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EL CTROVAGNE Iy AL ¥596PUPLED BUS SYSTEM Rel ated Patent Applications 5,- This
patent application is a continuation in part of U S. Patent APBIUSBYIUSH
Serial No. 09/318,287, entitled "Hi gh-Speed Digital D stribution Systent

and filed on May 25, 1999. Background of the Invention tb Technical Field
The present invention rel at eSYMBOEBAREBSEGNALINGEOR £Ati ng  di git al

data, and in particular_to nechanisnms for communicating digital data in an

el ect romagnet i cal | y- couBFedBOMAGNETIS ABRYKGOURREDBUS SBiSgEMl el ect roni cs
systens, such as conputers, nust nove data anong their conponent devices

at increasing rates to take full advantage of the higher 15 speeds at which

t hese conmponent devices operate. oL l.e, conmput er may include one
or nore processors that operate at freg)cﬁg%é?q@gﬁgfﬂoéf gi gahertz (GHz) or

more. The data t hTiGagipattappicatibeise RORBESOpaRr Bid MRt A 13 ol ver Y
bandw dt'h of"conventi onal systens by significant nmargins. S i SCrepancy -
i s ti gat ed -NerAWHA28Fyentite@ ! HighSpeed Dithli Digtriottisiadyadteh? AR IR May 25,
frequently USF% data on the processor chip. However, even the 20 beéest

cachi ng archi 8ture can | eave a processor under-utilized. Simlar problens
arise in any digital system such as comuni cati on networks, routers,
backpl anes, 1/0 buses, portable device interfaces, etc., in which data

nmust be transferred anong device at. ever hi gher frequenci es.
The digital bandw dth (BW of a %gmm’f’;ﬁzr’#'gg i%‘ﬁhﬁlﬁgﬁ el may be represented

as:) 0 MAY'92005 wEedmical Bizbh FhopeLausivtHR8 Feates to mechanisms for communicating
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
15 speeds at which these component devices operate. For example, a computer may include
one or more processors that operate at frequencies of a gigahertz (GHz) or more. The data
throughput of these processors outstrips the data delivery ban&width of conventional
systems by significant margins. This discrepancy is mitigated somewhat by intelligent
‘ ) - . caching of data to maintain frequently used data on the processor chip. However, even the
20 best caching architecture can leave a processor under-utilized. Similar problems arise in
any digital system, such as communication networks, routers, backplanes, [/0 buses,
portable device interfaces, etc., in which data must be transferred among devices that

operate at ever higher frequencies.

The digital bandwidth (BW) of a communication channel may be represented as:



BW=.F, N« Here, Fs is the frequency at which synbols are transm ti@diAn A5

channel and \g d@ Qf nunber of bits transmtted per synbol per clock
cycle C synbol density"). Channel refers to a basic unit of eommsgmi/agts on,

for exanple a board trace in sinj-e ended signaling or 5 the two

conpl enmentary traces in differentiakmééapa% ﬁg For a typical bus-based
system Fs is on the order of 200 ; one, and the bus w dth

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

one gi gabyt eHeey, Fsscthmﬂeqtemwaf Whichnginboks had ieabia itef F achQ{nQNdnHQJSWVhQaVG
focused on increasing one or both of the paraneters Fs and Ns. However,

these par ametenberadbiiotrabmittdiGlee amesh Ped dMticydi® (b Rbbt deh Q" £ XAIRAA refBrsPUS

trace behaves like a transm ssion line for frequencies at ich. the signal

wavel engt h becopBk waIabaRugich@onl hﬁeﬂiﬁ 195%85}8&:9 in sinBlel CPIH?CI Q&rﬂhntfy Lequency
regime, the electrical properties of the bus nust e car y° manag ed.

This is piil’tth@%@b&)rﬁplcﬁfcﬂﬁrﬂt&c%tﬂmrgttﬁp% Lﬁatﬂg §z}t%u?t¥§ 3d\t'.li\_€slt(%t(1,jt & bus

i nclude three or nore devices that are Bctr onnecte

trace through cR@edrig! ofSo RE, TN 5}@%&9 Sy Rl Emg gﬁiaﬁlg SpEggr L nul Ll es

in the trace inpedance, which’ scatter reque cy 5| r f erence

bet ween scat Se Gan n|f|c ntly reduce signal
rellablI|ty‘kﬁﬁggmﬁggagﬁ?ﬁg&%%g§g1§%ﬁﬂ%ém?eﬁu%§ﬁ TRFSUGh caref ul i npedance
mat chi ng of the system conponents. However, inpedance matching requires
the use of preci Qeﬁﬂﬁempbmemgssﬁxwmmvhmgmnwaaaﬂﬁmkbeo@Bﬁhﬁs@ﬁoﬁéumﬁam
systens. In addition to i npedance discontinuities, 20 connections to bus
trdces may & g pafdmsstrs Ey siddv. ﬂémenﬂmephmnaédlcmwwaefcti@aq,ﬂ;hout

Capaci tance can slow signal propagation speed and | ower the trace

i npedandeé, \iniit Foreyampleguius eratelichavesdike  @tnsphiksioh lifk 4 frdhuenGEQR8MEERPOVET
consunption. 2 0 MAY 2005 WD 02/ 057923 PCTf US015- 0879 Conputer systens

- based on RAHYBUSThwBRA g BRERAM congrhb) B e HieBi-SSERks. RARNE hfg;lﬁ fRRMRACHh to
hi gh speed S|gnallng For these systens, devices are nounted on
regime, the electrical properties of the bus must be carefully managed. This is particularly
true in standard multi-drop bus systems, which include three or more devices that are
electrically connected to each bus trace through parallel stubs. The connections can create
15  discontinuities in the trace impedance, which scatter high frequency signals. Interference
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,
20 connections to bus traces may also affect system performance by adding capacitance.

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

require larger driver circuits with increased power consumption.



daughter cards, which are connected in series with the bus thr oqlghmgs%@s,
tightly nmat g,ggd connectors. The inpedance-matched series connecti
eli'mnate th ioﬁﬁﬁd%ce 5 discontinuities of parallel stubs, bgtutégsesignal
path nmust traverse each of the daughter <cards, increasing its.length. In
addition, the different daughter card conponents nust be inpedance matched
to each ot her and Gomwutssarsiamsdrassd enAMBI DA DRAM (RDBAPGdtdhanioes rapfesertthese
conponents, all of which touch some portion of the bus, further affect the
si gnal  pr opagatirrpypdet highredbsigelingr Fudhessisgstsmsadevigowermalinsiqpat i on.
These effects taken 10 together seriously constrain the total nunber of
conponent s ( slughieg corlsaehitlyjretchmtecediin freies pith debudthraRh cbily, tidaly matcidder
strategy for addressing the frequency Iimts of conventional bus systens
i's to repl aceotdestors. rketimptdaatd-inaghed @nBeCinnedioRedvaAe thempedandce and a
device with an indlirect~ e.-. electromagnetic, coupling. For exanple,

U.S. Patent MNecokintdBs é0grdlkel stubs bOSBS signd Yath@ist fakrse BRh QY $he daughter

el ectromagneti c couplers. The inpact of an el ectronmagnetic coupler on the
trace i npedaradsdepentg iSldn@tgl I a@itibAehd diffelehiQRuiterTh@NBInpoREIRE M¥st bk
transfers between its coupling conponents, i.e. its coupling coefficient. A

coupl er havi Rgpeiahed BifcteaUPLicRSEPEAd ih6 LoitecBRYURIN SRAkL LEaishat sra | arge

fraction of the signal energy it sanples to Its associ ated devi ce. Large

ener gy transfiRiscaionsRyAde whith SRnG8RE HBkich ¥ GE LJJM&EP&??&{H@% gce as

: b
much as standard direct electrical connections. They can also attenuate

the signal e&%FE@étiBr‘? .cgéi){mg@&qcé? Reif2t! s?'i-ci ?ﬁg:?u?}’(ﬁ?s?g ibh.{ TiheSe F.ffxgﬂ?tlak&n ergy

may be availabfe to devi'ce§ thaf are ta romthe signal source. On the
ot her haiil, BB EAALASLL A AR L08R o Rlcal 2201 are
too short r esgf*y in ﬁgjo SI gnaljll 1 o&afn'tc}l%sbéﬂrf)g?jlm §“%‘ts oﬁ%'gc%?ﬁcé h]]gtl c%ﬂ%&
addition, t 99 %%ltbal i&Q?'ﬁngCf ficient is very sensitive to the 3 10 MAY 2005
WO 02/ 057928 BCT/ 03 879 relative positions of the coupling conponents.
Variations in the relative positions can :
Yet another strategy for addressing the frequency limits of conventional bus
.syStcms is to replace the direct electrical connection between a bus trace and a device with
an indirect, e.g. electromagnetic, coupling. For example, U.S. Patent No. 5,638,402
15 discloses a system that employs electromagnetic couplers. The impact of an
electromagnetic coupler on the trace impedance depends strongly on the fraction of signal
energy it transfers between its coupling components, i.e. its coupling coefficient. A
' ) coupler having a large coupling coefficient and/or length transfers a large fraction of the
signal energy it samples to its associated device. Large energy transfers can degrade the
- 20 continuity of the trace impedance as much as standard direct electrical connections. They
can also attenuate the signal energy rapidly, and on multi-drop buses, little signal energy
may be available to devices that are farther from the signal source. On the other hand,

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

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



i ncrease noi se on the bus trace or reduce the transferred signal bem&i §§US
t o non-scal a@beozmg%gg according to whether the distance decreasel o]

i ncreases, respectively. Practical BWIlimts are al so creat edpby/usersos7y
interactions between the BWparaneters, 5 particularly at high
frequencies. For exanple, t#ihe greater self-jinduced noise associated wth
hi gh f r equendy2EYePRsiPRYOl thafew@lipg eompanenipi Vanafions inthewsiagive posifinak $aean be
resolved. This limts the opportunity for enploying higher synbol
densities. MYUHHFasT FUsE ‘?rbﬁ‘ﬁﬁi‘ﬁgﬁ O sfaciEe Hanstgated piaal ralatiomte ndngéaladie syst ens
to encode multiple bits in each transmtted synbol, thereby increasing Ns.
Use of these PEEHiIPHiRgsto Wimthes sheshisance deagessss driimmir¢ases, tespesbivaly.- t o- poi nt
comuni cation systens, particularly at high signaling frequencies. Because
of their higher dpbaidensy iimare%%%%d%‘(/ Qxlaaicg:n%%clg/%ﬁn fh,l?:l éﬁ%%%@%%:is?l ved

only in relatively | ow noise environnents: Transm ssi O limt
the use of npgulatdeL Hidh Hi : cy. communi catians, especially in
nul ti-drop rTgnvi ror?pnentl%. ﬁ%@“@iﬁ%ﬁ%%%%i%&elgwgﬁi&ﬁgwm%m our
vol tage | evelsy, I e inecre .Ns to .. More ressi.ve
nodul ati on (anpﬁgtﬂtﬁcfg'g?r%%tf%?&mﬁ%‘rm 8@%&"9’0%%@%?@%?8@ g&"ﬁ? “the
noi se envir ‘ ’ e present.invention addresses these and ot her issues
associ at ed \?v? {'T'Em](':%?ri}%uorﬁ% 8§f"i" nfOB?m§8¥’ﬁg Fﬁﬁﬁiswgaﬁds"@f@ﬁroni c systems. 20
Bri ef Description,of .the Draw n The present .invention may be understood
with reference t gﬂ?éfgalfc’d‘l tF‘HWi'CH'ﬁg E?VE\RF‘HB%‘,’P%XCH i pRrehdipityl aysenanigseceds o
i ndi cated by M{E@ L}unbercﬁ. These drawings are provided to_ illustrate
sefect ed entBHFRERIS iprach ranypiged symboh jhssehy dnereasingdise Usstof iheseiaeiwinten | i i t
t he scog)e q{g hhe{i nve:]ti,on. 4 10 MAY 2005 WO 0-7/057928 PCTI USOM 510879
Fig. | i a 'Bf8WR Rreslyupisdito goibiomramticomaunication sysiamepapieylasly at gh t hat
enpl oys el ectromagnetic couplers. =

- signaling frequencies. Because of their higher data densities, encoded symbols can be
reliably resolved only in relatively low noise environments. Transmission line effects
limit the use of modulation in high frequency communications, especially in multi-drop
environments. For example, RDRAM—based systemis may use four voltage levels (called
QRSL) to increase Ns to two. More aggressive modulation (amplitude modulation or
other schemes) is precluded by the noise environment.

The present invention addresses these and other issues associated with

) ) communication of data in digital electronic systems.

20 Brief Description of the Drawings
The present invention may be understood with reference to the following drawings,
in which like elements are indicated by like numbers. These drawings are provided to
illustrate selected embodiments of the presént invention and are not intended to limit the

scope of the invention.



Fig., 2A is a block diagramof an el ectronmagnetical |l y-coupl ed rrulﬁ)q Eﬂ@p%bﬁjs
systemin ac&gr%’ge with the present invention. 5 Fig. 2Bis a

di agram repre b3 r’.%j‘ the electrical properties of one enbodi reEnusafseshe

el ectromagnetical | y-coupl ed bus systemof Fig. 2A. Figs. 3A - 3E represent
enbodi nents of the el ectronmagnetic coupler of Figs. 2A and 213, and their
use in nmulti -dropF‘Hu]s“?ﬂ?C(kﬁgﬁ?ng@f a gorpvgntipnalpeltredrorcbus spsters it empleys of a
synbol that represents nultiple bits of data 10 through various nodul ation
t echni ques t FigEtroamagneifiqoaples. for use with the present invention. Figs. 5A
and 5B are bl ock diagrans of enbodinments of an interface that is suitable
for use with the Peekeista bienkahagram of Fi glect@®@niagnaichilyockpiil agrdudrapfbusne

enbodi nent of a transceiver nodule to encode and decode bits via

anpl i tude, piiste miadtondanapwitieseesrodubatiban. 15 Figs. 7A-7D are circuit

di agranms for various conponents of -one enbodi nent of the transmtter of
Fig. 6. F gs. 8AISE 2Beisrddehidiciranadpsesaiting alid détsricatl pgpstiafofdat a

transm ssion for one enbodi nent of bus system 200. Figs. 9A-9E are circuit
di agrans f oremiaddindis of theploRothagrelicaipeoesRDBlis¥paém of Fig. 220 receiver that is
suitable for use with the present invention. Fig. 10 is a block diagram

representing a caligshsAti38Negrkdettibhbddiaéntd Sf thAIEARMRgARL cHSSler OFFid, 1A €
present invention. Fig. I | is a frequency response plot of an enbodi nent

of the communtQal hfftheif BaMA’lul@brdpUhis Spsth@m 200. 5 10 MAY 2005 WD 02/0792S
PCT/ USO 1/ 50879 Detail ed Description of tile Invention The foll ow ng

di j cussion sets fgf il DRBRRMScpREGHAHR o 5thiot tHaPreBleOedRuRipleHAS BHE
h 10 through various modulation techniques that are suitable for use with the present invention.
Figs. 5A and 3B are block diagrams of embodiments of aﬁ 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 modu‘lation.
15 Figs. 7A-7D are circuit diagrams for various components of one embodiment of
the transmitter of Fig. 6. |
Figs. 8A-8E represent signals at various stages of data transmission for one
| ) embodiment of bus system' 200.
Figs. 9A-9E are circuit diagrams for various components of one embodiment of 2
20  receiver that is suitable for use with the present invention.
Fig. 10 is a block diagram representing a calibration circuit that is suitable for use
with the present invention.

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

channe! of bus system 200.



under st andi ng of the invention. However, those of ordinary ski"m MAYt DhB

art, havi ng“;J@IOQ gnefi t of this disclosure, wll appreciate that the
i nvention may Be- cticed without these specific details. IpCTaddiGes0n,

vari ous wel | -known net hods, procedures, conponents, and circuits have not
been described in detail in order to focus attention on the features of the
present invention. The present invention supports high bandw dth

conmmuni cation by providing 10 greater control over the frequency and
encodi ng mechani snms enpl oyed rf“g“’{efjé?f‘é?"éﬁ’“@aﬂfd!‘e1\“’053}@1 emin accordance wth
the present inventiaqn includes a data channel, such as_a bus, having
substanti al'ly unif6i{qwiag distyssienpetpfosihapmeeys sracificrdstadls torprovide sihgrath
anong devices ,  that are coupled through the data channel. The uniform

el ectrical pidpenndieg obihe irveptien- tiurvevy these of adinenyraiiinie tiearc baydigithg scheme
t hat allows higher frequency signaling to be 15 enpl oyed w t hout

si gni fi cant |bpneti of Busdisgjosved, a6l apnredidse thabthe itventioremsnbeswramined itlouefliesct S .
The schene enpl oys bal anced el ectromagnetic couplers to provide reliable
si gnal transpesific datailse dm additors ganinm weHiknown eledds) pradeduit s eardparieassandi t hout
significantly inpacting the inpedance of the conmunication channel. The
resul ti ng clegarisrhanongdeengdscobedentetaiain s g feas sxenfibes thi Ifdatutes of the

sel ecting an encodi ng schenme to represent the data. 20 For one enbodi nent
of the i nvemptason invantd@l.anced el ectronmagnetic coupler includes first and
second coupl er conponents separated by a dielectric nediumand having a
coupl i ng coef fi cTiepresdnt trvemesi stipets hihGRad Wikith @afburda€oPby %J&ﬁiidﬁ@up' er
components has a geonetry that reduces the sensitivity of” the coupling
coef fi ciient gledrev@intid! 6@ Shd fedubRy ah@bbME nReRAHidn N en S e LiiRfs @MR! ANg
conponents. The length of the coupler may be 6 WO 02/05 - 7928 0 MAY 2005

I LG Che ey o e B o B e P S kAR B on,
devi ces tr apaffrsub@idially wAtoral £18RiG properties for transferring signals among devices
that are coupled through fhc data channel. The uniform electrical properties are supported
by an electromagnetic coupling scheme that alfows higher frequency signaling to be
15 employed without significantly increasing noise attributable to transmission line effects.
The scheme employs balanced electromagnetic couplers to provide fc!iable signal transfer
between the communication channel and the devices without significantly impacting the
) impedance of the communication channel. The resulting cleaner noise environment
allows greater flexibility in selecting an encoding scheme to represent the data.
20 For one embodiment of the invention, a balanced electromagnétic coupler includes
first and second coupler components separated by a dielectric medium and having a
coupling coefficient in a specified range. At least one of the coupler components has a

geometry that reduces the sensitivity of the coupling coefficient to variations in the

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



mul tj-drop bus through el ectromagnetic couplers, using a sel ec\tﬁﬂ _
' i €AY 2005

nodul ati on s%e&%iﬂgg The el ectronagnetic couplers allow the de
sanple a relatively Emal | portion of the signal energy on theclhusoiségrsh

mtigates the inpact of the devices on the electrical properties of the

bus. The nodul.ati loyed are selected to bal ance the synbol

density with g%s{ggg% ?%Pﬁ??@ﬂiﬁgﬁ isf%é‘&“&w tfaﬁffg‘éW§f§R?bB‘P‘tI“ﬁﬁ‘?§r5fyéﬁﬁ@nce in the

i npedance erb\éh%@ﬂﬂﬁnt provi ded by the el ectromagnetically coupl ed devices.
s

10 Fig. I is a diagramrepresenting the electrical properties of a

mul ti-drop bus system, 100. .destem 100 includes a bus 110 to transfer data
among vari ous devi &y pmpodimentpfithe inyeating degisgsitipnstentia toged 1283 . Devi ce

120(1) is el ectl.i cal# co\tfgrfl d to bus 110, while devices 120(2)-120(n) are
coupl ed to bGEIYf#PR s shrgrelrlechomagnetic speniers.oming A stleaediBoddatiinacissme.
160(t)-160Q(n- %: respectively. In the follow ng discussion, electrical :
coupl i ng >r eft8F gleptroagnsticequplersyallowihe deviioss trmamptel aekntivapbmpidpértibediwen bus
110 and device 120(1) that is capable of transmtting signals down to zero
frequency (DEgnalgnegy SREbuR.wishymitigates the impaciof thi: devidl30n tdiediridahy be
associ ated with pack-ages for devices 120 or connectors, when devices 120
are provi dedPOReiepakae busd g modnlaten sthem@entiioyethatet sektied o Balsncs jtt ens,

mut tiple el ectromagnetic couplers 160 introduce inpedance discontinuities
al ong bus | fmbohdensitikethisnyseptivilte tinter hidtasymbel i ifgende in theligpedasice
reflected frominpedance discontinuities interfere with other signals

(i nt er - symhognviranaient provadesyblyitied clécriomafetiestedoupFiBevi@is Se envi ronnent
créated by couplers 160 and parasitics 130 (where present) limts the
signal i nt¥ frequenci es and the synbol densities 25 that nmaybe enpl oyed on
system 100. 7 WO R2/1057Ylxek NagrapOrefBscnRig thaSRtrhAIGEsherlee of b pimRgaRpibaal | y
coupl ed buses simlar to system 100 are disclosed in U S. Patent Nos.

5, 638, 402, 3yst&nad0066ywer 10) HARISWbus Thetd dddfepadteithort wieibas 8svices 120(1)
-~ 120(n) (generically, “devices 120™). Device 120(1) is electrically coupled to bus 110,
while devices 120(2)-120(n) are cbuplcd to bus 110 through associated electromagnetic

15 couplers 160(1)-160(n-1), respectively. In the following discussion, electrical coupling
refers to a relatively lowr resistance electrical path between bus 110 and device 120(1) that
is capable 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 connectors,

g ) when devices 120 are provided on separate daughter cards.

20 For multi-drop bus systems, multiple cléctromagnctic couplers 160 introduce
impedance discontinuities along bus 110 that make impedance matching more difficult.
Signals reflected from impedance discontinuities interfere with other signals (inter-symbol
and intra-symbol interferesice). The noise environment created by couplers 160 and
parasitics 130 (where present) limits the signaling frequencies and the symbol densities

25 that may be employed on system 100,



el ectromagnetic couplers 160 having parallel plate geonetries ('parallel
coupling PQr i (?Un_sl" and a "backward cross-tal kcoefficienf’ (KH)U dfAY 2005
appr oxi mat el ) IO epresents the relative anplitude of a pcTrusei/s0879
count er-propagating signal induced across coupler 160 by a prinmary signal.
A Kb value of.3 i cI:ti es 0strogg Si r(lj%l scattering on bus 110 and | arge
signal energy | oS3 per EBHHREY coynledauses Sipisdesysicar Y al fistlosed imbge”
requi renents agntghe $ecei vers of devices 120. Even Kb val ues on the order
of .2 representtt &OGm-P3%H Rt 3.1 04D anchs.p ER I iThasimatentdisadosss obl ems on bus
110. 10 In aqdition to their strengths, the coupling coefficients of

paral | el pl St EOBApIRiccounler 169 bavieg paralish glatei spemetpiey (ipiralidl sospling hor i zont al
(x, y) and vertical (z) alignment of the coupler conmponents (162 and 164).
One sol ut i orPOF¥ORFQ A8HBe dadbonard pesetslkspelficent’ (KnegrptroxinaeipBe K, Hlesents a
circuit board, with a P_reci sion sufficient to guarantee the coupling

coef fici ént thatelasive amplitude gBa extinteampagdfing sigpaldodstdarésscogdaasdbha cost s
of system is 100. Mreover, it requires a connector, as represented by
parasitics P8R ¥gealc dniddtesf . 3imngiet strongaigisl schtesiiak be bupl AtMdeapp! ers 160
are al so susceptible to noise problens if they are inplenented in a

di f f er ent i alsigealgneaigyrigsspehanmpler.whalss inpesed RIR Uy AdYic FArgB MqRirdhentslbh en  on
pairs of bus traces. For these systens, a pair of couplers 160 transfers

the 20 conpkerintafdeaibgrials Even K, tilidsoneRy drdér JTeLRb¥nt siBniéi8Mt S@ndi20. The
sensitivity of parallel plate couplers 160 to variations in the positions

of . their congmnating ahd ab68e5@6lelni®n bt kad.i hood that coupler pairs have
niémat ched coupling coefficients. This results in differential noise,

whi ch ungler mi nesintaagitdane el St@fotil {ht:%ﬁtﬁ'ﬂ?ﬁk%cfﬁi:i_%@hf&ga!IcFHIE{?Qg[I?IcHn! ess
e C

the couplers are spaced sufficient(y far apart (ihncreasing t rcuit

board area rsafedertQedttiMVhY vaiidns WRoPZERA %%%& Eﬁae_ Gelr{\?\n&g’ fﬁgﬁg c"? P?‘?{gr ][ 0ss in

then), the conplenentary signals can cross ¢ esu
S gna! to Wuﬁﬁré&ﬁﬂ)&reng'égﬁ?._% 168). Q)J@;' s%ﬁ#fioﬁj iSAY R S %ﬁgsngfl ng one
enbodi nent of a system 200 in
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

15 100. Moreover, it requires a connector, as represented by parasitics 130 to accommodate

daughter cards.

Parallel plate couplers 160 are also susceptible to noise pfoblems if they are
. ) implemented in a differential signaling scheme, where complementary signals are driven
on pairs of bus traces. For these systems, 4 pair of couplers 160 transfers the
20 complementary sign;als to a differential receiver in device 120. The sensitivity of parailel
plate couplers 160 to variations in the positions of their components increases the
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

8



accordance with the present invention. System 200 nay be a conpgifjleMAYYS805M
but 5 personﬁoslgi l.led in the art of digital comunication and hHavi ng t he
benefit of thisff&fosure will recogni ze that benefits of treTISeFSIYY
invention may be realized in any systemthat requires high bandw dth data
transfers. For s sLen},i%O, dFvi ces 220(1) - 220( (generically, "device
220") comuniSUBRE! themp SisAemR!epiratany signalsean cfass oupips ok e resyliipgdess in signal
220(1)-220(m include interfaces 230(1) 10 230(m, respectively, to
transfer sigi@Pest@i8nd receive signals frombus 210. Interfaces
230(2)-230(m communicate with bus 210 through associ ated el ectromagnetic
coupl ers 240(1) Fi246(ins blpck disgpaceprgedniing gerrentiodmdnyof 2 eiseot 2Wragnet i ¢
coupler 240"). Electronagnetic couplers 240 are balanced to limt the

i npact of dewresdange Wit thetpresentdhreantion.cSystqor 2ioniy s @impntes sPstén, bahi | e
providing reliable signal transm ssion between 15 devices 220 and bus 210.
For exanpbe, petsenschilfsHiimthe eueof fligthlentsnoficadbeatd taniag riet beaefitadulos disslo@4d ar e
selected to transfer sufficient signal energy between bus 210 and devices
220 to mai nt aiith recbgmizd thethendits ef trapgids inveltidnandyi teirkdlizgd hi GRalstertiaect i ons
on bus 210 and the too rapid attenuation of signal energy on bus 210
(signal ener epgubrkeidgh bardjvidtBadtaneegers.el ect romagnetic couplers 240 typically
enpl oy coupling coefficients in the range of - | to 20 .4, e.g. Kb = .05 to

.2. The geonetrieg of el romagneti ¢ couplers 240 nay be chosen to,
mai ntain these s ef%rcs?' g gﬁéxﬂe?"ﬁ% @géﬁf‘l @%&Wt @“&@'ﬁ?‘lﬁ’st‘}g\)’ﬁi@? EREmuRicaife
rel ative posj,tioning % us .and devi ce side coupling conponents, 242 and
24, 1 espect RE] 25 310. Ziy thisiraoserdevira P 4Y U FA0kal ip b deringsy ot 230(1)-
el ectromagnetic coupl er and the maxi mum effective signaling frequency
suppor t el byZ3(@yseRRstival todrpsleydenal verpd raseive sipvalofrom ns2 B Obter fogss
02/ 057928 PCT/ US01/ 50879 coupl ers depend on the coupler length. In
addi tion, | ohtféd) cHRFnkeosmycatawithbus2 Whroughmasdocistedyil¢ctiomagasticopuplenn
costs. The si %nal ener g¥ transferred by coupler 240 is proportional the
i ntegral of 240(B - 240(m-1), respectively (genericaily, “electromagnetic coupler 240”).
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
15  devices 220 and bus 210. For example, the coupling coefficients of electromagnetic
couplers 240 are selected to transfer sufficient signal energy between bus 210 and devices
220 to maintain signal to noise margins, while limiting signal reflections on bus 210 and
) the too rapid 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
20 .4, e.g Ky=.051t0.2. The geometries of electromagnetic couplers 240 may be chosen to

maintain these selected coupling coefficients against variations in the relative positioning

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
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square of, the induced signal waveforin over its duration. The ipgudgd 2005
si gnal Wavef\ﬂéio%iﬁvs 5 determ ned by Kb, the anplitude of the $ignal

wavef ormon the blus trace and the | ength of the coupler. For argirusmn/seatwue
of Kb, the longer the coupler, the nore of the sanpled signal energy it

transfers. i jtion, if s ol s are driven on bus 2 10 at a sufficiently
hi gh f requen%;}l,%%?#ee?%@dn%'bﬁhe ﬁégﬁﬁde?@yﬁﬂéd@m,ﬂ%ﬁ touRlepsake i HOE PSS t he

i nduced vvavaefor{n1 Under these circunstances, coupler 240 can mx energy
fromtwo or MOr8=ldTeY ST G05. the symbols interfere, and this
interference degrades the signal to noise ratio. For these reasons, the

| ength of coupl erTha4@nshaidts) tbﬁsfeﬂe@pﬁtﬁlﬂghz&@isB?@‘é%ﬁﬁﬂ@&k@hﬁ of @k gnal
ol e ,

energy to the device without generating Inter-sy i nter ence or

excessive eesgyf hkeaiced :f,igﬁelz%gett%lﬁo?er}@du@i&. ﬁ%ihabcg%%ﬁ%g@%i%f& is

representation of the electrical properties of system gnal s are

transm tted Rtpainee Wm,eﬂhb Qﬁilpii_ﬂldp %F%F}g?ﬁ ?%8%@?)%? 0||1 i 'cﬁ!i% trg(g;ﬁva{ng\?mhcﬁcsrpg(thzgf and

bus 210 through el ectromagnetic coup

di Scussi on, tRd QplP MBHNELiL&G vﬁ%&&'ﬁb%eﬁo%ﬁt@

transfer of gnal
energy through the electtic and maghetic

E%picheihc ore of the sa E:Ifi

5P s SR B Rt he
signal. Ele td I i.ncl.xde oth,a capacitive c onent,
25900t at od arE TR o GerbRE e BE SRR R AR Bl RactBF R
conponent , j.at ' t he. magpetic fiel f the signal. For

exanpl e, Kbgggqggﬁgkgdﬁggﬁ%%gch%ﬁW@?P@%mgﬁd%w]%538@8??P€$8H$“FRL) and
capacitive i ng,,coefficient (KC) as follows: (Kb =25 (KL + Kc) 10 10
MAY 2005 V\oﬁgg%‘ls"g}g‘z'% %81“75656&‘7"'5%%‘%*’ cq48 é,54%a“i’§'xteﬁ%f8¥ OISR FIREE nuit ual
i nduct ance per, unit | ength hetween the coupler conponents to the geonetric
mean of q?he % ‘T#ﬂ-%ﬁﬁé@’&‘ﬁ?&&é“‘&%’?h@d&'ﬂam@ reag @ﬁ&csea@al tojgise &tithe
rati o of th? nblt ual capacitance_per unit Iength bet ween the coupl er
conponent s 1Y PHE reeelieilenstibatrogples 240 shenld be loga eneushde proyide adesivate| engt h
of the coupl.er conponents. 5 The effects of the capacitive and inductive
cont ri but i oHE Y Retodhedegice wishput sanerting inter-symbol interference or excessive

energy bleed-off along bus 210.

Fig. 2B is a schematic represéntation of the electrical properties of system 200.

15  Signals are transmitted clectromaéneticaliy 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,

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

induqtivc coupling coefficient (K. ) and capacitive coupling coefficient (Kc) as follows:

Ko =.25 (K¢ + Kc)
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across coupler 240 vary with signal frequency. In general, the Qe%&i éﬁﬁﬁ
contribution of tile 1inductive conponent beconmes nore pronounl d* W't

i ncreasi ng 'é’iog‘ﬁéﬂ-‘?"fz?equency. For exanple, the presence of apgirgsuikdant

i nducti ve conponent nmay be used to provide directionality for signals at

hi gher frequencies. In addition, electromagnetic coupler 240 10 behaves
like a di striBttiads fisvatieolths Rutual indictance aerpied lenath kesweeniile envsler i but ed
nature of both capacitive and inductive aspects of coupler 240 becone nore
pronounced SORRPHITEYto the geqmetiicireean offherselffndluctagpsa bf thavedptargomporsesoand
conparabl e to the physical dinensions of coupler 240. The use of

el ect r omagnétd & thegain eftbe mupgalviaphcitncd paphyit Beptbdeeder depbiple cbiiponents
coefficients significantly reduces the inpedance discontinuities in system
200 rel ati vdoths geomesie mean sk aetf-cafaaitancesl pgr arit lehg@h bf the abupdanompbdieatss or
unbal anced el ectromagnetic couplers. Further, providing el ectromagnetic

couplers 240 w t trdes that are. rel.atively.insensitive to varjations
o e aai ti ons ThOERE & RecaRBhv 4 ind B oI b B R fie' S dsnstbEd
respectivel ||l o e bal anced coupling. coeffjcients to be maintai ned

W thout 20 el P Re U VARG B bnaR e st s e Shargefi o

Lr At dat et Rmee R bR Biore BB By e e BT By (o
accordance with the present_invention reflect both the cleaner. noise

envi r onment S RIGheRreseRcRPfiaRieniisantinductive eompnnentdnays usee 1OHRORR ef or s

t hey transfgr. MA‘_J 02/ 057928 PCT/ US01/ 50879 For one enbodi ment of the
i nyention, EI&LPR %g%?é'tgﬂ%,'séb‘i‘]ﬁ'rférﬂ’cmcﬁ-a[ﬁéﬂ@Figf‘»&EfﬁF@'%?&F&E“éF?’P@f%‘% of the
signal anplitude on bus 2 10 to its corresponding device 220. This

cor r espbhdsbiigvesdiks adisanibuted dsvice metheyithpnaa [umped dayiceo The disiaibuted mptare afoupl er
geonetry and length (Kb = .13, L =1 cm. The relatively small attenuation
in signal ebthgipapitivpand isductiye pspeits of edupler Afbleecome merd propdumcerbatihigher 220 on
t he i npedance of bus 210. One side effect of this limted signal

at t enuat i onfréguieedics; whéreths isignall waveiceftbs acome dauparebls iodtbe giy3icef dimensions

of coupler 240,

The use of electromagnetic couplers 240 with suitably selected coupling
15 coefficients significantly reduces the impedance .discontinuitics in system 200 relative to
those in systems that rely on electrical connections or unbalanced electromagnetic
couplers. Further, providing elcctromagnetic couplers 240 with geometries that are
} | refatively insensitive to variations in the positions of device and bus side components 242
 and 244, respectively, allows the balanced coupling coefficients to be maintained without
20  need for costly, precision manufacturing. The more uniform impedaﬁce of bus 210
provides a cleaner signal environment jn which to transmit data. Modulation schemes
employed to éncodc this data in accordance with the present invention reflect both the
cleaner noise environment of bus 210 and the effects of couplers 240 on the waveforms

they transfer.
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el ectrommanetic coupler 240 ("transferred wavefornt) is a snall mua%@jkpr‘lpgf
the energy .transmtted on bus 210. Since the coupling coefficie i gl S
symetri c, X'QPIHI"H® attenuation occurs in the reverse di r e 00501145081
device side 242 to bus 210. The significance of this 10 signal attenuation
depends on the tyges of noise in system 200. Scal abl e noise is noise that
scal es Wi th the eh®ryy esfbefimensplfhtinventen ehdstromagiatic coemlerddd treesierni th t he
transferred waveformis attenuated to the sane extent as the transferred
wavef or m i t saprroSuatebes-168% of the agizbampliteds dnrinls 3de tesitspoakspoadingdavias?@0t hat
are not elimnated by el ectromagnetic coupler 240. Non-scal abl e noi se

i ncl udes ext éhinabirgspdadsctolgsh danith el dgnel erergynfor s @artiewlar cohygled dekmetrBi gnal
attenuation by el ectromagnetic coupler 240 may inpact the perfornmance of
syst em 200 i é&ndiemsts (il abl3e Lol ae). iThenditivetdinedbattnuatidh irndieal agrdyan bus

addr essi ng non-scal abl e noi se in system 200 include sel ecting robust synbol
modul ati on sZlidireis thadmpadt Bimdltipleeleeibés 220 ogitehiatjedghce bO5usane. erbgads ment of
system 200, interface 230 anplifies the transferred waveformoprior to
denodul at i ngeffdct bDxhls@GONEY signd Pat@udkibA RIFAL i Ofphd vaverdpsd @ivice isie 28 hect  of
el ectromagnetic coupler 240 is that the trans% erred waveform is altered

relative to dibgroflaghctic QplrS40%"dddstetBd FRNFEA") iPa ShAlTBlcribd G1BS GlefBd acr oss
el ectromagnetic coupler 240 is differentiated. For exanple, a positive

signal pul serz268itRA onlYis 230.0GinéAe HupBhe RIBA" ) lsfdilaf mes a
positive/ neggti v:a- gc?inng pul s§n270c %JZUPO ‘iv%\?rf 005@seg Oze/q éég %Ialg%%n%%g% 50879

on device Si&é@urg%zthgfrc\%!rﬁ%rrc GO idgvig’éjﬂcﬁ)é fr{.?drg%gs %gdge%h%%?{lf% .cg%fﬁﬁpema( s)

enpl oyed in system 200 1's selected to acconmodate e attenuation
and si gng,l S@J&E{&&gﬁéti&td 0, 255 46! de Yd; tr gnhetic couplers 240
wi t hout degradi ng the recpl éjgi ﬁl tﬁ%? {%Mé"tcggg sq%?%ﬁﬁon channel . For
exanpl e, signal attenuation, in the face of 5 non-scaling noise sources,
may |imt the nufdbairblomoiss srioisehmpbdates sith nipvkrestyi afnhomigrab izalablewnelss .
Differentiation may require the use of integration circuits to recover DC
vol t ages 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
13 - 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 systern 200 include selecting robust symbol
} modulation schemes and using differential signaling. For one embodiment of system 200,

interface 230 amplifies the transferred waveform prior to demodulating it to recover the

20 transmitted data.

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

bus side 244 of electromagnetic coupler 240 becomes a positive/negative-going pulse 270
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for Jevel,signaling, if that is desired instead of, or in addi10°ﬂAYOZB(§t5
transition s\i;v na}l i_q . Also, the use of rise-tinme nodul ation (describe

bel ow) in sys 6B ent ai | s the neasurenent of the second deciruahivg70f a
signal waveform 10 For one enbodi nent of the invention, nulti-drop bus

system 200 i s_a,conput er stem and. devi ces 220 correspond to vari ous
syst em conpo nc@h‘?cé’,'ce§l?%ﬁ4§§?%?%r88‘§§'6&r“§,°°”ﬂj§h%‘roy The mafdationgghgrests) sapleyednd:

the like. An enbodinent of the invention includes a 50 centineter |ong bus
210 that supp8r¥Eemgo & seipctgdipiacemmodnte His apiokitude atiepuation end siggeldata  at a
signal frequency of 400 MHz. By enpl oyi ng nodul ati on schenmes that provide a
15 synbol derf’s}ff%/" nigition apspeiated pith slertieinagnets soupleodimdihputategeinedhe 200
provides a digital bandwidth of 1.6 gigabits per second per channel.

H gher si gnal'®h3bdliyehticsamanaicaiqprlpnnedy ityekadppsignklestenatian) ie thefcd dfe
relatively clean noise environnent of bus 2 10, may be enployed to provide
even greaPer @ngraliig noia dovretsimayFimit eheamphter ofrsaligamplpedepmoditlationwaitegd al s,
signaling frequencies on the order of I GHz may be enployed in a nulti-drop
20 bus syst erevefs. dlifferchtidtios maysequirk aird ks obintapuition sirdultato rdeser Didevdliages

bandw dth of el ectromagnetically coupled bus system2 10 for the current
state of the farlevel signalingy if dasis dndred éhseeddrad)or ¢n pRlitioa geGanstida stinhfigs. elko,
curves represent different nunbers of couplers and different coupling

coef fi ci ent s thierusa of Asegirie mathgation (Hescabapieiow) i sRentIIASHtabls tHeahedbinehed3 O
MAY 2095 WD 02/057928 PCTI US01/ 50879 passband | abel ed 1101. The | ower

frequency bouNfkeisécon@ dedativdér f sigAV@BGfofgSponse of coupler 240 and the
upper bound is determined by printed circuit board naterial |osses and

package Par asitic_inductances and capacjitances. Note that for a | cm |ong
coupl er, W he | enftriene AErGRERCH A4 i laYaRtion.myltigephus systesuRP s agpppulsut | t
occurs at |lower frequencies 5 for |onger couplers, c..-. 1.25 G4z for a 4
cm coupl er | SfiMManddsyises0sPresPandive asignssystemeempprienist such @s piictssersy, t o

scal e synbol frequency FS higher. For exanple, the preval ent PC board
‘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 embodiment 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 noise environment of bus 210, may be
) . employed to provide even greater digital bandwidth. For example, using appropriate
| materials, signaling frequencies on the order of 1 GHz may be employed in a multi-drop

20  bus system.

Figure 11 shows a family of curves that describe the bandwidth of
electromagnetically coupled bus system 210 for the current state of the art in materials and
electronic packages. The different curves represent different numbers of couplers.and

‘different coupling coefficients in a target range. The shape is a bandpass filter with
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dielectric material FR4 severely attenuates frequencies abovq(ﬁpgﬁZQHm?
increase digital __bandw dth under these constraints, one is conpelle o]

i ncrease NS%6§mﬁ§Vﬁﬁ nmodul ati on techni ques as described in therpsasesi
invention. As material characteristics are inproved, 10 for exanple by
replacing FR4 with Tefl e present invention can be scaled in FS, Ns'
or sone conbﬁ’aﬁ%gtaf‘%ﬁb‘glfd ? ﬂjel ttj%ﬁ lvger ﬁfeﬂU‘?rﬁé\éPﬁf@Hﬁet &y etfeaquensdaespensh obs t he
passband | 10 1l 9f ggs system 2 10 is wi dened. One advantage of the ,

el ect r omagnetPRICES IR S HweuRauRd dedatrmined by penigd piuenithbard materidldossgaud ces
220 may be added to and renoved from system 200 nore easily than in n

di rect couplRégkagy Basc Bidustances ard eapaeitpnessi Nate|that donapl cad langswepler, theat
require precise  positioning of the coupler conmponents. For exanple, use of
el ect r onag nét"i%“'&’éﬂiﬂdéﬁgd‘@d& linait pegunsaresndt heHndwmd it bocumndkdower fhxedaikies

el ectrical connections to, for exanple, the 32 traces of a 32-bit bus.
Because &f tfhilongeapruienefs. 1 25tz oe e Broosdoaplecledith C ThisyRatpials &el dagRiticsi gnal
integrity, etc, the electronmagnetic coupling aspect of this invention nmay
have i npor t dimit thoabititytn seadresynito! fipplencaFy ldgta:r. SBatexampleOihe SWRBIRMTL bdafd One
enbodi mrent of the present invention, electromagnetic couplers 240 have

geonetries dieketrivakaertdi ERA seaugly anghuare fréqueh e ol €S SHEE Tol thérvRe HRithihe
rel ative positioning of device side conmponent 242 and bus side conponent

244. These bauiwidth uaderahdsovonshaihBeRds 6ahgulIed & iRdBask NsByiBin@inthdtiAGbd
coupling coefficients in a selected range, despite 14 - - ---- -- ------

NAY 2005 WOeOEHi§T 95 8esEXHod iRt/ o8 ABinvanaibh.ah 4 AR rikIthhReeQlds 2N EBloved,
vertical separati ons of device' and bus side conponents 242 and 244,

respect el for ekdngple SPrepRRMG FRANHO TR Pie8E R invaRithran %Qé&rﬂ&ﬁg [Fg‘, tl\lf

el ectromagneti c coupl er 240 " havi ng a geonetry that provides re el y

stabl e Cpupd,,i sOfke Qgﬁl%ﬁﬁblﬂ&\fﬁ%&?%ﬁ%ﬁ?@f 5153%1%21{.??%91' £5'th | ﬁ% biéirsld Yl (ﬁwed

| ooking in the negative z direct r Vv e coor
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 make or break electrical connections to, for example, the 32 traces
: ,) - ofa32-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
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systemindicated in Fig. 2B (a portion of which is reproduced g MAY @0g3A -
For this or%,%rhtﬁ%t_i on, a bus side conponent 320 appears above a device side
conmponent 33070 3"e"F%ctromagnetic coupl er 300. The geonetri espefriRugsoand
devi ce side conponents 320, 330 allow the anmount of energy transferred

t hrough coupl er. 300, tTg Se_rel atively insensitive to 10 the relative

al i gnment of “BUZSIRY Weypezentyl aevestirherremtiansyidevigamd bepside sampasentsdé?  bus
si de conponent ' 320 undu] at es about a longitudinal direction defined by its
end- poi nts (&A% Tsrecsiivalis) to forma zig-zag pattern. The discl osed
enbodi mrent of bus side conponent 320 includes four excursions fromthe

| ongi tudinal - dir Rt 5 A% tBhesBht EROH;GhI30b BPoAARES Lo idnRIBLLINE 4
direction. The disclosed nunber, Is size, and angles of e excursions from
t he | ongi t udiyRahe 4} j : j y tr t he. STEL

general ly. Thei lrl“"g%%cﬁ!g%mrrga;%E%I%?%ﬁetg%go&%éée@uﬁ Rr?ﬂé’ b%(g‘ﬁcsep rdéi?”ﬁ?§ ozi’"dabYls
particulac ¢ i t i I c onent 330 has simlar zig-zag
Pattern (hat 113 Celrn o0 B PO SARERRERY. el il 1ot et
repeat ed crosgi - DAY | pl.ate.reqgions 340(].)-340Q(4) nerically,
20 "parall el §%chr? @‘d{‘:g‘%?é'ﬁ@‘g%&)p"?h% ‘f’}‘?”Hg‘e‘S l'eéﬁ?dé'ﬁ% %gdﬂ 8§\)Sgéi%§'f
(generically, ."fringe regjons 350%) for coupler, 300. Parallel plate and
fringe regi Oﬂgergaiﬁngan@sg%,cowg%e&ﬁwpﬁm c@GF&E"‘“‘?ﬁ"T“TW“H&ﬁ? Pf but i ons
to the coupli,ng coefficient of upl er 300, which mtigate the effects of
variations ienleg‘r?g'ag%ert%ftcw e‘é}oqogﬁﬁﬁﬁ?o”a?mmﬂﬁ%@“ % 6ida AeMmBagnts g, 330
exanpl e, 15 NAY 2005 VO 82/ 057928 _PCTI USO 1/50879 the sizes of plate

redi ons 340 HEYIBE 2WYRF CLFURe FROSRTPE threush spprierciopf do borslatively dmgnsitive to
shifted in% tly fromtheir_reference positions in the x, y plane, and the
si zes of & r i HyElative glighrens shbus apg device yida costpantyéss3Z0n3¥dj acent regi ons
approxi mately offset each other when conponents 320 and 330 are shifted

from their refer ¢3eeoup@szbd, Bas sitdcdifontnt 300Rh Aa e of
coupler 300 in which is.125 S(’:lmCSIHEO 3%t' , an%ngvﬁ%g%tﬂoﬁ%f kc?gféérzﬁgﬁs b

only 2% as cRARIENtsend2Rik dions thed)-SxiSb trfith RY BadakiSrn Arnk MecitsdNd/ OF Y

embodiment of bus side component 320 includes four excursions from the longitudinal

y

direction that alternate in the positive and negative x direction. The disclosad number,

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

complementary to that of bus side component 320.

The repeated crossings form parallel plate regions 340(1)-340(4) (generically,
20 “paralle! plate regions 340™) and fringe regions 350(1)-350(3) (generically, “fringe regions
3507) 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,
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directions fromtheir nomnally aligned positions. 0 The effggtsi9f §Bﬂ5
vari ations i\%weﬂv‘}erti cal separations between conmponents 320 and 3 are
al so mtigated " f:”éupl er '300. Coupling in parallel plate reagwosni3dd
varies 10 inversely with separation (z), while variations in fringe regions
350 vary rmrﬁl slovaty with, sggarati on. The net effect is a reduced
sensitivity I 75D Reiqns 330 fo potosnnygtfiaoty Higpmponentsi 320 ehd B bkarof

coupl er geomgtij ¥ a +/-30% change in coupler separation (z) results in the
capacitive ¢ % G sightholem theigfersnge ppsitionsyn the sy plang and the 5ives dHrisgec onpar es
favorably wth parallel plate based coupler geonetries, which show a

+40/ - 30% var C&P°T o YoXpey sqq%g chgnges ireadjznrglaegibnappauctaiely sEpd eath ains wheor
tile disclosed enbodi nent of coupler 300, conponents 320 and 330 have
rounded comefEnRoBEnsy HAM and 330 eed shifieddiom thair faferamdenpsidamcie tieny iyrpdmee Rér f or
signals transmtted along either conponent. For simlar reasons,
conponents 3@CGnzhedingB0ofaupler Bel iatwhie § isultsf @, B<IBsMmdSTGE § BNE, KJ BrigslM
coupl er 300 provides robust signal transm ssion 20 between device 220 and
bus 210, wi tByauaty £2% aOehisionents 3o@hdd iHg ' i ther

envi r onment Hyl?lugy 3B rgeij;?esent g%ﬁ\ﬁ%\%&%ﬂ%ﬁ%&%ﬁnw@%ﬁﬁgg ced

el ect r omagnefide&tich® BB &heir AdtR . I osed enbodi nent, one conponent
324 retains the undulat;ng o?agfé‘iéz“ggpggi‘%’%%o MAY 2095 WO 02/ 057928

PCT/ USO01/ 50879 %eorret ry simlar to that described above for conponent 320,
whil e a second cdhpefirstrof vadatidnaé the yetdis! aeyiaraiohybeswedi @hipogans3A0rand
Conponent 334 may formeither the bus side or device side of coupler 304,
whi'| e conpoAéhare 34 nfitigats! inlvouplpridi tGouslirgen pGalidiptite 2Qibns BACI4ides bot h
paral l el plate regions 344 and fringe regions 354, although the latter is 5
snal | er 1@ hainvErselpgathrsegrrativndz)) wihile varigions inFARe EHABSEINIORR MoreslHay Qith304
may be nore sensitive to variations in the relative positions of
conponent s $pdratiod Bi/het bffset B0l ®ed sensitivity to variations in z for coupler 300. With

this choice of coupler geometry, a +-30% change in coupler separation (z) results in the

capacitive coupling coefficient varying by less than +/-15%. This compares favorably

with parallel plate based coupler geometries, which show a +40/-30% variation over the

15 same range of conductor separations.

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

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

either environment.

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

240. For the disclosed embodiment, one component 324 retains the undulating or zig-zag
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300.. Fig..3C represents yet anot her enbodi nrent 308 of bal anced 10 Ay
electronagnq%bc’ go%ﬁler 240. For this enbodi nent, one conponent Qzéﬁﬂszmﬁg
narrower than a>d¥cdhd 10 conmponent 338 to provide both paral betruph@iogre
region 348 and fringe regions 358. Fig. 3Dillustrates a portion of a

mul ti-drop bus system 360 tht incorporates coupler300. A bus trace 380

i ncl udes mul EFPTERLTIRIIET Bdhat Shiraiehtbevaing campenentdd, whity eseseridcomiponanti t s

| engt h. Cbrrgsgggdin% devi ces 370 are coupled to bus trace 380 through

thei r associ Theireianilystraighirsamatrys Ga0ponenriddneaytisrmi @ther 880Gusside shown
rotated to 15 indicate their geonetry. Enbodi nents of coupler 300 may

i ncl ude sel e@pder Hieplsorpies 30huthdr pahponbeit3aé dornsahpapesiteside2 CouFAB 40
facilitate positioning or adjust the coupling coefficient. Fig. 3E

i |lustrates #ibidaebrihpretielpate cagins Batardcvingeregids 3, bitmuli Medat@38. For

t he di scl osed enbodi nent, bus trace 380, including bus side conponent 320
of couplef SoalBOGhanifsngoegicedSOm @upler 3001 tCaeRjuentBBdouponsoemdy B mbrs trace
380 is connected to device 220(1). Device 370 is nmounted on a flex circuit
386 and connewsigde toovadietivnsein shectelatieORBRDRNGT BRBon&d 3242nB934 ih@Rcdfplephi ch i's
visible in Fig. 3E. Device side conponent 330 continues along a surface of
flex circuit3®86 that faces bus side conponent 320 when flex 17 WO

02/ 0-57929 J 0 MAY 2005 PCT/US01/50879 circuit 386 is pressed agai nst
circuit board 384.. i ndi cated by the arrow). A socket 388, only part of
which is visibl e”z-;.é.%"; rg"Pf%E'?s S ab&h‘iﬂcaléadlfﬂan 8cptibplageed elegtrpmazyelés | n pl ace.
The flexible cqar%ﬁ}gg of. flex circuit 386 allows it to bend as it is
preéssed agai FEPET €10 d@r thipEmpPerinent, onespmpenentidfuidnarawer thieviseeondi de
conmponent 330 resides_on a relatively 5 flat portion of flex circuit 386
formed bl prreBepPrapt PFRI0 RPYigs Peth pamllel platawseion3f8 and frinaeirediodsass.\Wien ful |y

i nserted, |ooking down on coupler 300 along the negative z-axis, device

si de_component - 335, 3pCBUSS B RATRARN. aBPBulLRicH LENEH ABridheEl 0. SA A

spacer may be provided to naintain a separatio ween bus devi ce

si de conpongpisier398. AMBhis trace 380 includes multiple bus side components 320 at spaced
intervals along its length. Corresponding devices 370 are coupled to i)us trace 380 through
their associated device side components 330. Components 320, 330 are' shown rotated to

15 indicate their geometry. Embodiments of coupler 300 may include selected dislectric
materials Ectween components 320, 330 to facilitate positioning or adjust the coupling

coefficient.

Fig. 3E illustrates one mechanism for coupling device 370 to bus trace 380. For
the disclosed embodiment, bus trace 380, including bus side component 320 of coupler
20 300, is mounted on a circuit bgard 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 dcvice side
component 330, only a portion of which is visible in Fig. 3E. Device side component 330

continues along a surface of flex circuit 386 that faces bus side component 320 when flex
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330, respectively, or one or both of conponents 320 and 330 nmay be coated
with a 10 di\ﬁb‘ﬁ%yﬁs material, allowing themto be pressed togeﬂﬂbrﬂﬁﬁﬁ 200/t
creating a shorf cifcuit. A trace that couples device side cprpeseogas30
to device 370 bends with flex circuit 386, elimnating the need for a
connect or bet ween éavi ce side conpponent 330 and device 370. Flex circuit
386 may conprisat > $oP PESSsesERnSt SiEuIbboatd A8 fag ynsticateg by sherara) bl A 65,
resilient matefi al Qsjljciggas an epoxy dielectric material, a polyimde (e.g.
Kapt on9 by E.FY PPE YiVipgh vERINe sl BE. Borovided tadolsiflex Distuitihban plaos.

pol yet hyl ene terephthal ate (PET). For one enbodi nent, device side
component 330 may The SR EAAE TFRRE BB b o LIGXhRLEARER T €Nt
material, to provide the elasticity and dielectric Isolatio ised 16 form
coupl er 300. citbiit BHape 9 T BREDAYFHIAr S 1 i S ok Dal By, be
used to couple device 370 t 0 bus’ ?l?r&aﬂé’eddégg?ldggrgmgénée%}é,rggl\%%?|° ﬁ§°lat'“"¥y
ari at ong. o tHeuat EHR R 3% LRI LR Bl B

vari ations on these nmechani sns may oyed.

envi ronnment ' : ip.drop bus systemthat is inoplenented in
accor dance wgftﬁ%glggﬁ%sﬁsﬁ?&% ?\d\? k0 idghvnﬁnlc(?@crs#ﬁ&‘%@ tgﬁ"d“’ﬁ?@%ﬁ?‘f‘%"d

reliably at ki r ies than in co ntignal multi-drop bus systens.
Hovever 10 REG SOEEE B3 B BerPuid 145 s shEe a7 o B bahameat ey
provi ded by {i.ghi. ignaling frequencies alone are |imted. For exanple,
the scal e of&:l??eélg%q %rrlg?lfq%'él acgf;ﬁ%aéﬂ%é' weep byt ard dryice pign sprapqngnts 30 and
transm ssi on33%h%nneel. gecreasei@ s the signal freguency increases. In

addi tion, parasitic Capatiancel obampeRdtiti2fands 30 may bnceated Wish 2 be

conpl et elly et{.i m. nat ed .OL E‘?ked, reduce transmissi on 5 speed, attenuate
si gnal anpl i YUEEES matat playring themdn be presssdriegrehes withous icrpating aehoetrriiceis.
Further, material properties such as skin effect and dielectric | osses may
linmt high 4 F?&d@%&?”iﬂ%ﬁﬁﬁaﬁdé RomppRens3 Prialdeice B bsndomitivflex circuit 386,

el ectromagnei,i ¢ coupler 240 may al so affect bandw dth. For exanpl e,

anpl i fyi ng CrRTeLNg thedeed nalcenneetopbétwetn devicesidatcbmporeay330landidevitd870.
frequency at which signals can be transmtted. 10 As noted above, the

digi-tal bandw dt Pllecir@uiFmr}E'ﬁJ cohﬁnrﬁé,\@gpe)a%pﬁa%rfc o'f-’moué laygrw;' 6 & flexible and/or

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

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

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

- reliably at higher frequencies than in conventional multi-drop bus systems. However,
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F, is the.synbol frequency and N, is the nunber of bits transnitqupﬂgrzmm
synbol ("syrﬁi;e,%lnz‘r q%nsity"). For one enbodi nent of the present invention,
various nodul at’oné8henes are enpl oyed to increase N,, for acspg6i/kdses
synbol period (I/F,). For a given F., the larger N. provides an overall
increase in B@ﬂ}?aﬁ &p'gs tEE Lint%atLon_ associated with reliance on 15
hi gh frequendy &i GRS ‘%j R Hed braisher denafipgifiravenciss alemarrdinitesly 98 conbi ned
wi th high fre,%}ljjelnﬁ% Si nafj,i ng to provide significant increases in BW In
the fol | owi ng~APREUEE PGIF OVdrgudaitios rapablg Sfecateringgimnals itothe trepssmesionar e used
for purposes,of jllustration, The benefits of the present invention are
not |imited CBARkIcCHRESRS M digrplireiwinuetiesds addiiidae paresiticcagarianges

nodul ati on schepes, such as shape 20 nodul ati on (varying the nunber of
edges in a pdPdiyuctanges.sibielranantbadodutiviely eliminetyd enwysted reduee trakissioron
schenes, such as frequency nodul ati on, phase nodul ation, and spread

spect rum Sor SeEAtISARItOFiEnad fmpldtubest anvkcreateicifoui apsemmyesohigh Mreqmidieat i'on
schenmes (a pul se superposed with a high frequency sinusoid), are al so

sui t abl e f or Fugherathrial phips ties senhtas okin effSct MY di2ROEC WEsdd 2040 9i3it high

PCT/ US01/50879 Fig. 4 is a schematic representation of a signal 410 that

i Ilustrates frbgency popigation. bRewsgmal fitenudion b Blcivéhdgaetic J¥RpRE 240 ALY gshenes
that may be enployed to encode nmultiple data bits into a symnmbol. Signal
410 i ncl udesatechbahdivadte.dFsyuxbmbledRRplifying §lishli®sh dighal to SHEED HherSiduGday F - 1) -
For purposes of illustration, phase, pufse-mﬁdth, rise-tinme, and 5

anpl i t ude noiiti del fsueyRBaicAsRnsIeNMbaRa@dineg five bits of data (N =5)
i-n/synbol 420. The present invention nmay inplenent these nodul ation

schenes as well as ot herbs, al gne or in conbination, to increase the
bandwi dtIf for a ;ajl‘a*r‘”t‘i“‘é’m qve dhedigial bandavidihg i phanned s givanchyeR W)= Fdys. where
sel ected by F(:on idering the bit interval (see below), noise sources, and
circuit lini'e& Bﬁﬁéﬂ%gleﬂﬁ%?ﬁréﬂ% is ghernumben o it sansstttedrer syvafead ("symbol
consideration, .ig and the symbol period available for a given frequency.
density"). For one embodiment of the present invention, various modulation schemes are
employed to increase N, for a specified 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, sﬁch as frequency modulation, phase modulation,
- 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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I'n the follow ng discussion, a "pulse" refers to a signal wavefgr WAl?a?ﬂdﬁg

both a rls and a falllng edge. For pul se-based signaling,
i nformation Mz&bg}%gncoded for exanple, in the edge positi d{I/USEHIEB7Y

shapes (sl opes) and si gnal anpl i tudes bet ween edge pairs. The present

t t I based 15 I
'mgiif“o'rﬁ’;‘ Such o8 E%laeas Ielle g %%%%L%agatew@www rﬂ%pmd? o
h t ed d d
hel T The 1ol BiTHY NaREb IR BEELE MR d oF ST BF e S A dtpE

si gnal i ng sc%é%@s to el uci dat e varjous  aspects of the 7present i.nvention,

but these sc & igiod Yo ed@eb 41, inclydey sppdulated symbol 4APd sy fted in a
Considerations sim/ar to those discussed bel ow for pul se-based signaling
my 20 be apBMbebrsoddFner Fasipyrperespfulistinten piaseduisetvidth, Bsspien Aidt e
nmodul ati on schenme. For signal 410, the value of a first bit (0 or 1)

i ndi cat ed by2riHyde mesdlasion sehemen are shewr eregdine dive bits efdatadN: 250 l@é)m}i?@ | n t he
symbol period (phase nodulation or PM. The values of second and third
bits are i ndtZ8atldd pregeniiivehtianfmay jpudendsit dhesd modidationsshenies aswvell bs oth@y, t he
pul se has (pul se-wi dth nodul ation or PWM. The value of a fourth bit is

i ndi cated  2orkld ifornHaBion, tMAcDRsO 1B 1RV IPETHUSHIGDS E&terby Tivhet her t he
falling edge has a large (rto) or small (rti) slope (rise-time nodul ation
or RTM, andodutetionathemels) may be fdlbctdd by camsiderdtigaad kid inbyvalifet below),heispul se
anplitude is positive or negative (ao, a,) (anplitude nodul ation or AM.
Bol d |ines isbaticesate] arcutdinialiorttapphcable togydhinddutblion schdfle daddiedndidonatidn,
i-ndi cate other available states for the described encoding 5 schenes. A

strobe i1g i gl GRtsGALY Jeiod adNEbIE Y60 iv@iEfidehcdy0 provide a reference tine
with which the positions . of the risi ng and falling edges nmay be conpared.
The nunber of bits.  encoded by each of e_above-descri bed nodul ati on
schemes is provi dededefuige 4‘&“53'?’Pvlau§t45%1t"r‘3f9ﬁ to g §izaRlayavEGAm heyive helde
applied to the rising and/or falling edges of synmbol 420, and AM may
encode bi t sTEREEAE snsgRine edzen Foppulss-hisedsiganlinagnionpgion 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 amplitude, phase, or
frequency-modulated periodic waveforms may be implemented as well. The following
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 (pg or py) the
leading edge of symbol 420 occurs in the symbo! period (phase modulation or PM). The
- values of second and third bits are indicated by which of 4 possible widths (wo, w1, wa,

w3) the pulse has (pulse-width modulation or PWM). The value of a fourth bit is indicated
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to PM PW and RTM are exanpl es of timnme-domain nodul ation schepﬁz agdbs
ation schene encodes one or nore bits in the ti F‘é '

time-domain mﬁ@u |
whi ch one or e'®Jents, such as a risi ng edge or a rising qq'g‘%goq);{,ﬁ\ged
by a falling edge, occur in the synbol period. That is, different br

states are repr e%ghnt W‘?{ different event tines or differences between
event times if Tha EifiFdalingeigedys a Arge frio) orsenall itr) alogo Gissttina: mbdukteach | s

ti me-domain nigﬂg} ation sche represents a mni mum anount of tinme necessary
to reliably ’ia'I]l{J YR1uG of fEEH btz indicnted b whethertthspudseangiftudeiepsaivene.
The nodul ation schenmes selected for a particular system and the nunber of
bits represerdt 8F2HYE Qo.de) @EpHEde modulation orAME NBold linss iddicat oh Aadal stk gpar t
by the bit intervals of the candidate nodul ation schenes and the tine

avai | abl e t o “4BeYHhdeaddatied lines indicate othesavatiatile fisted fod theZRsdrbefbatodity t 1
represents a minimumtinme required to distinguish between po and p, for a
phase noddl atsthsRies cheirebe ioindidsitad wititie theaymbd] pdtisdtoi pPdVidiela eSerddde BRRLAM
within the synbol period to allow the pul se edge to be reliably assigned
to po or pl. Whité thedlagisions of the ridiep endiflion edgisstaydR@ombi@edi Thé hithierbf RS t hat
can interfere with phase neasurenents. For. exanple, if the strobe is

provi ded by &ncetesdiy qaah efthe eb@ckichirttied nodBitidH¥ RerhdiSs SlovRRE sAdiyYhY 2RDS WO
02/ 057928 PCT/ US01/50879 Position (tine) uncertain, which incfeases the

i ni num i nt eligetratinec bssiditipnt RTMehapbd spplied Stthd i SthdRE RS, By
Various circuit limtations and solutions are di sgzﬁlssed b%le%s?{r}gtgrgat er
detai | . Si ni428; angd AMneasbinicodenbierin ae rﬁégnsiwe%%nsi%é fs?nﬁJoll. ted wthin the
s..yﬁbol period to 5 allow the two states (rto, rti) to be di'stinguished

reliably,, The si %’R’ég’f mi(ﬁgg@{ﬁe{r mned by noise and circuit limtations
associated with fred ¥ Ve & FRATeRles df himeadomain raoduliting schérmass Eashe
differenti atted i assi n[g .through coupl er 240. Consequently, t3 Mist be
lona, enough™ 1T BRAvIRoTIcherms ennores ase oamgrechita éh te timegs)iatwhich one or
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 InFig. 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
symbol period to allow the pulse edge to be reliably assigned to Po or pr. The value of t,
depends on noise and circuit limitations that can interfere with phase measurements. For.
example, if the strobe is provided by a clock pulse, clock jitter may make the strobe
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Three bit.intervals of duration t, are allocated within the s?/gbﬂlﬁ 5?@500'
to aIIowio“;dﬂ(Eof_%ur states (wo, wi, w,, w3) to be reliably d tlng ed.
The Size OF 1245748t er mi ned by noise and circuit limtationpgrasepessabed
with pul se width neasurenents. if pulse width is deternined relative to a
cl ock strobe nsji.deyations regarding clock jitter may apply. If pul se
width is detReAIERELiceitE ‘?’*B,gh wergases theaninisym jienea) gecesTarytogaliably,
consideratio ss,t.sucrl as sup_(g)l y voltage variations between the measurenents
of the | eadi N BHE" PFAFT Ayt diye & 2desSrirguis fipitgtions andyeoiisioas arcdirsusstdre needed
to encode an n- bit value in a tinme-domain nodulation schene (i) that has a
bit interval 'Y Mgrealgrdetqih o i |f non-uniformbit intervals are

preferred for noise or circuit reasons, the total tine allotted to a

modul ati on schemSihBarlhene s Mtaardriu@fiod %ﬁ%?at%ﬂ%ﬁ}g¥%§ymmﬁ&ﬁ§yg%i ple

ti rre-dorrain nodul ation schenes are 20 enploye of "period shoul d be
| ong enough dlowaReRmERsa: Grofef o didhyibhen RIS, AR BYELY 8031 R0
margins. Here, the sunmation is over &all tine-donal n noddlation schenes
used. |n t heorBe¥Ecitd TRhiBxtioh R s SYIDPL P RL hould accegrbdat o Li, +t3 + 3
t2, 22 WD 02/ 057928 10 I\;AYIOZOO%C%{PCT‘%EE@%@%EB%%%TCWS‘:“%T\305?’??8}[’ eE%i ns or
timngs. ThesRsIRWifOELLEE 80 L | Wi d g jl-ndi cat ed b hannel
bandwi dt h, residual no; S6; @n%s{%hPﬁgsoﬁﬁr% a'n%f"fsiei’)‘fe@ﬁ%r{é%’ﬂfﬁﬁq%herres
reduces the fid At | _time..For exanple, encoding 5 bits
usi ng pul secf/;\n&%t h rm%ﬁlgﬁ%g%\ﬁg_ g‘ﬁ??éﬁﬁpﬁ?wﬁ?vﬁ'east 31-6. If t2 :51is
| ar ge enough, the use of the single encoding scheme mght require a |arger
synbol period (|Bwes bisymtruhls bf dupatimoty jretaliauatedovitiin bt bpnbéigeribeongieassary. A
m nimum resolution tinme can al so be associated with anplitude nodul ati on.
Unl i ke tthe thedeurdatmai(womadwh.ats) anbeselistipdistingahéd. Ude siedet,as baamanages
data in pulse properties that are substantially orthogonal to edge
posi tions. ®uwsedeeit fimitatonsasdciaret wifl palelwatich @ehiwemdntd. e phies @ldupist
i nterval s accomodat ed by the synbol period. For exanple,

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 between the measurements of the Icadfng and trailing edges
13 | 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)e t;. If non-uniform bit intervals are
preferred for noise or circuit reasons, the total time aliotted to a modulation scheme is the
sum of all of its bit intervals. When multiple time-domain modulation schemes are
20 employed, the symbol period should be long enough to accommodate Z (2™7 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 t,



anpl it ude. nodul ati on uses the sign or magnitude of a voltage level to
encode dat a. ‘év\g different modul ation schemes are not conpl et el § MAY 2005
ort hogonal , Y& n the above exanpl e, two anplitude stapesuspsisyyVve
and negative) encode one bit, and the mninumtinme associated with this

i nterval may lPus det rm ned, for .exa / the 15 response tinme of a

det ector cirurt™f 8 & WSH‘éfgoé tinigesn glgﬁﬁ?ﬁ‘llqytlﬂﬂéde tpininTye pplse widthsiinttisrtedstioul d
be at | east , or. the sign of Ato be determned. Simlarly, a
synbol char 58?“8?“’?88“’%{}]“ Freidiad igfse, §‘idaﬁf1%l"r@c and width state w3 may
interfere with a next synbol characterized by phase state po. Thus, noise

and circuit |init@kingReulplaeidodingebRelcs Z8Hcdshe &n&t@aﬁm?bﬁ th'e@%rﬁﬂ&f‘f’i&%) fFof- he

rel ative i ndependence of nodul ation schenes, and various ot ctors

are consi der eshafd§RnERIIRES bikousiRAHRIWQR nﬁﬁﬂfaff&??lb Qg njal% gfileﬂt?{‘ %ogF% ‘

present invention. Fig. 5A is a block diagramo

terfaces23@ eyt bl 0 A 0k f
220(2) 290 Eor eeam e e Tac dagge pe %aﬁ'i% R SaTibE

02/ 057928 PCldr its from e.qg.,

devi ce 220((275[ Pﬁg%@%@?ggg T%thgshyn@ﬁ?g@cwg eﬁ?ﬁarﬁ’sm on on bus 210,

and to decode a s mbol received on. bus 2 10 |nto i nbound bits for use by

devi ce 220(2), mHgrIp srsel uberbidrdé earaisodk assotiatet adith a280itida ehaddiesom

transceiver 5 10 and a 5 calibration circuit 520. Also shown in Fig. 5Ais

devi ce si de ¥dlipdhetime damaipfmodulation sawemey) einptitude ipbetiticddcddes patoiH lfsca

transferred waveformto transceiver 5 10. For exanple, the transferred

wavef or m mayprépertigsghad iafef sbaattially edhoyusi@edpegREGbA, 6Tbnkiquertfya §&ddtdot Ng

pul se 420 across el ectromagneti c coupler 240. A device side conponent 242
10 add 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
response time of a detector circuit to a voltage having amplitude, A. The pulse width
should be at least long enough for the sign of A to be determined. Similarly, a symbol

characterized by rise-time state rt; and width state ws may interfere with a next symbol
characterized by phase state py. 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

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



is provided for each channel, e.g. bus trace, on which int erfac«F Zﬁgx
conmmuni cat &% 66‘01?9 second devi ce side conponent 242' is indicate gﬂrqg
case in whi ¢k @%F8Fential si gnaling is enployed. Transcei veeTakg:/sdehudes
a receiver 530 and a transmtter 540. Receiver 530 recovers the bits

encoded in t ferred wayef orm on device_side conponent 242 of

el ect romag ne%ﬁg E{[: %%ﬂcgére glt? ”3‘% E’tsp’{’ B ‘H%SS“’E"I‘F@ 2289 rde errsspanding symboldovi ce
associ ated wth 15 int %rf Ge 2d[30' Enpodi nents of receiver 530 may incl ude
an anplifier 1o orre8p f‘ﬁgl » 3% B FGERIE Sy BPoLemvad aarbes BUP iote inbaund bits &iron
across electro net i upler 240. Transmtter 540 encodes data bits
provi ded by "(sﬁgggg‘é‘%f@géd device into a synbol and drives the synbol onto
devi ce side 242 of el ectromagnetic coupler 240. Calibration circuit 520

manages various [k adtelsddenitdaimdmByr inkP@aed 2316 L §
transcei ver 510. For one enbodi nent of int erfa%légcfggfangg{\;?rgﬁgtaﬁgﬁ circuit

520 may be uskitafion aitsho L RLELRAN Alkig S BLENCESH ATRLLLESE, gAI NS, Of
0]

signal delays in transceiver 5 10, re3ponsive t0 varrati process,

t enper at ur e cle¢@bmagRtic 88 180 ol JEyvid2d transteried wave 19 MY 8005 Y 02/ 057928
PMUS01/ 50879 Fig. 5B iagﬁ!,a bl ogk&(g‘flag?g?ﬁ]%?mgﬁmgc gat WC%YFPX}? ﬁ?ﬁ erface

230 that i sesdmpldtheud Rl QEESS) ed..synbols for a device that is
directly connected to the commwgigﬁirﬂgﬁ%ccﬁgﬂxh'étfa?mmverr@%ﬁﬁ?céim‘flﬁy system
200 (Fi 9. 2¥ansddfiMingSurRed 2 represent the_system.|ogic or chipset of a
conputer system-t hg‘? 'S Hdl rcé%?¥§c%§’ﬁr%18$%ﬁowpg’r§§% ‘%rg%?ﬂﬁg‘fﬁ@"‘(i’?%)‘%“%md
devi ces 220§2)s\4 represent nmenory . mpdul es for the conputer
system Acco%(}j? n%fﬂ? %%aggﬁh%gﬁuaﬁm%gn%@ IBTiers 3P sommypisatehathnel  or
trace pQn wWyj ' rface 504 c ni cates, A second DC connection 506
(per chg’nnggg: ‘?Bsac%‘% idgﬁ?rgﬁ""ﬂ%f% ‘Eéﬂ&@c‘? for the Gape iniveichidifferpatial signalingi ng i s
enpl oyed. Iig%[%r]‘oacg 504 may include a clock synchronization circuit 560 to
account for tIMm P@ ‘di fferences in signals
Transceiver 510 includes a receiver 530 and a transmitter 540. Receiver 530

recovers the bits encoded in the transferred waveform on device side component 242 of

electromagnetic coupler 240 and provides the recovered bits to the device associated with
s interface 230. Embodiments of receiver 530 may include an afnp!iﬁcr to offset the

attenuation of signal energy on transmission across electromagnetic coupler 240,

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

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

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

transceiver 510, responsive to variations in process, temperature, voltage, and the like.
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10 forwarded fromdifferent devices 220(2)-220(m and a | ocal rcdsiv@ﬂ ﬁb£ 6
is a block I@Yﬂedm(j.jﬂagram representing an enbodi nent 600 of tr; vg 10
that is suitable for° handl i ng waveformnms in which data bits arecensogadso

usi ng phase, pulse- width and anplitude nodul ati on, and the strobe is

provi ded by a cl op@ Tr.ansceiver ts differential

si gnal i ng, as indi a?%%loa%?%g%@dg a%ﬁ?f’g‘g'gﬁr?t%ﬁﬁgttﬁ“ferﬁa%‘?:@lo\f@%t igspitable
calibration .signals from e.g,,.calipbration circuit 520, via
control si gng%‘%%%.’éﬁ:%rco%ﬁléyﬁggiéIf‘B?e‘i‘f"@ bis fErrtly spnaceigAdediever 5 10,
transmtter 249 i ncl udez?%}epg%%% nodul at or 640, a pul se-w dt h nodul at or

4
630, an anpl rude FOFHS XHBP!&N SYASH200 (Sigs R fedae?20Ctmart  buf f er

610 provi desrei nvertted and non-inverted outputs to pads 602 and 604,
respect i vel y PISTU UFFEmdPS'F 8F elipsehet asogmater gtemahel indikecsy goerected tawr ovi ded
to phase 30 nmodul at or_640 to synchronize transceiver 5 10 with a system
clock. The di"SEPE (2 10hnd gayiaesi 23R 22060 maxtrenresea0em@S jodates fB4l: | s
provided only for purposes of illustration. The correspondi ng nodul ation
schenmes may ‘t{%“%‘ffﬁlsl’sé"d“i ficeprdingly s BRicopregtion F6 is prawided faresch cheirehestraray be
applied in parallel. 25 10 MAY 2005 WD 02/057923 PCTI USO /50879 The

di scl osed enBb¥iifiiterfre peteinypuniea. imscordidaC ammaeini S06 Bfpe6&@nned)is

anpl i tude denodul ator 660, a phase denodul ator 670, and a pul se-w dth
derodul at or Bigated{or the cgsediarwhish diffenoulinl signalimg GOnpl672a, methcd 804 inay pr ovi ded
for illustration and is not required to inplenent the present invention.
For exanpl e,n&ludciapbeckdwnduenization siromiys6dpe sabentdor thnig difndaked i sipas@l | el or
in‘an order different fromthat indicated. Devices 690(a) and 690(hb)
(gener i il | yorwagisdifiom éigdrent davicea22M(R)-220(m) drdraToeadtiogld | mpedances, whi ch
i-n one enbodi ment of this invention are active while interface 230 is

receiving. The egfegtivan f..device 690 in the face of, _e.d., process,
t emperat ure, and{:igvgP%aa'gg&?/%}’ﬁgfmrcwxﬂag an tebpdipent 4P9 pf wapserives PR ui ¢

520. For tr iver 60 evice 10 690 is shown as an N device, but the
desired f ung?’? %%lél\l‘(al%tleygﬁg@“dﬁﬂg B’Fﬁf% “B&h‘%lﬂ"‘{ai bifp arepgncoded 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 embodimenf of transceiver 510, transmitter 540 includes a phase
modulator 640, a pulse-width modulator 630, an amplitude modulator 620 and an output
) buffer 610. Output buffer 610 provides inverted and non-inverted outputs to pads 602 and
604, respectively, .to support differential signaling. A clock signal is provided to phase
20, modulator 640 to synchronize transceiver 510 with a system clock. The disclosed
configuration of modulators 620, 630, and 640 is provided only for purposes of
illustration. The corresponding modulation schemes may be applied in a different order or

two or more schemes may be applied in parallel.
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and/or P devices in series or in parallel. The control providehObyAY 2005
cal i brati onvwed hHak-b,g020 may be in digital or analog form and may be
conditioned with an output enable. Fig. 7Ais a circuit di agreamo$oicees
enbodi ment of transmtter 540 and its conponent nodul ators 620, 630, 640.

Si gnal, whi ch maybe e o e S e e R eg st om

si gnal , which maybe transmtted via . .

200, 00 3 PR RO AL S AT CIE SLAORSL) S RpUSedel o
220(m back o dny Re 3R o cR RO Boridebir URonant Gopt herdpt Lor
Synbol peri P aRar B o Breniars TR R SRS oS oREE BT RSBII . v
R ] o b 250
02/ 057928 10 MAY 2005 PCT/ US01/50879 used to generate a differenti al

symbol pul se per Dsyiertod9008 aind690(6) (e sdric@lBe “devRRSIDY LE as b niJBniRGiHSed to
generate a differential clock pul se per ?fmbc‘ﬂ peri)od.aséﬁfﬁl’éu rmd%qlg or 640

i ncl udes a Wupedzd@sanilcitialoay exmedthnd dMhis fbenti : Y del ayed
versi on of CLK-PULSE via DM 712 andnan ulﬁldel aildé{g%vaecz’g?ghﬁ%&”@%ﬁ?—'f’&SE

frominput #@divinEhahe efféctiotnekdWrievirl 6D I gsait del aved o
undel ayed first edge of CLK-PULSE r esponsre\'zéag?Ic))ﬁ?'ﬁ'ép(/oﬁ%ﬁeeglpc?%éc’ 'f‘fgse bi t-.

I'r |, volagpha hatk; - phase. bi | ect
ond o 20 ver aFona or CoC LG et A I 320 ErarEnggigy o, Mfed e

0S5t o0 e kAR e e RO RN B9 ARG S0
Bl ock (DD 754 e e b B Tamely Pl bolelerétafi e SRliblian siebadd at or 630
(such as t hﬁ‘ay be in digital or analog form, and may be conditioned with an output enable.
Fig. 7A is a circuit diagram of one embodiment of transmitter 540 and its
component modulators 620, 630, 640. Also shown is a strobe transmitter 790 suitable for
15 generating a strobe signal, which may be transmitted via bus 210. For one embodiment of
system 200, two separate strobes are provided. One strobe is provided for
communications from device 220(1) to devices 220(2) through 220{m), and another strobe
) is provided for communications from devices 2202) 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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del ay of MJX 720) which mght detrinentally inpact the wdth oi SﬁﬁPO| 420.
The out put ‘350%%;814 is a start signal (STAR), which is proVvild&dYt 8005
anpl i t ude nmodul Atdr?® 620 for additional processing. 15 Wdth wotwsedagsH30
i ncludes DM 722, 724, 726, 728, and NAUX 720 to generate a second edge

that is dela ' .o the first edge by an anount indicated by the

width bits. y@%de{"g”léﬁéargl‘}t\ég‘&s‘ SRR é%‘&%‘f’&‘?%%”a}/fg?tgﬁegg%ﬁaﬂ St(ibsv@!ﬁ)miﬁtqﬁﬁ?oi s

i nput to anplitude dul at or 0 for additional processing. For the
maeuc[rtoccrﬁesangg tial gl

di scl osed enBodi ent- of ¥4 praptial 8laek PylsFpepbolpaitded to the control

i nput of NM 720 sel ect one of four different delays 20 for the second edge,

whi ch i's provi dedPhse ielubuéd640 influddba FAKK 710WHdtd@ 129 mbbul DM 200 NM 720
sanple the input signal, i.e. the first edge, following its ‘passage through

DIVIS 722, 728recdidésa dolshcdABrsidnesfIez K PUEKE vid hvihie aadh fan&ina[aéf Lé?ﬁégFg# e
input ¢, for exanple, the second edge output by MJX 720 1 s del aye y DM

722 + DM 324 CEKDNULRE freth atuy 204, OThelcBftrdi st o fOFHS 7107 rahOn MY, WO
02/ 057928 PCT/ USO /50879 Ampl i t ude modul ator 620 uses. hilteadderer [0

generate a syidslyedfitst8dgd GNEMK) FUTTSE dpoRdas sl dhendNBsPui e
i ndi cated by the phase,. gWi dt h, "and -arrplpiot udeOﬂg %é@&égpecf%gﬁb?gnﬁg%m ded

to transm {{gphddRotohick 68b WAReRUIRY - oREE bAlma 0GRkl LHES R, 3 620

i ncl udes switches 740(a) and 740(b) rout 0 edge-to-pulsc 5

t ; : GLi v d di he st at f
The | £ udST ok Slbian e Ao dcldRo PH ddsed SRRBAMAL sRDublifare " ¢ ©

Py O ecdlar are U ofle SR 1l Blec By Gl dB oM SRR oS Bl
e 255 SRRASEE ot e BRI, R, R kbt <0 2
Lo R GNP Ry e A b L 70
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.

13 Width modulator 630 includes DMs 722, 724, 726, 728, and MUX 720 to generate
a second edge that is delayed relative to the first edge by an amount iﬁdicated 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, c, and d of 7
MUX 720 sample the input signai; 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.




del ays CLK-PULSE to provide a strobe signal that is suitable f@rm@pgﬂugg
the data ph&@%wg‘%}ﬁi ces pOand p | of synbol 420. For one enbodi

strobe transm CL8r>¥90, DM 750 positions the strobe evenly begyResishe
phase bit states represented by pOand p | (Fig. 4). 15 The strobe is used

by, e.g., receive[r_530.to nodu] ate phase by determning if the | eading
edge of data arrié’ggl?ﬁﬂfg? B’rog'ﬁ%tPr HUsfs g%REFF%b%TOM gPRGaigfa sympelipaise
transmtter 790 ta]r\%s |, corresponds to phase nodul ator 640 of data
transmtter BYGSNEPLHEHG Vol dA Rty gticard biyithenhess, whdsh,redainpiitade
circuits of transm u%ﬂ 540 to keep the timng of the strobe consistent
with the dati' SFREEHVebPretder 4Q tramswdigertHB foral sivdnsgmpagetivbnimglitu@® | n
general , DM 75‘{) and_mat chi ng logic bl ock 780 duplicate for the strobe the
oper ati ons JROHalRrGACtiacpdes avitehas dti(a) asid JAAIbE which rdute SEART toédephy-piisal

| ayout. Consequently, this delay matching is robust to variations in
process, >te rﬁﬁ%‘i”%‘f’[ﬁr(ﬁ? Q) 3P akpad 780(), réspectadli dépending brethe emmi afderangflitidee
conmmruni cation channel fromthe output of transmitter 540, through board
traces, el editr Siighes 748 reayihelASVD gaes, fxomnupler aSEOP (yprovigedxbRedons irfRrsof 28
WO 02/ 057923 10 MAY 2005 PCTIUSO 1/50879 coupl er 240, and to the inputs of
recei ver 530fBPGs RE0(rlardi B3D(bY (gdesricatty, By 73109. WatredeRtlof STARE] B 74t Ween
data and strobe in order to keep the chosen relative timng. However, tile
mat chi ng of iedtenssyinghodpese whiztiinemiinatesar debsigt JFOBTOP| Depedndlnp\bR iR OS eS
and is not necessary to practice this invention. For exanple, if the
circuits an8PGghfiimateivated, atpogitibe ahamdpetivelRiddiul B pbAidy BRASHRSLEat a to

st obe del ays, receivers may calibrate for the relative timng of the

strobe o evanmitarpd0shtdiffireitial bapahegocgiof a strobe by recovering the
timng fromappropriately encoded data. Fig. 7B is a schematic di agram of

one enbodi nent rogr.a ﬁl,e del a nodule (DM 770 that is suitable
for use with t hggtbc’%%% TC}“'FFF% fnchdes F%ﬂ Tékasnachipglegisblock I8P Tk 770
may be used,for ol f DM 712, 722, 724, 726, 728, and 750 in the
| delays __PULSE to provide a strobe signal that is suitable for resolving the data phase
choices p0 and p1 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! from the output of transmitter 540,

through board traces, electromagnetic coupler 240, board traces on the other side of

28



di scl osed, enbodi nrent of transmtter 540 to introduce programmuabl e delays in
START and ;, STOP. DM 770 includes inverters 772(a) and 772(b)}Q H4AY 22085

coupl ed to PEPEV¥EHE voltages V, and V-2 through first and SREO0Eh 1150879
transi stor sets 774(a), 774(b) and 776(a), 776(b), respectively. Reference

vol tages VI and, V. e the digital supply voltages in 15 sone
enbodi nent s. élcfﬂlp %@?ﬁ@n%ﬂgi) @F&P&Fé’%ﬁ??‘"’gr Pi0 3 Hg refeivinglevicaopdy ednatched in
transi stor sggs 774(ea), 774(b) and 776(a), 776(b), respectively, alter the
conduct ances & FeBFeR fetaapd pteobe myordento kerp the oliasyn retative minge dHosmtdrythe t hei r
speeds. As di scusseg ‘gel ogw in greater detail, calibration circuit 520 may
be used to SBREUPS Bt dyarnPRrgRYlogagng despribed fpj illastting purposies andfionot | nverters
772(a) and 772(b). 20 Fig. 7Cis a schematic diagramof one enbodi ment of
EPG 730 t hat"SFSs&¥ 19 BIFécethis invgatéonyiFohexanple iBtbeditcuitnmeitmainderBithedi scl osed
enbodi ment of EPG 730 includes transistors 732, 734, and 736 and inverter
738. The ‘gatbaye! e pgtyeaintainateied datddstiabe defays Recelvyrs ShARIlibrate for the
posi tive-goi ng_edge: on START indi cates the begi nning of a synbol pul se.
The gates offtlitivertiniugiof fhe strobmwiestocapéaitafor 1t 36sent LSHEGLLY6Y ﬁésov@ﬁﬁg]-dri ven
by STOP, 29 1 Q MAY 2005 WD 02/057928 PCT[ US01/50379 which, for EPG 730(a)
and 730(b) ithe tFrigg fidm apsomiatkdy aeedkd danaver t ed copy of START. A
negati ve- goi ng edge on STOP indicates the end of a synbol pul se. Wien STOP
is high, transigiosnt ks off .and transistor 73 6 is on. A positive-going
edge on START tu?{‘f's&%ﬁ}gf%hﬁ'ﬁgﬁlcsqlﬁﬁra"?Qh?"epiwtfqdﬁﬁf"ﬁeﬁfépwgqaﬁwaﬁhdk@éner ating a
| eadi ng edg I | pul se af the 5 output of EPG 730. A subsequent
nedati ve- goﬁﬁgﬁgg@?ﬁﬁ?@f@?“;ﬁh é‘?é ugrwith the REgsent grventia. Fanexamplonenaxr
transi stor 732, lLLLn ode hi gh and term nating the synbol pulse. For a
gi ven sé‘?rbo’l"or&ﬁ @gﬁg eHéBF'I\ILB'éa”éfé?g%1’18d7%3a§§‘ht7ﬁ6,e72§£ﬁnd§5@d'gb9 bef or e
or after th@ (forresgondi ng STOP is asserted. For exanple, the disclosed
embodi ment  JFCIOEE SRERATimet ofdragsmigter 14%uel iniodueeqiregrmuinsble delnys iNSGART sy nbol
densities ma%/lgg% obt ai ned .to by enpl oyi ng narrow CLK- PULSEs. The w dths of
START and -2& OFe M /S0 includes inverters 772(a) and 772(b) that are coupled to reference

voltages V) and V; through first and second transistor sets 774(a), 774(b) and 776(a),

776(b), respectively. Reference voltages V; and V3 may be the digital supply voltages in

15 some embodiments. Programming signals, p: — pj and n; — ny, applied to transistor sets
774(a), 774(b) and 776(a), 776(b), respectively, alter the condl;xctanccs seen by inverters
772(a) and 722(b) and, consequently, their speeds. As discussed below in greater detail,

. ) calibration circuit 520 may be used to select programming signals, p; — p;j and ny — my, for

inverters 772(a) and 772(b).

20 Fig. 7C is a schematic diagram of one embodiment of EPG 730 that is suitable for
use with the present invention. The disclosed embodiment of EPG 730 includes
transistors 732, 734, and 736 and inverter 738. The gate of N-type transistor 734 is driven

| by START. A positive-going edge on START indicates the beginning of a symbol pulse.

The gates of P and N-type transistors 732 and 736, respectively, are driven by _STOP,
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function of the CLK-PULSE wi dth, while the separation bet weéno MR‘IZU%%d

-STOP is a f‘?:ﬂ%;;?g& of the wwdth bits. The different possible relative
arrival s of W e endof START andbegi nni ngof STOP nay adver sepyTiugpamkrd he
nodul ati on of synbol 420 by the wdth bits. Specifically, transistor 734

may be on or off ative-goi edge of 15 -STOP term nates the
synbol pul se.wm%ggmgﬂﬁ%@dﬁﬁﬁ?&“n%@ %pdd Belayed, invstef spmsoR $LART. A
capaci tances at node.P through transistor 734, or not. This variability may
affect the dISBYVeEPMERISE P THY indisatis therndeof e rymbey mulsRrGVhen_FROB /S high,

uni ntended way. Fi 9y /D is a schematic diagramof an alternative enbodi nent
of transni ttég’“ #6773 hiarifiand frapfistorals 6de et A oAsitiveEREn@ige o STERE BB (0)
reshapes START to ensure a 20 consistent timng which avoids the
variability JdESEFPHEH: avHIEnodediavwand graciatind 4 leading SBART 4 symbiotipulstht siee t hat
it always ends after-STOP begins. This is done by generating a new START
whose beg# nnioHtput of ER{E 723Gt & aubisgquenenagativi-gaihg SEARE _BUOP whos efBindsisor 736

i ndi cated by the beginning of STOP, instead of the width of CLK PULSE. Note
al so that~ ind fuses ot frassistar 732 peltibg dodeNthighhodmerininakhgthe dRnbéli@lssum of t he
del ays through delay 30 WD 02/05 . 7928 0 MAY 2006 PCTIUS01150879 mat chi ng

Pt 50" A USRS QAR e
TR- SYMBCL, i . i 00., Here, TR -
LA TR oyl SIS BTl R AR S
: I 240, . I, R- SYMBOL i
b SIG T  nerT ER A EARERE

Fig. 8D d SE. TR-SYMBOL i | that i d ded b
T er ol e iaying Aot R BPESES The wikihar Ssiddusd STOR b oo 220

The 4 outbound. bits encoded hy each SYMBOL are indicated bel ow the
corr espondi MERHIPNSFIISELI UL SE widds wijs theeparasion bepween START and  STOP s 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 coasistent timing which avoids the variability described above. Namely, the modified
START is widened so that it aIwa.ys 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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Fig..9A is a schematic diagramrepresenting one enbodi ment of receiver 530
that is suigghle for use with the present invention. The di stOoMav 2005
enbodi nent of “récerter 530 processes differential data signabsT/uBhigsosBA

al so shows a strobe receiver 902, which is suitable for processing a

differenti al I . recei ver 902 may provide delay 15
mat chi n- for H?aré%lglg@éofckgggag? %ﬁgﬁ%f%“}”ﬁ%ﬁ‘atﬂ} 5‘88%@@8‘1%904?\',"@? IRX) Peduladtan and
strobe receiGyéa_r 902 may be used, for exanple, in system 200 in conjunction

~with the enbodinents of transmitter 540 and strobe transmitter 790
di scussed above. The di scl osed enbodi nent of receiver 530 incl udes

differential to shipdi/eSBshedCLAPULISEEFARRSPOP,ad880( Md Thisshusenpensat e

for the energy attenuation associated with 20 el ectronagnetit coupler 240.

Anplifiers %@mwpivem;ndoraﬂ\e(emboprnaﬂ;usﬁsyéﬂemiﬂob.aheay{m%wx?%%%@%%?_s :Ihér)]fo?' .t he

positive or negative pulses on the transferred signal g.

- 8E) and i$s ofSHMBORTbHoWing trahdiRisSbPRRbsS eRLird: : addi tion
to 31 0 MAY 2005 WD 02/ 057928 PMJSO1/ 50879 a {“?ﬁ"’?%ﬁ'f?gﬁb@% 'fiers 920

may | atch t heigliukiop IS SYBOBROLGR th 8Rmd gy il)gﬂiﬁlc%tcﬁﬁgﬂprsgyfé ghea{lgc
r'cul tc obe

sufficient pulse w dths for succeeding digital S. I'ng s

S SO o A AL i

signal. For the disclosed e ment, the Teceive ¥o decode

e ent | o) IR b idcfec 2881 UHARL sl 657 A ol RSS20 1AL

differential to single-ended anplifrers

circuitry 9 : i it eplicate much of the remaining
ciycuitry i %%Fbg?:%@te}%qg@ﬁﬁ t% g "ﬁ%{%fﬁ‘%«gﬁa@%'"5&9?“33?‘-8‘“&%@&%5%9“33i gnal s,
simlar o tslﬁ,ﬂg@ﬂ -l{qhggmoc;\(}}er ansm tter 540 and strobe transmtter 790. One

enbodi ment of strobe recel ver 982 #'ncl udes circuits that correspond to
phase denodul ator 10 670 and w dth denodul ator 680 with sone m nor

modi fi cations. Foig. ®X&npdchematia dibgramberésesntir@e bribb@ment dfeedepees3atatst r obe
for distribution to multiple receivers 530,-up to the
Is suitable for use with the present invention. The disclosed embodiment of receiver 530
processes differential data signals. Fig. 9A also shows a strobe recetver 902, which is
suitable for processing a differential strobe signal. Strobe receiver 902 may provide delay
15 matching for receiver 530 similar to that discussed above. Receiver 530 and strobe

receiver 902 may be used, for example, in system 200 in conjunction with the

embodiments of transmitter 540 and strobe transmitter 790 discussed above.

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

Fig. 8E) and its complement, e.g. the signals at inputs 602 and 604. In addition to



nunber of .channels in, e.g., bus 210. Strobe buffer 990 may be W@ ¢&AY 2005
dependi ng or{?@r& number of receivers it drives. Data buffer 980

e >
corresponds P38 buffer 990. To save area, data buffer P8P uREaShs APt
be an exact replica of strobe buffer 990. The del ays can 15 al so be matched
by scalina down .Both dat albtbuffer 980 and its |oading proportionately,
relative to EREIFCAEOREPHETT L20 maxlpich Heiroutratseith appoprighitindrs sjgnads tUOR)
940(a) conbines.the outputs of anplifiers 920(a) and 920(b) to recover the
first edge oP™rReSYNisent pilse witiefousHocering digiitehtiswits.nat the propagati on
delay through gate 940 is uniformw th respect to the two inputs. An 20
-enbodi ment of UORVAAMirsSst@BOWReivEr 9o FimiBGy aioii uni - AND,.gate. (| JAND)
930 recovers the second edge Slf TR S?Nw&.aﬁgﬁhé%gé?cﬁ{anﬁ?m%” ‘ F\Ef)"tb“go is
shown in  Fi gobdBignal P@Pt%i&?@s@@erﬁpoc‘w éﬂeg?cccﬁeqlr %)t%%gl}s/ %g@%gi)cwcﬁ phLgcl osed

enbodi mrent of phase denodul ator 670 I nc 'nLtl’ es an ar
(generi cad | yinforatalbd 8 d325 fera380,, Arhiter .950(b) conpares
the first edge recovered%{%bg%!a?%gﬁ{o}%g%g?%?rrge lgvﬁéﬁi%Wéﬂé'fﬂ'ggﬂath
the correspoggiy f vered .strobe 940(h),, ..
respecti vel y%}g%n set gc)aarng%g@gx}c{,ﬁgtg@ rCHF'ﬁS"'tg QRSN@%’B%FC“F‘H&%%MW%
first edge l. .| eads.or. follo the fir edge of the strobe. An
enbodi ment %”@t@tﬁ%{@@%% ST ‘?fﬁ"’ﬁr%’." ‘QB?atS&h‘feﬁﬁXF fidaigsod sibs high | f
i nput 956 hj.qh before |nput 958. Qutput 954 goes high if input 958
goes hi gh bgs? nr%IeS’ f’ﬁ‘gﬁf Fogtg%f"atcﬁp jof rangittes S40 and rabe transgyiA7OPePresent i ng
one enbodi ment f arrg*.i fi.er 920. The disclosed enbodi nent of anplifier 920
i ndl udes a reALSHIMER!RF $tobE resitvaRIA2dRCludes cirguitg ahat camespet to phasd domedulgiod,  and
a pre-charg%g Ia‘{ch 9%8. Reset device 922 speeds up the resetting of
anpl i fi &P 0500 apq width derapdiiztar689uritesomemipprapedifications. f Bar cxdmepleeicobes y mbol
period. Gain _control device 924 conpensates the gain of amplifier 920 for
vari ations infffer@@é)élgcrs the received strobe for distribution to muitiple receivers 530, up to the

number of channels in, e.g., bus 210. Strobe buffer 990 may be large, depending on the

number of receivers it drives. Data buffer 980 corresponds to strobe buffer 990. To save -

area, data buffer 980 need not be an exact replica of strobe buffer 990. The delays can

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

relative to their counterparts in strobe receiver 902.

Uni-OR gate (UOR) 940(2) 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.



vol tage, tenperature, and the like. A control -signal 926 may be f ogli ?,eg D%y
calibration \gph g;m520. More generally, device 924 nmay be nult bl AY 20

devi ces connected in"series or 15 parallel, and signal 926 naypbeuseNsad
bits produced by calibration circuit 520. Pre- charged | atch 928 reshapes

out put pul se- i at ner s e SRR bR 5T R A Byl rbrorghh)

out put pulse widths are deternn A

enbodi nent of 1.1 et 0,4:aRST ,i.S pr ed by DM 916 (Fig. 9A), along

with other u%%‘%‘? gn%’?”ger&@%c} g} d?‘é@@ﬁgfgﬁ%@@gﬂerf”q(@ q9epate the ffrgedge

pre-charged | h.9 an ignal 20 T o be in inconsistent states, due

to power-on s ngﬁoev ﬁrgé %08} glﬁ i’?'gs ‘?"eﬂcféﬂ“?j?ﬁiﬁ'av&{(?ﬂp@h}”ﬂ? {hepasespendiagedize droget ect

and correct sqgchregventéjrs.t Th gi ?\(I:é]osed enbodi ment of anplitude denodul ator
i ”05%%( PR, Teerestiveds apteetsmpliasd bitatcordinpsber r ed

660 i ncludes an ar
signals frgma hi fiers 920%) ) and 920(b). 33 0 MAY 2005 WD 02/ 0-57928
PCT/ USO 1/ B0g74'Shif Hhereovers géﬁ edgerof thersyimbpl lpadsde fabiows tedustaiggotbe stubkher
t he output of anplifier 920(a) or 920(b) pulses first. The discl osed _
enbodi ment of \ﬂ"?ffp'PPOdE%ﬂaf%r & 9886 shawniiBig. Y2) Ay ontpdid5@zoey 1D )T 1D 95012,
914, arbiters 950(c), 950(d), 950(e), and decoding |ogic 960. The s
recovered fi r §PesdygfRaforedrpat P38. Luiputtais qoepthighis iPa0358%bas higln e fBdkdnsud 986.
nerate a series of 0 Re edge signals having delays that replicate the

del ays associ at ed pitdE difdiehiehho SR Ldrhs, For o eﬁ%g)g i tof the
i nvention, Dvs 910, 912, aarlld l914‘°maty @‘%“"W‘@%%r%‘h‘%“«a’ °§E°§) l?‘gFrﬁﬁjrq)lg“"del ay

o {1 B S U Vs ARG .
g2 1 9nA SRR 08 RS 0L e BBk Yo o
;Mngb[]s ,bi ;ﬁ d Egr}gﬂlgﬁ g?ﬁé{aﬁgﬁéﬁ &:ggcfeygp%lsaeml p;répglqa%or? ichr’therrs:i s?/(ri;[l'jo}/g&l.r}ldd. zél.'::[aint hetr
' 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 mutltiple devices connected in series or
15 parallel, and ﬁignal 926 may be several bits produced by calibration circuit 520. Pre-
charge.d latch 928 reshgpes received pulscsr for the convenience of succeeding circuits.
Resuiting output pulse widths are determined by a timing signal, RST. For one
) : embodiment of amplifier 920, _RST is produced by DM 916 (Fig. 9A), aiong with other
timing signals used in receiver 530. It is possible for pre-charged latch 928 and signal

20 _RST to be in inconsistent states, due to power-on sequences or noise. Additional

circuitry may be used to detect and correct such events.

The disclosed embodiment of amplitude demodulator 660 includes an arbiter

950(a) which receives the amplified transferred signals from amplifiers 920(a) and 920(b).
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(i nbeund) «bits to their outputs when clocked by a clocking si gphl. MAYr2008e
di scl osed } of receiver 530, the |l atches are cl ocke Lng
a signal frgﬁgﬁﬁ}eo%eﬁay 15 chain of w dth denodul at or 680 thrgggﬁjsﬁﬁgwg%tra
delay of DM 916. This latching synchronizes the denodul ated bits to the
acconpanyli ng A@Lﬁé}%ogag QL{99y aihPliREkAit dc0htdird to diviheLthe B0pieyf ametificr90@) or
further synchronizatiron of the f data to a | ocal clock, e.g. clock
synchroni zat i LG 60 in Fig. 5B. Persons skilled in the art an d
having the b %Qﬁ‘bﬁf’u%ﬁ%ﬁﬁ?'i s disclosure will appreciate that this can be
done in any nunber of different ways. 20 The vari ouséri:??n'goneznts chl‘ an
enbodi nent  of i nt @ht dissl@ebennbrdineé o fwistingranodyfator G8P iFde I IR E " Phat  may
be adjusted to conpensate for process, voltage, tenperature varjations and
the Iike. Fomomm,@,lzc@mmﬁatB@Q{c)«afw(éht?a&le),aaﬁl decpding logi?e 18y 34 wo
021057928 PCT/USO /, 50879 provided by a progranmabl e del ay nodul e gDI\{l
770), the sgairecopeed ifdscympolangaisptititiirengh P9 0,19 1@y ang Ad§ to grnegajpa series o

term nation resistance (device sets 690(a) and 690(b)). Fig. 10 shows an
‘embodi nent  ofedg@diiRilahiving délaysiat repleate fiadelpys oswatert Witk differmpbtiiRl i s to
use feedback to neasure and conpensate for variable process, 5 tenperature,
vol tage, and yib@s! FéeConeldnbolmadonainvaitioaaDMsrod0j Ha, midddimay320 shown in
Fig. 10 is a delay-locked |oop (DLL). A clock signal (CLK-PULSE) is del ayed

by seri es- C%Pe%ﬁéd%r&g%ﬂﬁmc deld0R6{uns (FIENEB) uAtbiters O50ENVE59(9), ehbsen so
that the sumof the delays can be set to match one period of CLK-PULSE.

Arbiter 950 iﬁg%ﬁﬁ%e{rﬂné el fmpoBe positibR o SHEs@bnd Beégedaitiargspettto thegan@itsd 1000
e a (6] or

i s/l ess than, , nore t'han one clock 10 period. DLL control 10 10

cycl es t hjough gl ax. DLl 1968 ATHISsHAL bbsiidiptos it widiabiiel ays  mat ches

one cl ock per shed control setting reflects the effects of
process, tenperature, voltage, etc ... on the del z,ys of DMs 1@1&&i the
Cal i bration circuilatcheo97a3), DWbIoPEKA: 2d 9786D rerabgdirs andercPihy 7 Mihen
conditions (tenperature, voltage, etc. ) change, or according to any of a
vari ety of ofphsse tét asd thgiaowlitude bit, respectively, at their inputs, and transfer the extracte

(inbound) bits to their outputs when clocked by 2 clocking signal. For the disclosed

embodiment of receiver 530, the latches are clocked by sampling a signal from the delay

s chain of width demodulator 680 through the extra delay of DM 916. This latching
synchronizes the demodulated bits to the accompanying strobe timing. In addition, a
device 220 may require a further synchronization of the datato a local clock, e.g. clock

’} synchronization circuit 560 in Fig. 5B. Persons skilled in the art and having the benefit of

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

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

variations and the like. For example, compensation may entail adjusting the delay
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15 The sane calibration control setting~ can be distributed to DVs used

t hr oughout JPQ)t@rJ;Z%e'%O, such as DM 712, DM 910, etc. The deéi[}@%\ﬁ%s

of DVs in interracé?230 are achieved by selecting a nunber O chARYIA4ERD! e
del ay nodul es 770 for each such DM which have the sane ratio to the total

nunber of del ay rm&lgl es 770 in?l%ﬁied inall the DVMs 1000 as the ratio of
the desired dePX{ef BY  RESEMRAbIEIAIaysw odite (DM R the gainfpraviteddy2m ampifigo

total del ay r’rPduI. s 770 in the sumof DMs 1000, one can sel ect a del ay of
one tenth of CFPLEET L0k oplieitminaion sesivinse (svisy savod0( ead/GW(BYr any _
particular DMused in interface 230. In addition, one can al so choose a

fractional rhd i i ' |
ractional extra dgbayw shéws AemiRAihe & ek lrﬁHeXé Qafcf}(st%\?\'ﬁir xgh@ﬁggg@ dr, extra

| oads at the outputs of selected delay no nstitute that

DM WO 02/ 057&k8ratloMiYo 284Q8dbR%Th (1[‘591&? (z%rﬂ_%gsa?eatlog \ba{rlglglic%g%citc?%lor mat | on

obtained by calibration circuit 520 may a used ot her
circuit paranehpédiucd, Poltbe 2h@ L Vi .conditi.ons. These, i ncl ude
the resist ancesof u{er?ﬁaﬁétal}loﬁ%dg\?i cgméglgt%ﬁ e‘g&k%a“g‘faag fFGues Sé‘}:a%é%‘ﬁ" Wrhi s
may be done Iy 19Qf 4 8liat.i t iy ar i gn_.contgi.ned i.n the del control
setting with the effecf%ts og%dlipﬁoe&g‘%f o@éﬂgéfs‘?g%%“a?@#g,g) (?dﬁ"’é’ﬁ‘ég}’/ SEE1 i ke
condi tions oRukhe.at hFSui araget er s, e has thus been discl osed
a mechani sm for pregm% h@bgﬁgﬁb%@ﬁéwﬁ? H”m%°6'ﬁgﬂﬁ'{sdsa“tq‘f’fﬁ‘?§°iﬂ?ﬁtﬁ%ﬁ et bus
systens. The 4fj St enpl o I netic_couplers to transfer
data to and f ?%2% %‘?‘ﬁr)u%g%ti%-fﬁlraé’g] oﬂgg?r'%%f&é{?ﬁ&gﬁ%h'&‘ Pe0 saigpd trdstachshene
relatively m,nar ur bat i,ons the el ectrical properties to of the bus,
reduci ng thg}*{r%oﬁ“rs"g"efg’ics %vmwam’f%s ip ’S%Séﬂﬁér?ﬂw tq, PEFEFE than et qlogke
effects. . The cl eqﬁﬁf noi se_environnent allows various nodul ation schenes
to be i mp? enBFt%y Bl canfipl 010 cyglessiizougl) delayrgonsro! sertipgennts thereuini efghe delays
frequencies. The disc| osed _enbodi nents have been provided to illustrate
various feat pl8esHneclosk pgiads dibe establéshed emtrobustting meflestsithel effectsrofplueesar t - of
bus- based system design, havihg the 15 benefit of this disclosure, wll
recogni ze vafMRETRBIS valiageraicli-f Prtheidohays of DMsd 0@l Lalibmtion 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 9 10, 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 gre 20 total delay modules 770 in the sum of DMs 1000, one can select a delay of one |
tenth of the clock period by using 2 delay modules 770 for any particular DM used in
interface 230. In addition, one can also choose a fractional extra delay for any particular
DM by inserting small extra loads at the outputs of selected delay modﬁlcs 770 which

constitute that DM,
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enbodi ments, which none the less fall within the spirit and sc ﬁ@f t%s
appended cl au?o,m__%@sI\/AY W claim 1. A nethod for transferri f:g d ta‘g
conprising: adjusting at |east one property of a first synbol FESRQRhE tO
plural bits; driving the first synbol on a conductive trace during a
correspondi ng sy iad;. sanmpling the first synbol through an

el ect romagneti c ggﬁflp ci%‘ﬁ r,ag%ﬂﬁ ‘5%%? Aiged hecalipratigh ciuitss2f memalsade ssadpb ed
synbol , V\hereicytr%ﬁ' sti.nﬁ. at | east_ one _pro er't%/ of the first synbol _
conpri ses adj USt ééf §1i YIS Ao idhe Bgeel ariablnsonditdns| Thess poysicheletice
first and secgond bits, and adjusting an anplitude of the first synbol
responsi ve to 3 Eicd igmination deviee ¢A0iand gainof aplifior D20 Whisis eiap badpredtyi ng an
anplitude of the first synbol conprises adjusting a sign of the anplitude
responsi ve t oCA§BLRE Fhednisrmation comiginedin thedelaf cantral setting wittethe bffecctiftisé | ng at
| east one rggerty of a first synbol conprises adjusting a position and a
sl ope of g icreneEatpier wiltags: and like eompitinss acetht othieheirdaltphamekist S. 4. The
met hod of claim 1, wherein recovering the plural bits conprises conparing

the sanpled synbqhemitabtias SeER; i at clock si.gnal . 5. The nethod
of claim1, furt herccorrpri S hg é%}ldég%??l?\%%ﬁ%ggfgﬁ%ﬁv %@gﬁlﬁ'ﬁ%i ve to the

plural bits coRaR¥RLEShs ik t}-ﬁh%f’fb}'%ﬁ)}é‘tca {r?gflf ﬂ'f%‘)?fﬁ Sﬁst S‘r’]‘qﬂ onpri si ng:

bus; first device to encode t fig one or nore

of phase, pulepesdM dinbs; gl tade nodul ation and to drive the synbol
onto the bus; and Pl ira ?fi‘%ﬁ‘l vfaﬁﬁg%ﬂeg\tﬁtc?é‘g& ?TBmsaa{'ﬁ‘;aﬁ]:&éjr%@’ssJﬁﬁol on the bus

t hrough corr ggg Ng:electromagneti c couplers and to recover the nultiple
bit's fromt hgﬁg‘aS anmqg@g“%"ﬁ‘ﬁf&rﬁ' %erfé‘aﬂ"%bh@"%f PETurhakiang an thsgleririsa! properténsk

signal, resp to the nultiple bits to generate the synbol, and
wher ei n tlﬁe ?rﬂtﬁ% ?‘%é°%8.°‘f’§"lcr{‘8r$ﬁa§°&ﬁ'§§é""aﬁ¢g AUANGY; transpéssiopding gifectphase

delay and w 'Pftlchch%fnc; rpoelse environment allows various modulation schemes to be impl i
plemented in
multi-drop bus systems at higher signaling frequencies.
The disclosed embodiments have been provided to illustrate various features of the
present invention. Persons skilled in the art of bus-based system design, having the
15 benefit of this disclosure, will recognize variations and modifications of the disclosed

embodiments, which none the less fall within the spirit and scope of the appended claims.
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clock signal. 7. The systemof claim®6, wherein the first device is
electrically connected to the bus. 8 The systemof claim7, wherein the
first device is a chipset and the plural devices are plural ng’lrﬁrﬁ[\y 205
nodul es. 9. The systemof claim®6, wherein the first device drives the
clock pulse onto the bus. 10. The systemof claim9, wherein the plural
second devices sanple the clock pulse and recover the nultiple synbols by
conpar i we ddire: sanpl ed synbol and cl ock pul se. 11. A system conpri sing:
trace including a plurality of first coupling components at selected

i nt er val s\ mbibedyfot ansterringelata cofriprigng: devi ce to encode plural bits in a first
symbol and drive the synbol onto the trace; 37 10 MAY 2005 a plurality of
recei vi FUsyeY atdeast oneduepery 65 firpits¥mbe) reppersivieds poratibitsy one of the first
coupling.co ofnqnts @nd incJéludi rt]% a_ second coupling %onpqnent, the second
coupl i n%'v&g Sl s MPe o8 g 7pnquctivg B¢ f'8hagTeT ORI Sobgeteedit ed by the first
synbol %{;ﬁa#beméri{s%mbeHRJoh@ﬂ?rg& r8£’1§5ﬁge%ccé“’“ﬁre' nat |east one of the first

and second coupling compon as a eorrelipr@lg;??ldat reduces dependence of a

coupl i n@cseeidthe biemt bifs@ont he sdrhdicd syABel, #ESARDdERINB ot RSt GROPRBRGH P+ '?irs+
rel at i veymbplasbiien adjabtinghitst hid sseoriBligs£eramss & DL MasiCORRIAN &R secondibits,| N€
syst em @kl adjustingnah Bmplihes efithe firktesyhbdl séspo@iwetea tiraedes the plural bits using
one or nore of phase, width, and anplitude nodul ation. 13. The system of
cl ai m 13 Themeihed Bf dai 1f whesein adivitios ae awolileds o te fipdt ayrabol binsisenadiestiara ed

pr oper t3¥0f §ie ampfiudy fepransiyg ilhe third bit. The system of claim 11, wherein each

' ' ' ' th ded bits
of the 4 g8l Vj::%g:&fw ges, | ncl é}d iﬁ@? transceiver to ,decoctl)e e enco
he fir

from t He SHM 8o SR atlising pUpask oneyptopery of 3 fist ymbgkcoppatemagisting
nginei nge%)t% east or%ot(g ‘#%Oreg?elS\;F%r%boiree\ﬁ%'ég’eb"etﬁgggf @Sa second synbol
resSponsy. YRe mBthb &I 1AhndrdIR rdchvemihg ¥ R bits‘?‘c%mprises comparing the sampled

symbol with a sample of associated clock signal.

5. The method of claim 1, further comprising generating a second symbol responsive to the plural bits
recovered from the first symbol.

6. A system comprising:
a bus;

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

plural receiving devices to sample the symboi on the bus through corresponding electromagnetic
‘couplers and to recover the multiple bits from the sampled symbol,

wherein the first device modifies a clock signal, responsive to the multiple bits to generate the symbol,
and wherein the muitiple bits include phase and width bits to modify a phase delay and width of the
clock signal.

7. The system of claim 6, wherein the first device is electrically connected to the bus,

8. The system of claim 7, wherein the first device is a chipset and the plural devices are plural
memory modules. ‘

9. The system of claim 6, wherein the first device drives the clock pulse onto the bus.

10. The system of claim 9, wherein the plural second devices sample the clock pulse and recover the
multiple symbols by comparing the sampled symbol and clack pulse.

11. A system comprising:
a trace including a plurality of first coupling components at selected intervals along the trace;

a first device to encode plural bits in a first symbol and drive the symbol onto the trace:
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a plurality of receiving devices, each proximate to a corresponding one of the first coupling
components and including a second coupling component, the second coupling component to sample
electromagnetic fields generated by the first symbol on the first coupling components,

wherein at least one of the first and second coupling components has a geometry that reduces
dependence of a coupling coefficient for the first and second coupling components on relative
positions of the first and second coupling components.

12. The system of claim 11, wherein the first device encodes the plural bits using one or more of
phase, width, and amplitude modulation.

13. The system of claim 11, wherein the first device encodes the plural bits in selected properties of
the first symbol.

14. The system of claim 11, wherein each of the receiving devices includes a transceiver to decode
the encoded bits from the sampled electromagnetic fields.

15. The system of claim 14, wherein at least one of the receiving devices generates a second symbol
responsive to receipt of the first symbol.
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