 420 transmtted in a

synbol period (F,-1). For purposes of illustration, phase, pul se-w dth,
rise-time, arg wheitiepkic MlngFogiHaatailage GE)ormmsallgre) skdpe\itiseatimotiodgatiine bits

of data (N, =5 ) in synbol 420. The present invention nay inplenent these

nodul ati on SRR SndtheNRiile oS LM S indicitedy wiiethenthe @ubt Bmplitade istpositiner ease
the bandwi dth for a particular system The nodulation scheme(s) may be

sel ected by coRgLARE (40ah tﬁnﬂ?ﬂtﬁde'ﬂcﬁxﬂéﬁ%h of B86. BRldIes iMitiagkean el gas of and
circuit limtations applicable to each nodul ati on schene under

consi derati on,, gﬂagl @'@daﬁJ%sﬁéﬂTpfég 1rl?l%a¥é)(§ihé}\é%|laﬁié|s&tésq{5r tBe GéséABed dnespigncy. I n
the follow ng I'scussion, a "pulse" refers to a signal waveform having both

a rising 'Ed%gh&[i'% a gt?c’bl:' d%ﬁg(? withRf ¢ g@k&ltﬁlﬁﬂ PasRdo ptodiRlal (BRrentfi@E MRdthi ON

may be encod exanp In the edge positions, edge shapes (sl opes),

and signal anpl.i @9?8%,9853"@? ﬁjgg%dpf@fh'h?ed%@ﬁne?rb@%@r%arédwﬁ{gd%d stet

limted to pulse- S|gna |ng oweve si gnal waveforns, such

as edge- bas e(ge&?%%ggy C%r | atgpe ab%%—%usscr1%¥£§1§)d|9%t10?1§91ll+&e§ roglt]@r??olel? for The

frequency no I'C vvave or s as we

foll di t

sghe?r\éms ntg 0 e:‘ﬁ‘gﬁl#%g‘lf‘g %fgﬁg’fﬁg SR’QQ&@'C% %\p lifcﬂm(ﬁ r'lgslsil @rﬁzﬁ‘d&ﬁ\?agﬁ?‘? %‘%Q iis[é%tbﬂ]es e
h t th t. t

Smlar to tHale gt aesiaeni iy f h&e%mnﬁadwéﬁﬁs*ﬁgaaﬁ%ﬁgh 4y 20 bo

apblled to other signal waveforns to sel éct an appropriate nodul ation

schene. Fgr si gnalppm} pPiOM, BRERTH are eRdmpled dfitisie-duintaid Modulatign schemesdiEaelt ed by
where (po or pi) the |eading edge of synbol 420 occurs in the synbol

period (phasgmgelishal h%u@ﬁo;PMmmIbﬁcod&%déeﬁ nfofe GIRGA T tigs)tdn whithlone sr ar e
i ndi cated by which of 4 possible widths (wo, w, w2,

more events, such as a rising edge or a rising edge followed by a falling edge, occur in the

symbol period. That is, different bit states are represented by different event times or

differences between event times in the symbol period. A bit interval associated with each

15 time-domain modulation scheme represents a minimum amount of time necessary to
" reliably 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 pg and p;
for a phase modulation scheme. One bit interval of duration t; is allocated within the
symbo! period to allow the pulse edge to be reliably assigqed to po or p1. The value of t;
depends on noise and circuit limitations that can interfere with phase measurements. For
example, if the strobc- is provided by a clock pulse, clock jitter may make the strobe
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w3) the pulse has (pul se-w dth nodul ation or PWM. The val ue of a fJuthAY 2003
bitris ihdicated 20 1 2 MAY 2005 WD 02/060137 PCT/C)' 1/ 49961 by whet her
the fallingVa§e0§dsd’ a larg (rto) or small (rtl) slope (rise-PCUWSI1/A9961
nodul ation or 0 ge RTM, and the value of a fifth bit is indicated by
whet her the pulse anplitude is positive or negative (aQ a,) (anplitude
nmodul ati on or PREFION fshe) uncertadn,iwldétciateamnthaatitialunsinadreal abcessyyraaklisd0, and
dashed lines indicate other available states for the described encoding 5
schemes. A st rdbfiiagiish betcomposaid\wit Narodsharcsylihindtione st Rnp 1@ \HisdBssed
reference tinme wwth which the positions of the rising and failing edges
may be conpar ddlowlingrenteriderilof bits encoded by each of the above-described
nodul ati on schenes is provided solely for illustration. In addition, RTM
may be applied to the,rising.and/or, falling edges of synbol 420, and AM
may encode bits in%{r?lléarrr?‘aﬁw??lﬁﬁl el §f 3?*‘3%? hm&?‘ogag%whlaﬁmsymomanoﬁm and
RTM ar e exgrrpl ﬁsw'ﬂ% tinme-donmain mr)H%ULaIi on schenmes. Each _time-domain
modul at i on” scRERE TSRS FRCsdre Mot torks distiggyished selaRly. (Thgsizs pf ads dpsratinediiy or
nore events, such as .8 risi.ng edge or a rising edge followed by a failing
edge, occur i f°FH# %VHB&!‘“'B%P?S&&?O%%Wiﬂsl:!sedmer Beasprensnts. Foutaaply dse
represented by different event times or differences between event tines in
the synbol pe%i’“ﬁaﬁmAlf&f%ntlafﬁdéw\p&isst%@m&swmﬂﬂ% GomshqueBtly, tnmusieddng
nodul ati on schene represents a m ni num anount of tine necessary to
reliably distfmeyeh omnllost the measuremetitiof eseniud derivatiteat es of the schene. The
nodul ation schenes selected for a particular system and the nunber of
bits represented t] C Ls,.determned,. i art,
B Aot TR LSRR RS P RUTb T oo o

by)the bit intervals o e candi date ho 5
i | abl h i . th | i . 20 ILn .Fi,q. 4, ,
Sl T30y EAAPEIBI6, DI L o TR B B0 Epdi

noise and circuit limitations associated with pulse width measurements. If pulse width is

determined relative to a clock strobe, considerations regarding clock jitter may apply. If

pulse width is determined relative to, e.g., the leading edge of a pulse, considerations such

as supply voltage variations bctween the measurements of the leading and trailing edges
I5  may apply.

In general, the time needed to encode an n-bit value in a _time-domain modulation
scheme (i) that has a bit interval, t;, is (2"—1)» t;. If non-uniform bit intervals are
preferred for noise or circuit reasons, the total time allotted to a modu!aﬁon scheme is the

~ sum of all of its bit intervals. W’hén multiple time-domain modulation schemes are
20 employed, the symbol period should be long enough to accommodate (2“(" —1)= t;, plus
any additional timing margins. Here, the summation is over all time-domain modulation

schemes used. In the above example, the symbol period should accommodate t; +3 +3 &5,



for a phase nodul ati on scheme. One bit interval of duration t, is alll‘logaftﬁé%l 2005
wthin the synbol period to allow the pulse edge to be reliably assigned

to po or pl.wH&aisye of t, depends on noise and circuit |ingd@gis@nssdhat
can interfere wth phase neasurenents. For exanple, if the strobe is
provi ded by a clock pulse, clock jitter may nake the strobe 21 1 2 MAY 2005

WO 021060137 PGl b5} bthesB8@insRR StdiAddD Thde TR MRS thiifum Mlise l&fiéit%iﬁ@igaiﬁ@@ bj he

m ni muminterval necessary to reliabiy disfinguish between po and

Various circui thdphdlivhadyRms r@s'ﬂﬂ]aﬁﬁqi ?&Qﬁe gf£ discussed below in greater
detail. Similarly, one bit interval 0 uration t3 is allocated within the

synbol period to 5 allowthe two states (rto, rti) to be distinguished
reliably. The size Uping Byligplgencedingseltnivy rednesisske comgtraints onitite symbpl timg. dres
associated wth rise tine neasurenents. For exanple, rise tines are

di f f er ent i at edexpynpkasa¢ading hbisuiepinggolgsivadth 2agiulaGomsioge eqtirss at le@stdlgs. e

|l ong enough to allow the neasurenent of a second derivative. Three bit
interval s of disdage omough, thanee oflthogvagle noailing schetdeenigitniogqlirepelaigedsytrdbobl | ow
to the four states (wo, W, w2, w3). to be reliably distinguished. The size
O t2 is det erparivddloier symbaldregneheg) tharnivbull btheiveite bnisecesagci ated with pul se
w dth neasurenents. If pulse wwdth is determned relative to a clock

strobe, consideratipns regardi cl.ock jitter na Jy. |f ul wdth is
det erni ned rel ative oM T‘fso{&ﬁg‘ {"358?'11 Soebﬁgaésc’(??ategdp"gﬂ?/%%?lltB%%@P%’i?“&f‘i ons
such as supply voliage variatiops between the neasurepents of the .l eading
ond tran i ng. e AT Ra i moI g e ErE anPHE I s BB oK BB AR SN
n-bit value in a tinme-donain m)d%lgation scheme (j) that has a hit :
inferval , ti, Rreperyesthatarg substapti ﬁﬂaﬂgqna#tmcggetpqsmoef»v%we%@ﬂ%rstrr@rféwted
for noise or circuit reasons, the total tine allotted to a nodul ation
schene i s i%he 2dd directly to the total bit intervals accommodated by the symbol period. For example,

amplitude modulation uses the sign or magnitude of a voltage level to encode data,

The different modulation schemes are not completely orthogonal, however. In the
above example, two amplitude states (positive and negative) encode one bit, and the
minimum time associated with this interval may be determined, for example, by the

15 response time of a detector circuit to 2 voltage 'having amplitude, A. The pulse width
should be at lcast‘ long enough for the sign of A to be determined. Similarly, a symbol
characterized by rise-time state rt; and width state w; may interfere with a next symbol
characterized by phase state pg. 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



sumof all of its bit intervals. Wien nultiple tinme-domain nodul ati c;ln2 MAY 2005
schenes are 20 enpl oyed, the synbol period should be |Iong enough to
accommodat e 8O 0pA60037-1)- ti, plus any additional timng nmar@ordiSiHayre,
the sunmation is over all tinme-domain nodul ation schenes used. In the
above exampl e, the synbol period should accommpdate t1+t3 + 3 t2, 22 A2
MAY 2005 WO O/ B360t3chcRETALEGh 409fdmpe g.sdevioe TR intGRalcgHespoding Syfbdy for
These may include mni mum pul se widths indicated by 0 channel bandw dth,
resi dual noi seranamibsiofi@nlbuk210, Wed RAeBidetd PhBobRESHE Gh BiEDT0REL IBeMEaststhe
constraints on the synmbol time. For exanple, encoding 5 bits using pul se
w dt h nodul at i@8bakeviee pEgYY.res at least 31-t2. Ift-1 5 is large enough,
the use of the single encoding scheme mght require a | arger synbol period
(1 ower synbol freqzﬁlgc%% t han woul d ot herw se_be necessary.. A_m ni nrum '
resol ution time can gi9slased qalsinet of injsriage AA includer wataivr Péhand an| i ke
the time domai n_nodul ation_schenmes, anplitude nodul ati on encodes data in
pul se proper tebratipneireits 28y hdsoshewvain KigorA ifolgyiralside somaepenipdiiofi ons.
Consequently, it need not 10 add directly to the total bit intervals
accommodat ed Byectra@agiatis sPuplen348do ppside atangfered waygforim wdansesivat Hoi &er uses
the sign or magnitude of a voltage |evel to encode data. The different
nmodul ati on sclssameleathe tpuitercasimpivefosinymayrtetby difisrentinodearsfond geretated bybove
exanple, two anplitude states (positive and negative) encode one bit, and
the mi ni num tianenigspoeilet4@d awosdeltdriomapmitie coaplenig. Pedaditeasideicomponehn242
exanpl e, by the 15 response tine of a detector circuit to a vol tage having
anmpl i tude, A. islprevided fe endhdthianned leqgibds fizeadn Whkiah intérfing 28M canghudicatest e si gn
Qf_}A to be determned. Simlarly, a synbol <characterized by fise-tine
state rt, iandsadofld Hewtaside d6npoRYNti2AL €k fiiRlicated fbNthd ciXh whichldderential signaling

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 comﬁoncnt 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
: éttenuation 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 electromagnetic coupler 240.

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

transceiver 510, responsive to variations in process, temperature, voltage, and the like.



characterized by phase state po. Thus, noise and circuit limtati ons] 2 MAY 2005
(partly sunmarized in the bit intervals), the relative independence of

nodul ati on sgbemwes 3And various other 20 factors are consi der edTMSENIYIGT

sel ecting nodul ati on schenes to be used with the present invention. Fi & SA
is a block diagramof an enbodi nent 500 of interface 230 suitable for

processing mul ti - bifig. 9Bl tiodtiaggfy bERSerRtA(rdomt 380 bMhter ey 23B4RA Ritable
interface 500 may 13 1 2 MAY 2905 WO 02/-060137 PCT/UsA/:1"f'l be used to

encode out boun@dr frotssing@fitoded BymbdIER & Beviddhad)is HRéQlyRofREi-asPaRdi Ng symbol
for transm ssion on bus 210, and to decode a syrrboly received on bus 2 10

into inbound Riokinin@atiol ERack¥l. FRY bfsnpte? G Shtem™R (#ieS 8}, SR £IBPOGAyENL OF

interface 230 includes a transceiver 5 10°and a 5 calibration circuit 520.

Al so shown in rEgng.«,en%eis%tekmgqsmséh@%etc&mga?% gy%%n%at iShiREd LORABRY ka
€ ofmt For

coupler 240 to provide a transferr wave transcei ver “510.

crarmle, e s e plosakelonm mbabesbds LSS ehog B,

generated by tran _ _ ctromagn coupl er

Wit ch i nt er f aTRBIEF bl AbrBReY, 56 cofleclr b BV 15 o Mt bEG e D
indicated for the.case Ln jch differential signalin 1S, | .oved, -
Transcei ver SOTGV%I%C'IHE(’&%? gﬂcecé%qj\'fg?a%% %?ﬁ%f‘dibercg?&eﬁﬁﬂgea; g‘%f:}?aég%%isver
530 recovers.the bjts encoded  i.n the transferred veform i ce side
component . 24 G BEHFGREYR AL LOHEE “BAS G e Br YRR AEHer ed
bits to the device a§SOCI ated with 15 interface 230. Enbodi nents of

recei ver 530 mrdeRGrdeyashratiptioncaruit 30I pecornt foptimipediticratsed i B2 gnal

Q@ér gy on transm ssion across el ectromagnetic coupl er 240.
10 forwarded from different devices 220(2)-220(m) and a local clock.

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

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

For the disclosed embodiment of transceiver 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-irverted 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 paraliel.



Transmtter 540 encodes data bits provided by the associated device‘?r%(¥%¥ 2003
synbol and drives the synbol onto device side 242 of el ectromagnetic

coupl er 240.wgadidsoadsi on circuit 520 manages vari ous par amet ergctisd vy

i npact the 20 performance of transceiver 510. For one enbodi nent of

interface 230, calibration circuit 520 nmay be used to adjust term nation

resi stances, anpli fTiesdigaddRa em@bdifietindt reddleny30 lnoludés mragdifiecd50540amplitude
responsive to variations in process, tenperature, voltage, and the like. 24 -

1 2 MAY 2005 MO QR L606872 RReto 670, ark priscawiathaiinodilage 880.0Fhean
enbodi mrent 504 of interface 230 that is suitable for processing encoded

synbol s for a gavi G&iehidahialass 607 67, bid 6SN13ES AL RIlSrati6OHTAIB noBtddred to
channel . For exanple, in system 200 (Fig. 2), device 220(1) may represent

the systemlo gi'gﬁaslé}%%rﬁ %@@&ﬁi‘ﬁ&tﬁ&@&# §Jam§%§ t5i0us Berhodudatbts KRG ldpyrataimnect ed

to a 5 nenory and devi ces 220(2)-220(n) may represent menory

modul es for, thge STPHLR o HSkRer ARRAEHIGRAL ot RgBGcgONNECL T ON 506 i s

provi ded for ea nnel or trace on which interface 504 comruni cates. A
second DC connection 506’ éper channel) is indicated forthe case in which
differential signal Pexjcés$98tmresdeRP(b) (aensripalbe “doricefY)) aftas offdinteTpiRien
synchroni zation circuit 560 to account for timng differences in siang[s to
forwar ded fr oningiciireesnthicieinicoe smpodint of2bis igventinn aic pivawhie JugrfaceZdl s | g
a block | evel diagramrepresenting an enbodi mrent 600 of transceiver 5 10 :
that is suitahblkesifiap. Maadifeniyenasyefdavive 600 imthie fire dhte- PrecsssateapetE BT
usi ng phase, pulse- width and anplitude nodul ation, and the strobe is
provi ded by a wiagkvaigioas mafbasigetbyelibrbida cooppH0t Forlirirfsesieat08) device
sL@naIing, as indicated by data pads 602, 604, and it receives 15

cal i brati ofy cogyori®khdiaadnaN Heaen, bet the destrad ifibictibhatity roay gprovid@bby miliiple N
control signals 608. For the disclosed enbodi nent of transceiver 5 10,
transmtter S54Q4/dp¢ d4RSs th RHASS in parallel. The control provided by calibration circuit 520

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 gene?ating 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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nodul at or 640, a pul se-w dth nodul ator 630, an anplitude nodul at or 61202m 2005
an out put buffer 610. Qutput buffer 610 provides inverted and non-inverted
out puts to pwds28@@izand 604, respectively, to support differadiradoriveo:
signaling. A clock signal is provided to phase 20 nodul ator 640 to

synchroni ze transceiver 510 with a system cl ock. The di scl osed

confi gur at i onusHd togelndratt e df6@0ial §30Gol pnde FetGymbolpeoad, dadistartleyrahomittpuifdoses

of illustration. The correspondi ng nodul ati on schenmes may be applied in a

di fferent or derayde us¢dio goneram neliffatmaing slonyulpeapphtict gedigd. paral l el . 25 A 2

MAY 2005 WO 02/060137 PCT/ US01/ 49961 The di scl osed enbodi nent of receiver

530 includes an a ifier ator . 6 p
denodul at or 670, 2%5 OL‘iilugg "ﬁ“@f‘}%’?g‘gﬁﬁm 6& %&Jay'm%d’me &’8\@%7 "%
denodul ators 670 80 iIs pr tion nd S
fequired to THEr @%?ﬁa?ﬁ'ia@/e sesine ATt ok Ve M Lidrgien SRodfg iR or
denodul ator s on a i.gnal a In an or di fferent
from that T nab b BHESBufrd Bt B abeanat-dabion ot vEernelo ssberfs S4EiAeds 600 )
act as on-chi rmnati nces which in one enpodi ment of thi
i nvention ar eE%FE‘?Eyt? %F‘?gé’ clfrﬁr}g{f Eyggpansive fodpe vaJif therphase pit e@‘ﬁc{}“éﬁéss
of device 690 in the face of process, tenperature pand vol t age
vari ati ons m@PﬁaéeglqgéBt%)@QﬁlaF 5‘#"8@?%‘@1“%@?@%’2@'“@% of a¥rsENS0Er 600,
device 10 690 is shown as an N device, but the desired functionality nay be
provi ded by nGhKiBUESE subier todifioransdelayss Fenths diselosedsimbodingat.he @iteut Phe
control provided by calibration circuit 520 may be in digital or analog
form and mayphisee meddator 6Hbindigiehthgreasingndee ehwrpibel 420 a9d sqrpes a5 aguging cui t
di Agram of one enbodi ment of transmitter 540 and its conponent nodul ators
620, 630, 1B40cfaninso fatpsweration ef the trailieg tdgrbynwidthanodnior$dDs Aldetayfroptching
generating a strobe signal, which nmay be transmtted via bus 210. For one
enbodi nent ofblock (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 .rclative 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. Ifthe width bits indicate input ¢, for example, the
second edge output by MUX 720 is delayed by DM 722 + DM 724 + DM 726 relative to
the first edge.
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system 200, two separate strobes are provided. One strobe is provi dédthg‘l}y 2005
comuni cations from device 220(1) to devices 220(2) through 220(m, and

anot her stroRg, oJluseRy0Vvi ded for communi cations from devices 2 H{)seiR5RH49N
220(m back to chlgv?lce 220(1). 20 The discl osed enbodi nent of transmtter

540 nodul ates a clock signal (CLK-PULSE) to encode four outbound bits per

synbol period. One Rj Iihﬁiem‘ﬁﬂa‘%&l-dzﬁ UEQ%TW 'ﬁdﬁ;ﬁg@n&ﬁbgéﬁnm:wﬁtm

bits are encoded in the sy s wdth (w iIts) one bit 1S encoded
inth nmbol ' ' it [P ' 40 2
VY 2005 1o 03 B0 5" Bl ERBYEE Pl oSBT B el ¥ i U B p e

nmbol I ' . j . dt
gencrat o a di | Pay aAprayveBrboRisa A8kl ad kPO 3Nch sfhudiod ThmpRaERE 10
i ncl ud MUX_ 710 I I 7 - 710 i d
version of cLkmeonel$28 Tefisd8MnEs 10 bt ragbhial Bl SERY B o et EpiiE
f [ t 704. Th apl t X 7.10 t it d .
undel ayed f 1 s B 0ol okAre Sl ity PR & B BN Hipline
bit. | ..Qh dul 640 .t hat - ph bits .n
cel ect one of 2l SEHEFETE0 B et tper S RiisrREE. corar frRPLR Berayd TS
t he di scl d [ t, t t. dul at I.ndj th
| eading. edge. ofl SYEEI 20 0L by T3 708 AR of S AR GeE G0 -

ti f the traili d by .wi dt h nodul at, 630. A _del ay- mat chi

bl ock ( DNO)  71Li§aies 3o beilco WiohETEIRAES An recriPifs STRP WPERISHSA T 630
(such as the delay of M.TX 720) which mght detrinentally inpact the wdth
of symbol 420. ERGd30 siachvited 2 popi vy oua n@aavesgoaraptésegﬁmovvsdrw% outppfiadh i s

provi ded to anplitude nodul ator 620 for additional processing.
) 10 transmitter 540 via differential output buffer 610.

Strobe transmitter 790 includes DM 750 and matching logic block 780. DM 750
delays CLK_PULSE to provide a strobe signal that is suitable for resolving the data phase
choices p0 and pi of symbol 420. For one embodiment of strobe transmitter 790, DM 750
positions the strobe evenly between the phase bit states represented by p0 and pl (Fig. 4).

15 The strobe is used by, e.g., receiver 530 to demodulate phase by determining if the leading
edge of data arrives before or after the strobe. DM 750 of strobe transmitter 790 thus
corresponds to phase modulator 640 of data transmitter 540. Matching logic block 780

. } | duplicates the remaining circuits of transmitter 540 to keep the timing of the strobe

consistent with the data, after DM 750 has fixed the relative positioning.

20  In general, DM 750 and matching logic block 780 duplicate for the strobe the
operations of transmitter 540 on data signals at the level of physical layout. Consequently,
this delay matching is robust to variations in process, temperature, voltage, etc. In
addition, the remainder of the communication channe!l from the output of transmitter 540,

through- board traces, electromagnetic coupler 240, board traces on the other side of
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15 Wdth nodul ator 630 i ncludes DI Nds 722, 724, 726, 728, and WX 7201t20 MAY 2005

generate~ a second edge that is delayed relative to the first edge by an
anmount i ndi c@ghfyiihe width bits. The del ayed second edge fg@rfEsi/S600
signal C STOP) that is input to anplitude nodulator 620 for additional
processi ng. For the disclosed enbodi nent of transmtter 540, two bits

applied to theeanats40l addRuhe BHuthbiteédiVerseh eche pREVIRE dbvitd, nthyfHeati@citeddrl ays
20 for the second edge, which Is provided at the output of NAUX 720. Inputs

a, b, ¢, and Qiefils bdirect?@ts AIN1RbE NEortidtY keehiti Hosenl reliivd tRinkgl Hdlveeggthe
followng its paSsage through DMs 722, 724, 726, and 729, respectively. If

the width bit Sl R 1dyE MlneCmbbimAX &IRERd fb1RustSBEONpRIga LUt by
MUX 720 is del a;ggﬁ%y DM})%ZZ g gM?énAf + DMI726 relative to the first edge.

27 1 2 MAY 20 i 0 1A[fRhe LikklRs sadeinainger Ak uses
START and _ST c%séééﬂée grgggéq%sgﬁéﬁﬁ gftﬂ}fse%havi ng la first edge, a width,

and a pol ard ty.,indj %ﬁgﬁﬁ%ﬁ%{taﬁnﬁatmﬁﬁm 1R de @] rRBRE RS by RalibtaleFor the

respectively, provi ransmtter 540 for a given synbol period.

Al i t ud dul ' i 4 . '
START 1o edge THBts e HUSHAES, b Lol Ok b SBGed G dmontbY Kaotervie?

dependi ng on the.state of the. i gtf it. Switches 740 may be AND
gates, for exén%ﬁ"%{“g_f@’ﬁtfi’ﬁfgpfﬁ?%%%&é’g %ads?econd i nputs of EPGs 730(a) and
730(b) (generically, EPG 730). On receipt of START, EPG 730 initiates a
synbol pul se, whi cFig. 7Btier nitmakts diegramefonptmbddim@robz pogpearhig I8y whi ch
EPG 730 is activated, a positive or a negative going pulse is provided to
t he out put of nddduler(@MTIA0tthat iSd(table dordist ivith drtfresentgutgption. biidriexpmple, @re or
Sh_tw}obe transmtter 790 includes DM 750 and matching | ogic block 780. DM 750
del ays CLKgPUnRfre DMITMhilebeussd Evlagy sf DNGRI712,17aR, 124, BA6, T2 ked 73t intksol vi ng
t he data phase _ _
' 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 Vi and V; through first and second transistor sets 774(a), 774(b) and 776(a),

776(b), respectively. Reference voltages V) and V2 may be the digital supply voltages in

15 some embodiments. Programming signals, p; — pj and n; — ni, 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; — pj and 0y — oy, 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 inciudes
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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choi ces p0O and pl of synbol 420. For one enbodi nent of strobe transrli f?‘tw\Y 2005
790, DM 750 positions the strobe evenly between the phase bit states
represent ed %&@6@;}9 pl (Fig. 4). 15 The strobe is used by, g@Busoi/49961
recei ver 530 to denodul ate phase by determning if the | eading edge of

data arrives before or after the strobe. DM 750 of strobe transmtter 790
thus corr espowfish,tier PP@ga0(apshd ZHOW) i6 #1k. DA, datdelayénsited @pyASTANEL ¢hi ng

| ogic block 780 duplicates the remaining circuits of transmtter 540 to

keep the tim nggadvetditngidgeba STOPShditasd thwkidoft gmbol pulsediWrén BVIOIOQ hipas
fixed the relative positioning. 20 In general, DM 750 and matching | ogic

bl ock 780 dupl tefnsis@r 731 istdfLargittrRbitot N6 is @R AAIdsBNS-g8ing b ST TART tRAD0PN
data signals at the | evel of physical |ayout. ConsequentTy, this del ay

mat ching is roRiasktol P34/ pullRkind8s N 1BwRhE ¢8R fatink A TRRAIBLMEE for 4Ql HB8IPuise bfthe| N
addition, the remainder of the comunication channel” fromthe output of

transm tters 54Quput bELG IR0 D AN Gsdqlidi BSeatb-86inEQ 410K QRS §ff trafkistoPRr d
traces on the other side of 23 1 2 MAY 2005 WO 02/ 060137 PCT"/ USQ/ 406

coupl er 240, aRd whfs S1RadsHRHB20ful HRERIM R hi@ﬁg’ncﬁ{cnﬁig&h{g%ﬁ@%%b@{;ﬂ?é{i ce, may

be matched in delays between data and stro In order to e chosen
relative timng. However, the matching of delays is one enbodi nent
described for ill uferagiveespobyasbs, T may e deasearied {eagptiveorqingesigrlesfonsi s
invention. For exanple, if the circuits and remainder of the 5 channel do
not mai ntai n wheGtrdkr eRarespanging (SIKYP dabsaged. Forewinple.gherdigclomdicbadimenoof t he
relative timng of the strobe or even conpensate for the absence of a
strobe by recteamiing S40hetimediwvith GLIE RHE, opd highelsymbolabrdsteatbe dhitajned7 B
i-_§,}a schemati c di agram of one enbodi ment of a progranmabl e del ay nodul e
(DM 770 tibat byemplsyingilaerofv0CLKSBULSEd Thaaevigthe sESTARTwedt SDOP afecthusexanpl e,
one or 10 nore DVMs 770 may be used for any of DIMs 712, 722, 724, 726,
728, .and 750 fifunctitxeof 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 S0 that it always ends after _STOP begins. This is done by generating
a new START whose beginning is indicated by the original START but whose end is
indicated by the beginning of _STOP, instead of the width of CLK_PULSE. Note also

that, in the alternative embodiment shown in Fig. 7D, the sum of the delays through delay
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di scl osed enbodi nrent of transmtter 540 to introduce programmable d@l ém\i 003
START and -STOP. DM 770 includes inverters 772(a) and 772(b) that are

coupl ed to refeimpressy voltages V, and V2 through first and secgrfyseisiooci
transi stor sets 774(a), 774(b) and 776(a), 776(b), respectively. Reference
voltages V, and V, may be the digital supply voltages in 15 sone

enbodi ment s. nRtchipgdrenki 7y 4sing ERIGS7300f) muspmarh themuninterdkéd deiRyp! ih @ddth odulator

transi stor sets 774(a), 774(b) and 776(a), 776(b), respectively, alterthe
conduct ances6¥ken by inverters 772(a) and 722(b) and, consequently, their
speeds. As discussed below in greater detail calibration circuit 520 may

772(a) and ??'Z?E§F*9£%&ém°v%¢éﬂﬁﬁs%§%m g’apig%ﬁw SR TBIBEMER of
e P o S P i 2

738. The tl‘yﬁﬁ transistor. 734 is drlven b ST

posi tive- 90| ng QL Rleymetransgistigr é‘%’ofsrfé“H@@F‘Eﬁﬁ“ﬁ@0%6’3495/%%1““%5@ se.

The gates of P a%ﬁl}k transi stors 732 and 736, respectively, are driven
by SToP, 2 ola BB@tWPUSQ“Eﬁ'KQ%%IWﬁYGHC sqalgrchmpEs
730(a) and 730 in F| s a del a i nverted copy of START. A

negat i ve- goi ¥ "éﬂé[ée‘ﬁ @@leFﬁilgé’aﬁ”é’sg %ﬁNM%@Lacmgsnmt@khmr@bthaMhen
-STOP i s high, tranS|stor 732 is off and transistor 736 is on. A

posi t i ve- goidsEedse g inserfase 239 to extrast data bity fanBirtherproceSsing pyubidviceR280dbe M | ow
and generati ng}ga | eadi ng edge for a synbol pulse at the 5 output of EPG
730. A subségtrennd bitsrarpdad-lyoianly SYNRODL aredidiRted belavs tiefebrrespandingt or 736
anfl turns on transistor 732, pulling node N high and terninating the symbol
pul se. Rér &YMECh I&?ﬁﬁmﬂcr;ﬂglweWZ&'uART may be deasserted (negative-going
edge) before or after the corresponding -STOP is asserted. For exanple,

the disclosed enpedh R0} sQfmatic 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 ‘elgctromagnctic coupler 240. Amplifiers 920(z) and 920(b) produce digital pulses in
response to cither positive or negative pulses on the &ansferred signal (TR_SYMBOL in

Fig. 8E) and its coriplement, e.g. the signals at inputs 602 and 604. In addition to
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transmtter 540 is timed with CLK PULSE, and hi gher synbol densiti e‘g r%‘avf%ezg%
obt ai ned« 10 by enpl oyi ng narrow CLK- PULSEs. The w dths of START and - STOP

are thus a wonelbnsy of the CLK-PLJLSE width, while the separ @cirasshedseeen
START and -STOP is a function of the width bits. The different possible
relative arrivals of the end of START and begi nning of -STOP nmay adversely

i npact the npelukadation Ap!EKREb Qatby HehouplEiithippaprigpeiifg sighdlyto
transi stor 734 may be on or off when a negative-going edge of 15 -STOP

term nates the sxibelidvbsice whedeoN@Bydinb ufiel dilteis. be exposed to the
parasitic capacitances at node P through transistor 734, or not. This

variability may affect the delay of the trail.ing, synbol edge.through EPG
730 in an uni nt endaishiggstrops gpeeiyes 404 st lﬁéWﬁl‘hﬁqu? g‘gcf’gﬁ*??’yf"ggd%&%c? tléﬁlarqnati ve
enbodi ment of transmitter 540 that includes an additional EP 7&%%%. EPG
730(c) reshagteabesEaRT Kos thedisrlescd embodimpti B Bopived THARG AT IP SPBTR*he
variability described above. Namelélf t he nodi fied ST@RT i s, W dened dsgg t hat
it al wayss eniiforafation irgaoPsyretgil A20. Strabs recstvadfi2 ingludss Jiffeentihto SPEIESHIET ART
whose beginning is indicated by the original START but whose %I[’}ﬁ'h%i_
i ndi cat ed byamplfidyed20(n) ang 30(d) sROMatchergisitry §04+ Netahed ercusfy LPUCPIGREE.
Note also that, in the alternative enbodi nent shown in Fig. 7D, the sum of
the del ays tinnchighthe eiraginid@ clrodtrviiteod6s 53480 matiodtiays Zoptety deirePu 9961
mat chi ng bl ock 714 and EPG 730(c) must match the unintended del ays in wdth
nmodul ator  63@nalEisgniladAe BiE ischingobfiGaRUNSE; S48 RARTOE TERSMIVERY. Oknd
TR- SYMBOL, respectively, for one enbodi nent of system 200. Here, TR- SYMBCL
represents t&gbddimbit oF sobbeTEMB@Er 90D idcbuengrchitathatrossipond sephase demodulator
el ectromagneti c coupler 240. The smaller anplitude of TR-SYNMOL relative to
SYMBOL i §g I OgEidnd windh deicadiaby 680 evithGahe mitvangpdifications. 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 rcpl'ic:i 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 302.
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.

32



bet ween the wavefornms of Fig. 8D and SE. TR- SYMBOL represents the sﬂgZawﬂy 2003
that is *decoded by interface 230 to extract data bits for further

processi ng bxy@evh@$§37220. The 4 outbound bits encoded by eacmﬂgﬁggﬁhg [e
i ndi cated bel ow the corresponding to SYMBCL in the order (p, W, , a?{

Fig. 9A is a schematic diagramrepresenting one enbodi nent of receiver 530

that is suitable fh%rdi&é@u%&’%&&hﬁ@at%%ﬁﬁﬁ?Pedléﬁﬁ‘?—ﬂ&if@ indthds Gh &f%h&%d(b) on

enbodi ment of receiver processes differential data signals. Fig.

al so shows a {:rﬁeg[ggnéie%rﬁié r;%g?)?oﬂ el Sko. ggg&e?f%@%? OmPHr QGRS st éligd

differenti al e recelver ovide delay 1S
t chi f i 5 i nd | t [ [ 0 and
Strobe r coei T ey 3oag Sl ohel BhoK RO By RERARRE AR ro, 0
ith th nbodi t f.t ] 540 t t i : 0
tLn e SRS Rt ST IARE RARANAHIHE AT EndR
diff tial t i nal e- end | i £ 9 9 ' t
For the. err gyt SROGRT 61T de SOPL b R mob el rone s SR SRR 530"
Anpl i fi 92 1d 92 d di git al I in. ; t idh
posi tive. or rdtabbenpRhededhobb e Svinidris voh A ittt S SR HIBEL HBuIss g,
SE dit | t, e.,-. th [ I i t 02 604. . |
2ddi t1on to SPeRngh hetvreAon IHOCHR ket et UBDY PIBGET PIEHBT'E iodt T
anplifiers 920 may latch their outputs with appropriate timng signals to

provi de suffici entridygESea WirdllifBadr@h r§iHeeRa} dng cahbodititht &fiarplifies920MAhe hi ng
strobe receiver 902 simlarly anplifies the acconpanying differenti al

strobe si gnalgiscfeRéd dutodithatt @ aRgliGrD00 id RIdes a £l& ch@ARMNGHeYicE OPE aigginused to
degode phase 5 information in data synbol 420. Strobe receiver 902

i ncl udes di f fghpliubabe b5, Sha'@hr-GRLRY 1A Js! RRLS A0 93 ocs 93 Qetkseriy

mat ched circuitry 904. Matched circuitry 904 replicates
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.
Resultihg 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 eveats.

The disclosed embodiment of amplitude demodulator 660 includes an arbiter

950(a) which receives the amplified transferred signals from amplifiers 920(2) and 920(b).



much, of the remaining circuitry in receiver 5 10 to match del ays f ort aa%’ﬁﬁY 2005
and strobe signals, simlar to the matching of transmtter 540 and strobe
transmtter M8928%0837 enbodi nent of strobe receiver 902 incl udesTaRIH Fikivies
that correspond to phase denodul ator 10 670 and wi dth denodul ator 630 with
sonme m nor nodj fblca&_i E)ns. For exanple, strobe buffer 990 buffers the

recei ved st r o 137412 57t puemalituiobittetcoidi gtoneeetior €leoubH0or Mbiles b 2) or

nunber of Chanbﬂ@l? in, e.g., bus 2 10. Strobe buffer 990 nay be | arge,
dependi ng on t18®) RuEHITSef receivers it drives. Data buffer 980 _
corresponds to strobe buffer 990. To save area, data buffer 980 need not

be an exact repli caThofissSlhLH 0., The del ays _can 15 al so be matched
by scaling down both’ dat a bﬁ}%ﬁt{@%ﬁ)og‘%@tqJéénqdéfg‘mrr%omw?@h@?éﬂ%
relative to ti®Ms) SO EIRNA" L Hird [,0 recejver 902. Uni-OR gate (UOR)
940(a) conbi nes ts)he out pugltqg %?Itééﬁ%ﬁ(?)i gﬁgd)ggﬁi((%?)a dreoding kpgic Sl%- rildeover the

first edgesof reERreRdMRGL _ uni,- OR E:%i cates that the propagation
del ay through gate 940 ?@%ﬁf%ﬁ%ﬁﬁhﬁ‘% P14 F12:478d Sl ta gepenate. a sriedaf

enbodi nent of 4@3, LS: wnin Fig. 9C. Simlarly, uni-AND gate (UAND
930 recover set eggéggkﬁ‘?ng ggysot*l‘!‘}fﬁ’_%ﬁ%@_qcl%ﬁa&?ﬁ@éﬁn’émdiﬂ'ﬁcm%bd%@éo is)
shown in Figyid®B. Y 2095 WO 02/ 060137 PCT/ USO1/ 49961 The

di scl osed enbodi nérlftg'z%‘fe %’%*g‘{’?émﬂgﬁgﬂ’ﬁﬁfé‘PBP%Ws'?mmaél?egn@ﬁltamwber 950( b)
(generically,: " iter 950") and data buffer 980. Arbiter 950(b) conpares
the first edg‘é“"?e;“%é‘%@ &F REPef %"Ey’ﬁi’qﬁﬁ deley mdyles (il 7B) B dhiteln/I0@R BOQ)Agndwi t h

t he correspo%b&gd‘g}%ﬂg fl’OE\ the recovered strobe by UCOR 940(b),
respectively,” a ng ths hisEworsitpositien pfitha gedoad Edgheitthespdche thegavated

fiyst edglﬁ ofdthe sgrrbol | eads or follows the first edge of the strobe. An
enbodi ment of “ErIFREr Lpseding lagiro9G9 mapskiig possian tAre mirafwidfBas.goes hi gh i f

i nput 956
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 330, the latches are clocked by sampling a signal from the delay
b. chain of width demodulator 680 through the extra delay of DM 916. This tatching
synchronizes the demodulated bits to the accompanying strobe timing. In addition, a
device 220 may require a further synchronization of the data to 2 local clock, e.g. clock
‘ M) | synchronization circuit 560 in Fig. 5B. Persons skiiled in the art and having the benefit of

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

. . . . .
0 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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goes high before input 958. Qutput 954 goes high if input 958 goes h1i gthAY 2005

before input 956. Fig. 9E is a circuit diagramrepresenting one enbodi nent

of anplifier di scl osed enbodi nent of anplifier 920 includes a
reset equali z‘gf’%%/ﬂyagz/i ce 922, a gain to control device 924, aRAT/AS01/49961

pre-charged | atch 928. Reset device 922 speeds up the resetting of

anplifier 920 gftaL ected . pulse, in preparation for the next synbol
period. Gain lé(?onlt r%?”%@f? ¢ %%%B?@é‘t@tm@),ﬁaigainqﬁoamlﬂﬁdn@mﬂ rfor

variations in - voltage, tenperature, and the |ike. A control
signal 926 my@@gﬁ%%?g%gﬁhﬁﬁrﬁ‘éﬂq“ﬁ? Hsisifce @ervicesdts GD0) abew(ggner al |y,

device 924 may be nultiple devices connected in series or 15 parallel, and

signal 926 may be s d0 ahovn drsenbodihGR 8f YibaRbi igp ejrcuit 520. Pre-
charged | atch 928 reshapes received pul ses fgbhgrgﬁﬂcﬂiﬁvghﬁ’@%@e

succeedi ng ci rcglifiration is Ressd lftddbgkAY RU O | s..are. deternm ned by a
timng signal, RST. For one enbodi ment gfd%z%ﬁ%a |f8rrva§'§g!f’pfﬁ§'°15’is produced

by DM 916 ¢Fi temp@rdtyre atodiage, Whd the @iicher . si,gpal.s used in receiver 5'
)0. It is possible for pr%n: char Sed( Ia'{%%énggfgggcﬁégg?a&ﬁ? OB YIRS ehpveing n

i nconsi st ent Eigal®i,a ddUE-1b&eR QR s es ' dditional
circuitry may be usead :hg deteeg)%&a(ﬁgmgbg%ﬁg %éaﬁ'é’?fcév@hﬁ@ﬁ%éewwméas-
enbodi nent of conapdtéd DRR 1dep@sL incl u n arbiter 950(a) which
receives the anplified tra(??s? eir‘?}rggﬁzéie;lg%éﬂug’%ﬁ‘gﬁ%aﬁbﬁﬁ%ﬁc_@ﬁg thgd the sym o the
anpl i tude bi t accordl e L et el GURpLP LS ARUIT Pite vt dyteemvhen
920(b) pul seshd sunsbf i e dioment of wi dth denodul at or 680
i_n,gl udes del ay rmdu|ﬂe’ésrha?%lnt/§§°h§i§g"39@? ‘Sg'iif,th%{b BR4abios orsere dhan @B olodl |
950(e), amd gegadi i .ine 5 recovered first synbol edge is sent
t hr ough DVs glgw QmigL l:‘grgtfq éﬁﬁpﬁyg_!cé Zlﬁg'r'gé‘tdé?aé( coBirglasttiges until the sum of the delays

matches one clock period. The established control setting reflects the effects of process

temperature, voltage, etc ... on the delays of DMs 1000. Calibration circuit 520 may be
operated continuously, periodically, when conditions (temperature, voltage, etc. ) change

or according to any of a variety of other strategies.

15 The same calibration control settings can be distributed to DMs used throughout
interface 230, such as DM 712, DM 910, etc. The desired delays of DMs in interface 230
are achieved by selecting a number of programmable delay modules 770 for each such

: ) DM which have the same ratio to the total number of delay modules 770 included in ali

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 DMSs 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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edge signal s having delays that replicate the del ays associ ated vvith] 2 MAY 2003
di fferent, synbol w dths. For one enbodi nent of the invention, DMs 910,
912, and 914 may be inplenmented as progranmmbl e del ay nodul es (Fig. 7B).
Arbiters 950997887 d), and 950(e) determine the (tenporal) RETEUSOLEYIGET
the second edge with respect to the generated 10 edge signals. Decodi ng
| ogi ¢ 960 maps thh_gega(;%i tion to a pair_of width bits. Latches 970(a),
970(b), 970(c), a ionigfeunayen opfained b ga letinaEirgRit 29 mar also baused phase
bit; and the anplitude bit, respectively, at their inputs, and transfer the
extracted (CRHEUAEFT Hreuwdt napmetrss. in Gigtipgtos vaviedle enditiResd Thyseanay iockilatge
signal. For the disc|losed  enbodinent of receiver 530, the |atches are
cl ocked by sHiptanpgeldeanigation devisat?handisimyf anplidlan??0. Fhiswnajtte dbeebylul at or
680 through the extra delay of DM 916. This latching synchronizes the
denodul at ed BP¥Eating thehiafermeberpeandinay is theotelnytcontral gettibgwiatld thictefbets ofilikedevi ce
220 may require a further synchroni zation of the data to a |ocal clock,
e.g. clock BEpResirtemperatiremoltdge candtlike@0nditiorsioy.théiher Retidopusansdtes] ed i n t he
art and having the benefit of this disclosure will appreciate that this
can be done in a ' { s. 20 The.vari pus capponents in
an enbodi nent of n?hrfgéélﬁl%%gélésqu?gH%ﬁg{egg’em%&%'ﬂ%é?rpcg?wd'% 'gﬁF?mfl nts that
may be adj us ’ . of. _proces val ta fenperature variations
and the i ke%&%gélﬁgg'gﬁgﬁ’g,ﬁ '%[clie)d";e Sat ?“Hﬂsiﬁ'gf ‘ﬁﬁ%ﬁg‘?@é@ A% the delay 34 1
2 MAY 2095, 2/.060137 PCT/US01/49961 proyvi ded a Programmabl e del ay
modul e (DM tg"{ag%e%ﬁé‘ioﬁplfﬁs6?/?6'55“59“&?@'&*2%?%%“é"?t\'/'dPHr?ﬂf'i B%r 920), or the
term nation reec%j stange gde]vi ce set 69?(a) and 690(b)). Fig. 10 shows an
e___rj,godi ment (FCCRMABIEHE CORPIET fRRASE relativelymionprBBRasopyon e lFurigaipEpertEst o
use fequack to nmeasyre and conpensate for variable process,

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 Secn 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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5 tenperature, voltage, and the |ike. The enbodi nent of calibrati onici?-r%Yi' t2095

520 shown in Fig. 10 is a delay-locked |oop (DLL). A clock signal
(CL_PULSE) is delayed by series- connected DMs 1000(1) - 1000(m. The
nunber of DMs is chosen so that the sumof the delays can be set to match
one period of CLK PULSE, Arbiter 950 is used to detect when the sum of the
del ays tyrQugh: DMs 1000 is less than, equal to, or nore than one clock 10
period. DLL control 10 10 cycles through delay control settings until tile
sum of the delays nmatches one clock period. The established control
setting,efle he effects of process, tenperature, voltage, etc ... on
t he delgys ofgki%&ﬁgﬁﬂPn%%ﬁibration circuit 520 may be operated
continuously, periodically, when conditions (tenperature, voltage, etc. )
change, lgr.a&&grdiﬁg to any of a variety of other strategies. 15 The sane
cal i br afi"0f* D L eondieiivedasehe distributed to DVs used t hr oughout
interface 230, such as DM 712, DM 910, etc. The desired delays of DM in
interface 230 are achieved by selecting a nunber of programmuabl e del ay
modul es 278 degice ixgamesichiissprimitl end Fradréverthe fishambad onty the fitsheondscave nunber
of del aypmduges 770 included in all the DVs 1000 as the ratio of the
desired delay to the clock period. For exanple, if there 20 are 20 total
del ay nmodules 770 in the sumof DMs 1000, one can select a delay of one

tenth o i 8:.Cl perid- by usin el a ul es 770 for, an art.i cul ar
DM use d‘I'l Pgﬁ?ﬁflﬁ £ ]gIrCeF ace gfgg].c e%ﬁ 588 F:tlﬁ% ﬁ,mt 5%’@‘5@ °5$S135Q?Z%‘}?8‘8 E@CQXW?%’@P? onal
extra dedupjer§,ovheasity equhrtialancddaslectioMdpyetiooRipler BQosipakéd 604 dedord@hdudivet he

out put s of'%ggeﬁted del ay. no es ;%g which constitute that DM 35 A 2 MAY
2005 VIEG27U6H1EFUBEFIERIPT % dessseoantoqndpetiiedrace pnic e s cpadicsbe Hptted by

cal i br agro@Rs et donSRBVERYcA Slardley ¥5EHed © control other circuit
paraneters, in the face of variable conditions. These may i ncl ude the

2. The system of claim 1, wherein each balanced electromagnetic coupler has a coupling

coefficients in the range of 0.1 to 0.4.

3. The system of claim 1, whercin each balanced electromagnetic coupler includes a first
- component, which is associated with the first conductive trace, a second component, which is
associated with the second conductive trace, and a dielectric medium between the first and second

- conductive traces.

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

the first and second s conductive traces.

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

complementary zig-zag geometries.
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resi stance of term nation device 690 and gain of anplifier 920. TN!;ZnM&Ybam5
done by correlating the information contained in the delay control -setting
with the effects of |ike 5 process, tenperature, voltage, and |ike
conditions on the other circuit paraneters. There has thus been discl osed
a mechani sm for providing high bandw dth comunications in nulti-drop bus
systens.. The 4j e t i | sfer
data ro Gind fosRRC RS STHEHR BiRel o ERIpIRaH SR A the b AT
rel ati vaby.4n nor perturbations on the electrical properties to of the bus,
reduci ng the noi se associated with high frequency, transm ssion |line
effects. The cl eaner noise environnent allows various nodul ati on schenes
to be inplemented in nulti-drop bus systens at higher signaling
frequenc'es.,{he discloFed enbodi nent s _have, been provided to i]Jlustrate

u

various ¥eat ubsy BtFm_tq{(S alrﬁrle%‘ﬁ'feﬁi sAFB AL FbGrIi’?iaP%‘idsf'é?Fém&@igP?té’cFWlﬂlefWS art of
bus- bas qgh sy $d165R06 HabtFer miége?& frdifiodor R gﬂ.ﬁge& ?jgﬁal tenérgﬁ SEHRAMiRitny | !
nodifications of the dfs 0

recogni ze vari ations and cl os enbodi ments, which
none t hdahdwiltif efithe syistei.n t he spirit and scope of the appended clainms. 36
1 2 MAY 2005 We claim | . A systemconprising: a bus including a first
conductive trace; a first device to generate a first synbol and to drive
the first synbol onto the first conductive trace; and a plurality of

recei ving devices to le the first synbaql through bal anced .
el ect r ofagnethife YXGH ﬁ? @@"&1 9mg?rswrﬁt Tegsoop 21 &chzzrér @%é&?%ﬁﬁaﬁm"e UREESHASR i s
conpr i s@goétrPthaeetitds ERMGEEH M@uplifER AN oMIR fdctomaPhdicRohpRPwiRh t he

second conductive trace, onto the first conductive trace, crosses the
first cypdRions fenamigglgogitigngphiinst andgecqndpemponents.

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 bus further includes a third trace to transmit the clock
signal. ' '
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2. The systemof claim 1, wherein each bal anced el ectromagnetic cou‘iplzerM%aggﬂﬁ
a coupling coefficients in the range of 0. 1 to 0.4. 3. The system of
claim1l1, wherein each bal anced el ectromagnetic coupler includes a first
conponent, which is associated with the first conductive trace, a second
conponent, which is associated with the second conductive trace, and a

di el ectrjc nmedj um between the first and second conductive traces. 4. The
syst em ofl-cl at B ¥steiheldaim H) whegsans the diset tigee sragpafn ofdracesanddapmbot Bnduct i ve
traces h@msRinddeRARiiffekiAkighfiduces changes in a selected coupling
coefficient with variations 1n positions of the first and second s
conductive traces. 5. The systemof claim4, wherein the first and second
conductive traces have conplenentary zig-zag geonetries. 37 1 2 MAY 2005
6. The system of claim4, wherein the selected coupling coefficients are in
t he range. of ThelsystemOof4laiih. 1, Therciy thiedns tfoncd Misteidcuitkivardeind aekast oaé of the

bal anced_el.ect rronagneti c couplers has.a length selected to transfer a

t ar get ed *FF 488 fiBA° f's‘éngﬁ?ﬁ?Pga“%‘FbWﬁfd'energy (e) without limting

bandwi dt h of the system 8. The systemof claim7, wherein at |east one of
the first and second conductive traces has a geonetry that reduces changes
in a coupling coefficient of the el ectronagnetic coupler with variations

in nom nal pometsiy@Bs ?Eidimst wﬁewiélstﬁs%gn&amr@is shardicpiiaBiand fusl @i m

1, wherein the first device includes a transmtter to generate the first
symbol fcirewt hogsd threnghtthe gfectyprpagngtieiceupddrock signal . 10. The systemof claim
9, wherein the bus further includes a third trace to transmt the cl ock

si gnal .

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 claim 14, wherein at least one of the plurality of receiving devices 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 electromagnetic coupler.
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38 12 MAY 2005 11. The systemof claim 10, wherein the first tracd isMAY 2005
pair of traces and the synbol is transmtted as a differential signal. 12.
The system of claim 1, wherein the bus is on a first circuit board and at

| east one of the receiving devices is on a second circuit board. 13. The
syst em of cIain112, wherein the second circuit board is separably coupl ed

to the f ard t hrough the el ectronma ic coupler. 14. The

ircuit net
system o]f cl a][ "int%%g‘gi“ﬁl 16 avbereinsthe digs; wgondhand, ab“‘él symbpls AETACPERE Uging
encode aorel dr$horé 8 phadb nldidhBtibh pulke- vﬁﬁﬁt}ﬂ(lydlﬁﬂﬁnr BSEHNKE Blohﬁlaqgr? q Vﬁ gl?lgflﬁlﬁ@' ved

symbol into a second set of bits. 15. The systemof claim1 In at

| east orBo$Hatiade plurality of receiving devices includes a recei ver to
decode the first synmbol into the first set of bits and a transmtter to
encode a third set of bits in a third synbol. 16. The system of claim 15,
wherein the at | east one receiving device drives the third synbol on the
bus thrquh |A§ &ﬁ%gronagnetic coupler. 39 G1 2 MAY 2005 17. The system
of claiml6, Whe $rst, second, and third synbol s are encodi ng
usi ng one or nore of phase nDduIation pul se-wi dt h nodul ation, rise-tine

nodul ati on, ang aﬁplltu ; f ?’ﬁ 18. A systemconprising: _a first
conduct iAEStPRARSUYS FrAg having mplugle tirssqouphg,romppnepimshfareazedbraditser i zed by
a first gegaowptry; a first device to drive a signal on the first conductive
trace; and

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

multiple receiving devices positioned adjacent to corresponding ones of the first coupling
comporents, 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, wherein a projection of the second coupling component onto the

corresponding first coupling component crosses the first coupling component a plurality of times.

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

from the range of 0.1 to 0.4.

20 The system of claim 18, wherein the first device drives the signal on the conductive trace

through a direct electrical connection.
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mul ti pl e receiving devices positioned adjacent to correspondi ng ones pMAYhE05
first coupling conponents, each receiving device having a second coupling
conponent characterized by a second geonetry and positioned relative to
the corresponding first coupling conponent to form an el ectromagnetic
coupler, wherein a projection of the second coupling conmponent onto the
correspaondin irst coupling conponent crosses the first coupling conponent
a plural ?rnlt y 8&‘? e OP"T@‘.’“ I%Iﬂé’ herewn ppbleagt ons af the firghiand sscand geonaditien i ng
coef fi Ci ARliatAUeferRORlFithe/ @uplnS&eBEiGH onrEANd MRioANIEME Fird akd §Qofd 4. 20.
The system of claim 18, wherein the first device drives the signal on the
conductHW@P?#&&R@mqmmméugh a direct electrical connection. 40 1 2 MAY 2005
21. The systemof claim 18, wherein the at |east one of the first and
second geonetries alleviates dependence of the coupling coefficient on

rel ative positions of the first and second coupling conponents. 22. The
system clajm 18 ein.the first _.device is an interface.of a first.

i ntegr a’? fgd cﬁ%eusly P iatnhlg 8 VoS ?lgfsgé%‘gc%ﬁsé”i}r'r%f’)’ifacter?gf‘qﬁﬂd’ﬂ)ta%@teﬁlﬁrf’}nﬁI e
bits prawiddedsimal idetudes & sfmbol tieg eadodes Giultipld bits préddedThieths Yisdt enfegrbtedlcatm.22,
wherein the second device is an interface of a second integrated circuit,
the interface including a decoder to extract the multiple bits froma
waveformtransferred to the second device through the corresponding first
and second coupling conponents. 24. The system of claim 18, wherein the
second dévi cdb@sysem o claim A3 whaseintike e viieds an interface f @ segond ingegrated

el ectro 1.C; i C i nts.
25 A SynpanieanO, BilpiRite Wor i Bataet &l ol BRERGSL R GRRGRS

i ncl udi trytha sédond devioeithiriugl thoopuspoending fistamlseraniooapling cmpoaeetited t o t he
circuit board in a first position relative to the first coupling

conponent, the first position having a designated precision; and

24. The system of claim 18, wherein the second device drives a signal on the conductive trace

through the electromagnetic coupler formed by the first and second coupling components.

25. A system comprising:
a bus trace on a circuit board, the bus trace including a first coupling 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 precision; and
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41 1 2 MAY 2005 a second coupling conponent associated with the deV|c£ﬂw 2005
the second coupling conponent to forman el ectromagnetic coupler, wherein a
proj ection of the second coupling conponent crosses the first coupling
conponent at | east once when in the first position. 26. The system of claim
25, wherein at |least one of the first and second coupling conponents has a
geonetry that preserves the selected nom nal value within a specified range

for the @ {¥EQRAFPUPHRE FIERAnSHIG§sQstated with thedeviggcthe sesand oqupling gompencahiofprm
claim2%, él@l:ﬁbﬁia@nélclc%ﬂﬂbp wierdi# pﬂj&ﬁbﬁ 8rBgReldng cﬁﬁlﬂﬂig%rdp%néﬁ Icﬁﬁge% @nd O

support signaling on the Bus trace at uencies up to a specif
f r equendirst @gplingeomppaertiat irasicings whesin thhgr@pnmaon ength of the

el ectromagnetic coupler is selected to transfer a specified fraction of
signal energy on the bus trace. 29. The system of claim 26, wherein the
geonetry is a zig-zag geonetry. 30. The system of claim 26, wherein the

devi ce dt second uplain conpo ent ar unted on .a flexible circuit
boar d t 1Rt i oL 15 SLeRPrRR RS RHBAT RGr el e A qeSopy SouplfRg comipofins
has a geometry that preserves the selected nominal value within a specified range for the

designated precision of the first position.

27. The system of claim 25, wherein a length of the clectromagnetic 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.
29. The system of claim 26, wherein the geometry is a zig-zag geometry.

30. The systern 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.
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