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COVPENSATI NG BUFFER Cl RCUI TS - FI ELD OF THE | NVENTI ON The
present invention relates generally to integrated circui't . technol ogy
and, nore specifically, the present invention relates to I nt egrated
circuit buffers. DESCRI PTI ON OF THE RELATED ART To achi eve
hi gh perfornmances in nodern integrated circuits, it is often hecessary
to utilize high speed buffer circuits, such as for exanpl e

“tnput [-out put buf f ers. "One conmon use for input/output buffers is to

interface '”tﬁ@gﬁ%ﬂmﬁl F?AMA‘TL*BJF SLEPPRIAPEIAND IMPEEPAN@ES t hat
.are.coupled t usses are often require to drive external | oads that
are large in conparison- mowmsm*rma&wsan&mms i ntegrated

circuits drlm@m&ﬁgrat ed circuit technol ogi es continue to
advance, th_eFIELD ich the integrated circuits operate

i ncrease acc ?&J a PEADR @é 8 hhfohald @ﬁzg@lﬁ or circuit
desi gner s’ q?ilg Sgﬁhssves t atﬁﬁare Hif(; rratct‘?&t he speed

per f or mance féchrnbdaogy andcm@rsqmﬁm‘llyrmherpreﬁ?lﬂsnva\’eona&hias tor the -

difficulty of ontinu i ncreasi ng bus speeds to match the
cont i nuousl| ymtegratpa&l%g’f ﬁ@gf@%’su core speeds is that input/output buffers

connect ed tODESCB_%ﬂ?Cﬁ‘J%PFmMOQTEDRRTate across a wide variety of

operating conditions or 1 nstance e performance of a buffer

changes si gniTol achievy }nghrpqrfarmmesunl maderr integeatpdr ciravits, it

vari ations. As t hese co ns, chan he .nai. d sponse

char act eri st i%Qftgp neggssary touﬂﬂ Qrb‘gl" gﬁ?"ffgﬁrsc ’é%’ﬁ%eé‘t‘&ﬂ g fhe busses

are effect Ed%aﬁfx‘i’iiﬂéhgﬁh‘?/outputw fe2b] @he boinR9sRLRE 61 Eﬁ}b'hi/ hgners nust
pee

often limt ch the buffer circuits such a
i nput / out put bffefeistojderface integrated aircuitaodish busses. phypary putpwar i at i ons

:3ng ?Jggé} bgg yffers thé’%oarge coup:ieg to busses are often required to drive external

loads that are large in comparison with the internal loads other
integrated circuits drive.
As mtegrated circuit technologies continue to advance, the
frequencies at which the integrated circuits operate increase
accordingly. It has been a considerable challenge for circuit designers
to design busses that are able to match the speed performance of the
core speed of modern CPUs. One reason for the difficulty of
_continuously increasing bus speeds to match the continuously
increasing CPU core speeds is that input/output buffers connected to
the busses must often operate across a wide variety of operating
conditions. For instance, the pérformance of a buffer changes
significantly over process, voltage and temperature variations. As
these conditions charige, the noise and response charactéristics of the
input/output buffers connected to the busses are e_ffeéted. For stable
operation, integrated circuit desighers must often limit the speed at
which the buffer circuits such as input/ outp_ut. buffers operaite to

. accommodate the potential variations in conditions. .



The utilization of i npedance conpensat ed i nput/ out-put buffers is one
prior alg (t)§£}k§‘3r5£ on that -integrated circuit designers havepcrajsosiessdzt o v~ 7
v :

aceommo é.varrations in conditions. |npedance conpensat ed

i nput/out put buffers provide a mechanismto maintain . the optinmm -
characteristics of an input/output buffer over a w de range of

operating conditions. |npedance conpensati on enabl es the out put

i npedance of the input/output buffer to be varied in order to - mat ch

the line inpedance of a |ine connected to the input/output buffer. As _
a result, the output inpedance of the integrated circuit —~  ~“buffers can

be adjusted accordingly.tq.redyce ngise ‘and therghy. [ nOcrease .
“performance as pr%@gégh?%ofhgg%& Bﬁ%éPEtRﬁ"é?ge%H}R%&??t -change.. ... .. .
The sl ew r atg,@brdishoid ?Hb?laﬁrﬁ Sblkitioh BRQGARGraRdr ARBE HetigtetdRbvé S

effected by variations Tn conditions such as process, voltage and

t enper at ur e. uged éxtaecominhgdatervarirdions usenditivasodmprstance commonl y

i npl emented in integrated circuit tens, the.slewrate . s :
character i st‘F%mBFnﬁgtﬁaf ’F‘é’r’.ﬁé@l} g‘iﬁ?"—ﬁB’F%‘ﬂ?F @W\%Fﬁ’rﬁ? QAP AR or i n
hi gh speed appl bgﬁh{ﬁﬁschaw&@ﬁgﬁcéféf hﬁtmga;s/mpm@ﬁﬂﬁe&,ove@lé aggeand |
tenperature may tause corresponding variations®in the. slew rate as

wel | as vari mngmef ppetdting nprdidiors. dimpeddreesompensation enables the

appreci ated that the significance of ,the i . rate of
buffer cir cuP’t‘&"iﬁsmFB?%%E?toé: eafn%ﬁft( %??%}?ﬁﬁ%?gé?%ﬁa‘ggngﬁﬁi&ﬁrgeﬁo

appl i cati Onsnw%&litﬁellﬁﬁrﬁﬁgé&aﬂ&toﬂ A HrleCébreftcied & HPHip@/opepubuf fers.
For exanpl e, power supply Tinging or the sinmultaneous switchin noil se

observed i n puffer. Amppiresdt,itheioutpyt impedanceof the rdggumted ciyeui

attributed t .ew rate variations of buf f.er_ci fcl onsequence of
changes in chEefﬁ B e ad]usteé accordnw}grttoi rsedglg% ?‘ro é%uélr{sd ?ﬁe%g}f)ﬁod and an -
appar at us foin@dhsspeiforiaahbe as procédie veliage hadeteanserahere cnlitions of
buffer circuits in order to : ] : _
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The slew rate of a buffer circuit is another characteristic that is
effected by variations in conditions such as process, voltage and
tempefature. As extemaliy terminated busses become more
commonly implemented in integrated circuit systems, the slew rate
characteristic of a buffer becomes an increasingly significant factor in * -
high speed applications. Indeed, variations in process, voltage and
temperature may cause corresponding variations in the slew rate as
-well as variations in the impedance of buffers.

Itis appreéiated that the significance of the impedance and slew
rate of buffer circuits is relevant to a variety of integrated circuit
“applications and is therefore not limited only to inptit/ output bu.ffers. '
For example, power supply ringing or the simultaneous switching: |

" noise observed in power supplies in integrated circuits may also be
attributed to slew rate variations of a buffer circuit as a -éonsequénce of -
changes in conditions. |

What is desired is a method and an apparatﬁS’ for adjuéting both

the slew rate and the impedance of buffer circuits in order to -



conpensate for variations in conditions such as process, voltage and

t enper at uywe 9843352t egrated circuits. Such a nethod and""aﬁp‘a"rncmws9s/05'soz;h-@'u'-|"d"' o

be readily inplenented in integrated circuits with m ninal area to
maxi m ze the performance of buffer circuits over a variety operating
condi ti ons. ~ SUWWARY OF THE | NVENTI ON . A met hod and an
apparatus for inpedance and slew rate conpensati ng a conpensat ed
buffer circuit is described. In one enbodi ment, a conpensat ed buffer
circuit includes a pre-driver circuit that'includes a slewrate

conpensation circuit. The pre-driver circuit = is coupled to receive a =
data signal apgridisakevor eaﬁaﬁsﬂ?ﬁ@%aaa&mns suctChs g;%éesssvsﬂagé Gddt o

receive.a slew rate control to control a - var i-ab esi st ance -of -
the slewratet mhabmnn&grated cirdids. Suchdasethdrbdndo&;pmmsad buf fer

circuit also i s a.drjver circuit th ncl udes. R nce
conpensat i on éF‘ ?’ ‘ﬁ?g{l r’rIUEf %??ﬁ?él?‘%egrawd&b‘ifﬁiﬁédw ’[I‘r’l’é -driver
circuit to re%%%a'gofnhm_@ﬁé del6¥ buffer bﬂ%ﬂ@ﬁ%&ﬁ%ﬁ%&ft'on B
circuit is coupled to recelve n |npe ance control signa he dri ver
circuit is cowplersting conditipnshe data signal . at an output node.

Addi tional fea}] ] esent invention will becone
- apparent from é &q( Wﬁh%&%ﬁ '

oot eH—gesSerHptHof~+i gur es and clainms set forth

bel ow. BRI EF QE%QB&PE thi @ W p edance and slef¥gater esent

invention is itlustrated by way of not Ilmtatlonlnthe
acconpanyi ng fcompemsatmg a compeFisgiedebuffersciacuit iz destirirpdanirobne sl ew rate
and i npedance ensated i / tp ut buff? i n_accordance. with the
t eachi ngs of em‘bod][na%n Pe%‘ﬁﬁ?e??ﬂr}gath circuit includes a pre-driver circuit

3 ' that includes a slew rate cdmpensahon circuit. The pre-driver circuit

is coupled to receive a data signal and the slew rate compensation
circuit is coupled to receive a slew rate control signal to control a .
variable resistance of the slew rate c_ompensation'cir'cuit. The
described compensated buffer circuit also includes a driver circuit that
includes an impedance compensation circuit. The driver circuitis -
coupled to the pre-driver circuit to receive the data signal and the
impedance compensahon circuit is coupled to receive: an 1mpedance
control signal. The driver circuit is coupled to output the data signal

- at an output node. Additional features and benefits of the present
invention will become apparent from the detailed description, figures
and claims set forth below. |

~ BRIEE DESCRIPTION OR THE DRAWINC

- The present invéntion is illustrated by way of example and not
limitation in the accompanying figures. | o
*  Figure 1 is a block diagram of a slew rate and Iimpedance
compensated mput/ output buffer in accordance with the teachings of

‘the present invention.



“of ranot her” enbodi gent_ of .a ‘sl ew.rate
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- PCTTUS98Lf5 389 T o -Frgure 2 is asinplified Sfé‘ﬂﬂ@é/disﬁf one

enbodi ment of an i npedance conpensation circuit in accordance with the
t eachi ngs of - the present invention. Figure 3 is a :
. sinplified schematic and bl ock di agram of one enmbodi nrent of a sl ew
~rate conpensation circuit in accordance with ~ the teachings of the
present invention. : Figure 4 is a schematic of one enbodi nent of
a slewrate and i npedance conpensated buffer in accordance with the
- teachings of the - present invention. -~ - -- Figure 5 is a schematic

nsat ed buffer

- - -and. T nped |
~in.accordance wit R8HRE ¢ &R Fimplified Sgﬁsm%q%gofpﬁ'?éggmgﬁvﬁﬁ%{f?ogmn -
DETAI LED DESERpEIAAN: compensaﬁon/éizgahhapa@agda@c@{aﬂﬁf atévéeafcﬁ?\ﬁ%yst ing the

slew rate and i npedance of buffer circuit to conpensate vari ations
i n ‘condi ti onthe presgrghirasentioscess, vol tage and tenperature is disclosed. In

the follow ng descrj ptian rous specific details are set forth in
~order to provide Flgurzféfﬁso?Sﬁﬂﬁp’ﬁ%ﬁ@fﬁ?ﬁ'ﬂ%r?é‘dog]fot:ﬁénﬁg’@_é’érﬂ?qrwvent ion. It
will be eRp¥deRient MTMEYIRIY rdte él%‘é'ti@% QFQiD B Xc&ﬁkl'ahcé Quiilge art that

the . specific detail need not be | oyed to practice the present .
invention: the teachings of fhe present imwentibnown naterials or net hods have not

been described.in detail 4n order to avoid obscyri t he present
"nvent i on. “FiglreE1ds sehdudhe S phB R Rt A SR G of o
‘control are imped & taiipehSed MEfdMinAord REROWHIIHY 3RS THACE.
buffers. Due to variations in conditions such as process,” vol tage and
t enper at ur e, present iaviemp@dances and sl ew rates of buffers may vary

| der abl " . d ing t _speed and f. f
Cncompencat bd PR €€ $HAGAMC R BB eRBRABEEN BER Mee s nedt 51 ew
rate and ahdfgaiince dvpgRaRatd bulfeein Tabéérdaﬁcﬁ@ﬂft}h gHE @ehdBngecei ve

slew rate

_of the present invention.
DETAILED DESCRIPTION
" A method and an af;paratﬁs for adjusting the slew rate and
impedance of buffer circuit to compensate for variations in conditions
such as process, voltage and temperature is disclosed. In the following
- description, numerous specific. details are set forth in order to provide
a thorough understanding of the present invention. It will be
apparent, however, to one havinglordinary skill in the art that.thé
specific detail need not be employed to practice the presenf invention.
- In other instances, well known materials or methods have not been
described in detail in order to avoid obscuring the present invention.
As discussed, impedance matching and slew rate control are
important features in high speed and high perfbi‘mance buffers. Due
to variations in conditions such as process, voltage and témperé.ture,
- the impedances and slew rates of buffers may vary considerably.
thereby degrading the speed and performance of uncompensated
buffers. The present invention provides a combined slew rate and

impedance compensated buffer that is configured to receive slew rate -
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- PCTHUSOYW@BEAs2 " . and inpedance control si gR&TAISO803802 ow
~adjustnments of slew rate and . i npedance to match the slew rate.
requi renents and i npedance of ' external busses/lines that are
connected to the buffer in varying on- ~ chip as well as off-chip

conditions, such as for exanple, different packages, citcuit

boards, etc. -Figure 1 is a block diagramof a conpensated

buffer circuit 101 in accordance with the teachings of the
“present-invention. "As’ shown o “in Figure 1, buffer circuit 101

el udes” preggy ERShdshEs WbhabP 2 aurkedis . _ y ta signal
117, .Driver . ci r%ﬁl}?téd%g& Fgﬁgégégggﬁft&ggég %dé;utstﬁre\ents of 1% ya&?jgdfngaf rom
pre-driver dinmpadanceO® avatch Henslew patesreguidretaerds aindoimpedance of

I ncl uded i - dri | [ 03 i I ' i on.
el uded 1 prc. o ver ShEel 102 ISl ot ate comensation, oo
recei ved by 4hig 3l IR SHCAIPRASAIAER, Ehit U for BlarPEANHERIne he S! ew

rate of the a output at pi'n so shown 1 n“Frgure 1, driver
circuit 105 pavkegdssirauiebizards, etonpensation circuit 109. |npedance

control signal 113 is receive | npedance conpensat i circyit 109
Lo cont rol “the oukigieinsadbiotk HremRe ob AR RIS AP use Crpett 101

In one embodhngRbr@intdGritl 836 Kad Lﬁ'snbf e 89&@9@%&%& As shown buffer
circuit 101 1s utilized in the outp portion of an i nput/output

buf f er “coupliedFigure 1hbuffencircaiiclil) incBidas pre-drivencirofit 40§ rauplad tand
i mpedance control si,gpal. 11 e.gener at ed a conpensation unjt

115 e showTeFFive G AR siEhab Ao Dves sttt (0P GOHDFa toseEtthe o
control sig r@étalf}én@gpb-umg JNCBICIBLArY 119610 Bﬁtp&t!a Ihe s a¥Bin é‘f@.o""”

techni ques to conpensate for variations in process, voltage”an
t enperature to adingnded én grewlnivareciznudt 10p delaleve raffe dnrhpensatiopl

accordingly. .In. her enbodi.nent ew rate control si 111 and
i rrpedalncg Zoq’l’f%fTQ*g%ﬂ ﬁﬂ@éﬁwifﬁvﬁleg’ At eerre) S?é]%gﬁgfltlﬁl si gnal s
gener at ed byreeeRRANBYthe Bledd rhteldompendiiotlirciib Q0N tb ROARGIYRE sldvd

yet anot her enbodi nent, inpedance conpensation circuit 109 is
"5 rate of the data output at pin 119. As also shown in Figure 1, driver

circuit 105 includes impedance compensation circuit 109. Impedance
_control signal 113 is received by impedance compensation circuit 109
- to control the output impédance of the data output at pin 119.

- In one embodiment of the present invention, compenéated
buffer circuit 101 is utilized_ in the output portion of an input/ output
buffer coupled to a bus (riot shown). Slew rate control signal 111 and
impedance control signal 113 are generated by a coxhpensation unit
115 as shown in Figure 1. Compensation unit 115 generates slew rate

~ control signal 111 and impedance control signal 113 using well known
~ techniques to compensate for variations in process, voltage and |
teniperature to adjust the slew rate and impedance of buffer 101
- accordingly. In another embodiment, slew rate control signal 111 ahd
. impedance control signal 113 each include a plurality of digital signals
generated by compensation unit 115 using well known techniques. In

- yet another embodiment, impedance compensation circuit 109 is -
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through pre-driver circuit 103. Figure 2 is an illustration
of a sinmplified schematic of one enbodi nent of i npedance conpensati on
circuit 209, which may be - used in place of inpedance conpensation
circuit 109 of Fi gure lin accordance with the teachings of the
present invention.: As shown in Fi gure 2, inpedance compensation .
circuit 209 includes a plurality of n- channel transistors 223A-C
coupled in parallel between pin-219 and ground.  Sim larly; i rrpedance
‘conpensati o d cicﬁ%n el Nsi'st.ors 221A-C -~
coupled in p%?%]fggl ttobé(%gk ﬁ%?%&%% ‘g‘?{&ml mg&e} ﬁ?ﬁé‘&g‘rﬁﬁe@f}ﬁﬁol .Si. gnals .
- for- the. p- chapagk 108ansi stors 221A-C -are received as P-1MP signals =
213A-C, | abel ed as P-1MP<0> through P- | MP<N>. .Simlarly, inpedance
control signal's fBigume is amakweiration of grsimgilifiest schepgmticofpaer ecei ved as

NI MP si gnal | e MP<Q> th N; | MP< Usi ng

wel | known t%@ﬁ’%ﬁ%@y Oﬁfﬁ %%e lg-omﬁ?slaé%l%ﬂf%g@]g"ghb%g}ayl\ﬁ nsi stors
221A- C and npsab i Plader zgé@éﬁce compérsaficn EaaA6109 of Fgart 1 iRgs of the
i npedance contr ol SI gnal s 3A-F I n one enbodi ment, ~| ogi cal - AND gates .

225A-F are cetordaneewith the teachinggoh thegresenh imyratian- e %hQWnletlA- C or

i the gat e DR mpedznf IOpipoiRalSh Y Flidetf il (7oC v

n-channel trandiasinel trans1s+&%m3Q-C coupled in parhllelob&iddropin 219 Taﬁa
mpedance to ground fr |n 219 needs to be decreased, nore n-channel

transi stors g3mE WResance sompensaiion cireyéddift al soomchustessi gnal s
213D-F. Conv n eeds to
be incr easedﬁ‘%ﬁéﬁe%éaéé ir%?%ﬂr?%%?&c&uplfe r angl)ag% gg@gﬂ %%defn Zf%gngw t ched
off with i andandmpsdahgelcoat@ﬂlai@als gor &@Pﬁﬁdanﬁﬁlmrhﬁsﬂstors IZQ%IAPQ : npedance
frompin 219 to VcC nee ecreased, then nore p-c anne

tr ansPst ors 212‘3117%‘3@“1?;;/&%% Q’ﬁn’ gignals 213A-C, Ia eled as P-IMP<0> thoug

6

IMP<N>. Similarly, impedance control signals for the n-channel
transistors 223A-C are received as N-IMP signals 213D-F, labeled as N-
IMP<0> through N—IM_P<N>.- Using well known techniques, data 217
is ieceived'by p-channel transistors 221A-C and n-channel transistors
223A-C based on the settings of the impedance control signals 223A-F.

" In one embodiment, logical-AND gates 225A-F are coupled to a
corresponding p-channel transisto}: 221A-C or n-channel transistor

" 223A-C to determine whether data 217 is received at the gate of the
'correspohding- p'-charmel-transistor 221A-C or n-channel transistor
223A-C. | . | |

In operation, if the impedance to ground from pin 219 needs to

be decreased, ‘more n-channel transistors 223A-C may be switchéd on
with impedance control signals 213D-F. Conversely, if the impedance
to ground from pin 219 needs to be increased, then more n-channel - - - - - - -
transistors 223A-C may be switched off with impedance control signals

. 213D-F. Similarly, if the impedance from pin 219 to Ve needs to be

decreased, then more p-channel transistors 221A-C may be switched .
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Conversely, if the i npedance from pin 219 needs to be .increased, then

nor e p-channel transistors 221A-C may be switched of f using inpedance
control signal s 213A-C. Based on the settings of the inpedance control
“signals 213A-F, the output inpedance of inpedance conpensation circuit

209 nay be adjusted accordingly. As a result, the output inpedance of
driver circuit 105 may be -adj usted to mat ch t he I|ne | npedance of a

bus connected to pin 219. - : I't i s appreciated that driver circuit ~
105 with i mpadaske mped&ﬁf@@éﬁ@él aanalsrmaA-doaohWﬁéwqwtﬁernﬁ a source .
term nated driver, push- pul. © driver, .coupl ed. to- ‘the -bus . t-hrough-.pin. ..

219. Wth thmpedancprfeemphyw%medbéd hermemased 'chhn vwre@shannel | npedance
conpensation ci rouit eatures t cteri, stl of the. source '
i mpedance of *&?% iSkors Eégg-ﬁé\mﬁ}j b@l‘ﬁ%"’ﬁ&‘?‘?f’g}a‘ﬁ Eé B PRt he 1ine |
| mpedance ofsigfits!is ACOUDBARA O B8 s8dhgs of the impedarks @RS AIERAUIEENt, the

resi stance of“the p-channel transistors C and n-channel
t ransi st or s 233nFCthe output e:qpadammobmpedanea ¢ompensaﬂienrdasmme the -

p- channel tranS| sto A- be bi nar ht ed .and the n-channel
transi st ors PIERE ‘ﬁﬁfﬁ? a%oagfrggl A1 \R%ﬁx‘&'ﬁ 8803"5?3 UPPPERRR Ohei ght to -
provide wi inx‘iﬁékg@ir@thtCthﬁxﬁy He”adgﬁ@ted to mabd &eanke xﬁfpé@llaab@ ofk9 to Vec or

to ground using well known chni ques. I n anot her

enbodi ment , ecenmeaated topin B39p- channel  transistors 221A-C and

n- channel tran5| Qrs_223A- con ured.to al ways be enabl ed.
Thi s enbodi ment d§|a38§e‘flﬁ{i§den§éédﬁwer a’?%’é‘bﬁf }Iﬂp?ﬁgnq nge of
resistances ddhbefButidte cRE@H IBfRiRRNforms aMolrdd fedfthaYes Rivdiot wee
pin 219 and ground. One or nore of the p- channel transi-stors 221A-C

and n- channedr prshrpidl drivepo@mupdedsty the bus throughtrint21p. eWith. éhle by ensuring

t7hat the corg %%81?&9 8 Bbtdin¥endon, driver 105 with impedance

compensation circuit 209 features the characteristic of the source
impedance of driver 105 having the ability to be matched with the line
impedance of the bus coupled to pin 219. | _

In one embodiment, the resistance of the p-channel transistors '
221A-C and n—channei h'anéistors 223A-C are not equal. In particular, R
the resistance the p-channel transistors 221A-C may be binary-

‘weighted and the n-channe] transistors 223A-C may be binary-
weighted to a different weight to provide wide range of control in the
resistance from pin 219 to Vce or to ground using well known
techniques. |
- In another embodiment, one or more of the p-'channel

‘transistors 221A-C and n-channel transistors 223A-C may be

. configured to always be enabled. This embodiment prov_ides increased
resolution in the range of resistances that may be provided between - . -
Ppin 219 and Vce or between pin 219 and ground. One or more of the p-
channel transistors 221A-C and n-channel transistors 223A-C may be

constantly enabled by ensuring that the correspondmg P-IMP or N-
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t echni ques en | mpedance conpensation circuit 209 is utilized.
Figure 3 is a sinplified schematic of one enbodi ment of slew ~ rate’
conpensation circuit 307 that may be included in pre-driver circuit
103 in accordance wth the teachings of the present invention. As
shown in Figure 3, slew rate conpensation circuit 307 is shown to t he

| eft of dashed line 305. Slew rate conpensation circuit 307 drives a
-l-ead, whi-eh-i nctudes drivercircui t—105 (not shown), having an

~effective 1oad-capac ta Shown s CLer 112327 Liats. anoiaciat ed t hat
LR 327 hal i RERAL ISR Sk eilte T kOl (CdidiqBBPUAREL 0,
condi tions sugBedands e6fffensibhagrui20d tlisédr e since capacitance

has a relatively small variation over process, voltage andt erature.
In one enbodi ment Figutend iy psimplified schematic of ene emkodiment ¥nsat'i on

circuit includes an_i er. . \Whi i ncl. - 1. ansi stor 333
and n¥Channe_F%r?ﬁ%?éﬁ%aﬁ%éé?c%39?&59@%%%%%B}%{lﬁgagél? re—dnvéxgnd '337. In
t he ermbodi Mepfrc&ROM3, irf Aédordahcd wittothHe guachithdsoofbtheapresent iiwerttiorl. Vcc and

~rail 337 is configured to be a virtual ground. The gates_ . of p-channel
transi stor 32@ shiwn-ipHEgHee 31 plgisraje sonuznsaHen 16807 & shown tpecej ve

~data 317 and. O#'L#/F?)f A Rh I8 Hn Wl Nidly vis .‘c&x%sgﬁ&x circuit Ia(gedriveé‘% shown

in Figure 3, tl% ate“conpensatt on circui s a plurality
of p-channel 16d@nehadtoireclda8Ndeives epicait 105 (rstalhosyn), havingehween Vcc and

rai-l 335.. The slew rate control sjgnal P- SLE\./\[{_,%;thW . as E{SLE\MO>
t hrough P-SLEfestve leatraparitance shpwnaan oLeap 887+ It 1s apprecigtedthads oach
p- channel transi st : A- | C] = ‘whe nel -

transistors g@ﬁ‘%ﬁ&gélg&g%dé%ﬁ %@%@s#ﬁ%&%ﬁgﬁr %ﬁr}ggqﬁ 335 and
Vcc in resporsaditiorn? ShdfV\édpretegpavsltdiel and temperature since @ipavitantce

conpensation_circuit 307 alsq in¢ludes a plurality. of n- channel
transistors 3asa relatyglesmal YRHaHOLPVEERE s¢‘é‘¥]1ta%%?ngﬁﬁmperaglr§r ound.

The portion of thenSheNeh i/ thd! ShRBkndrYeRtons R rate
compensation circuit includes an inverter, which includes p-channel
transistor 333 and n-channel transisfor 334, éoupled between rails 335
and 337. In the embodiment shown, rail 335 is cor_ifigured to be a
virtual Vcc and rail 337 is configﬁred to be a virtual ground. The gates
of p-channel transistor 333 and n-channel transistor 334 are coupled to
receive data 317 and output a signal which drives CLoap 327.

As shown in Figure 3, SIgw rate compensation circuit 307
includes a plurality of p-channel transistors 329A-C coupled in parallel

- between Vcc and rail 335. The slew rate control signal P-SLEW, shown
as P-SLEW<0> through P-SLEW<M> signals 311A-C are coupled to

_ the gates of each p-channel transistor 329A-C. It is appreciétéd that p-
chahnel transistors 329A-C prbvide a variable resistance between rail
- 335 and Ve in response t6 P-SLEW<M> signals 311A-C.
- Slew rate compensation circuit 307 also includes a plurality of
n—chamél transistors 331A-C coupled in parallel between rail 337 and

ground. The portion of the slew rate control signal N-SLEW, shown - .
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coupled to the gate of each n-channel transistor 331A-C It is

appreci ated that n-- channel transistors 331A-C provide a variable

resi stance between rail 337 and ground in response to N SLEV&M>

signals 311D F. I n one enbodi nent of the present invention, slew

rate control signal s P-SLEWand N-SLEW each include a plurality of

di gi t al si gnal s, where each digital signal controls the gate of a
correspondi ng™ p-channel” or n-channel transistor. In operation, if it

"is desired t -~ $ IESA L hen nore-
. p-channel -QS l\grsg'%??g?%%g?%égil\z%can %&%vs\néggg gf%ﬂr? 1331? clbgp N signal s
311A-C. If the aﬂeeofrmhsmahannélmmmﬂdr 3333-Co IYicapgpsecisedithabe- -
I ncreased, h}(langmi gs i 8ne| ansi st rs 329%— %gn be swi_tched off
with P- SLEW% istoyg 831 4-C Hrevice pyvariable gesiplanee between zath rai | 337
is desired t "?.% stors 331A-C can
be switched 0 §35’)§nd & {ﬁ?ﬁsﬁ%?s%gﬁa% g Y%k@%%l%éiﬂg:ﬁ? stance fromrail
337 is de5|_red In dre é@boddimens of thé e esérFrmvﬁnﬁbla:nsmw tr&&n&bﬁﬁrgls S ﬁSlA— C
can be’ SW t f. us i.gnals 31 -, . t he
nunber of p- @B&ﬁfﬁg}gdﬁﬁ%‘ﬁsﬁé&? §[E-I-§‘§'§/§a€ﬁdﬁ8h%ﬁiecﬁﬁi‘hfélmy of digitahsi st or s
331A C.that a&""‘v@'ﬁ%dea‘lg7 1th ki I%Xﬂ a1 k&itrold he ggasfé% aa”@d}'ééisondmgpov\er

and/ or groun rom CL d accordin t he
resi stor- cappenhammel B@)n—thmeicmmsastbr.cdn d;.mraﬂpn,sifaﬂ id desired tdet erm ne the

rise and fall tinmes of an gr}é t%%te K{ i nyerter 333h 1Thus it is
appr eci at ed GfcEEAEHENG K e NECrythgBseer® Pochannel hf f er can
al so be adj UERAISRESUIAY darf B s&mﬁeagﬁwl@{mmwtglgﬂéls'sam-c If

condi ti ons, as process, tage and t enper at-ur one
enbodi nent, tHeeresistanta e ataﬂd@ﬁetbé\ébmﬂééqus-toﬁmmﬂireased théranmretp{ 333 is

relatl vely gl i SOmarl S0 Lo e sl A0 o, oy B Sl

g" channel t r@I‘lSASI.O Bu%@lﬁrlys iff ﬁ{eaﬁebié?dﬂéesf?@ﬂﬂ rdil33PERRdRN'hL N the
decreased, then more n-channel transistors 331A-C can be switched on
with N-SLEW signals 311D-F. If the resistance from rail 337 is desired
to be increased, then more n-channel transistors 331A-C can be
switched off using N-SLEW signals 311D-F. - '

- As the number of p-channel transistors 329A-C and n-channel
transistors 331A-C that are switched on or off varies, the resistance to
power and/or ground from CLOAD 327 is varied accordingly. Asa
result, the resistor-capacitor (RC) time constant can be adjusted to
determine the rise and fall times of any signals output by inverter 333. .
Thus, it is appreciated that.the.slew rate of the presently described

. buffer.can also be adjusted accordingly to compensate for x}ariations in
| conditions, such as process, voltage and temperature.:-
- In one embodiment, the resisténce associated with p-channel
transistor 333 is relatively small in comparison with the resistances of
p-channel transistors 329A-C. Similarly, the resistance associated with

n-channel transistor 334 is relatively small in comparison with the .
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PCT/ US98/ Qr$bd3zsz resi stances of n- channe.l ‘transi st ptpnisoslesses As.a

result, the changes in condi tions such as process, voltage and
tenperature that result in a change in resistance of p-channel
transi-stor 333 or n-channel ~transistor 334 will be relatively

I nconsequential in conparison with t he.conbi ned overall resistances to
Vcc . or ground from CLOAD 327 t hrough p-channel transistors 329A-C and

n-channel transistors 331A- C respectively. Furthernore, this change

in resistance itself may be conpensated for with the presently - -
-described sch Ei ; . o one. ebodipent of 4
slew rate and?&&stw%gégﬁ%hemg{ggﬁa%gg%t%% %’l} 'gfr? %f ?e%hété(%ﬁ?.gg%ggégmﬁ. h the ...

teachings of conditidi® fUidEanprofesevoltdpe hiid aamperitoge Mhat reshtf fres 401 i's
used in the out put portion of -an i nput/output buffer coupled to an
externally  change inggsistrnseof prshagnelwpnsistorstisipr e.4, buffer

nre
401 - incl . i L ey [ NEr: C it .bn the
enbodi ment | shoueapE 3t oAl b el dae e AR bR Jyich
i nverters 433Ah&cenibihed dvetaitessistahtes 3V cand g#dund Frdinl @f oL 9 3k1E
enbodi nent di scussed wi.th respect to ququre 3, rail 435 is confiqgured

to act as a vithtqugh podarmel dransistonnd294-C endi yehaamebtrapsisters33%iA-t ual
und. Thus, 4L V) i 5 and:
P ol ur a1 oy GresRsRPRLE CFalBEahOR Hil bRl SRS R MOEND

inverters 433gofapdrizated forewi stesentlyl @esetbed echimed in buffer 401

i s reduced which thereby reduces the amount of area and power . required
to inpl ement buff edigare 4 is a schematicgfane embodangainaba staw satecand i s

I mpl enent ed i.gm!%;é i £ b J ' 1 ) pstors
429A- C coupl ed i nh%g?%lépgt}pemate‘ﬂb%?%%gﬁﬂfgﬂ %@%@%ﬁ%v@g@@%@%ﬁﬂ%ﬁ he
plurality of ithelpreseit inventibharisi G embbdirent,donfféred0] is neediih ¢he bet ween

rail 437 and ground. he iprlur7lity og é)-chanrlel transistors 429A-Cis
control | ed wi Optput portion of an input/output buffer coupled to an external :

terminated bus (not shown).- As shown in Figure 4, buffer 401

includes pre-driver circuit 403 and driver circuit 405. In the
embodiment shown, pre-driver circuit 403 includes a plurality of
inverters 433A-C coupled between rails 435 and 437. Similar to the
embodiment discussed with respect to Figure 3, rail 435 is configured
to act as a virtual power and rail 437 is configured to act as a virtual
ground. Thus, it is appreciated that rails 435 and 437 are shared among
 the plurality of inverters 433A-C. Since rails 435 and 437 are shared by
inverters 433A-C, the ovérall number of devices required in buffer 401
is reduced which thereby reduces the amount of area and power
required to implement buffer 401. | '
) Slew rate compensation circﬁit_is implemented in buffer 401
with the plurality of p-channel transistors 429A-C coupled in parallel
~ between rail 435 and Vec as well as the plurality of n-channel |
transistors 431A-C coupled in parallel between rail 437 and ground.
The plurality of p-channel transistors 429A-C is controlled with P-

10
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PCT/ USO8ANGE0OMB3S2 SLEWO: M> 411 and the plural ity GCTASRAR@I ~ — =

transistors 431A-Cis controlled with N SLEWO0: M> 441. L
t he enbodi nent shown in Figure 4, an output enable signal, shown as
OEN 443, is received by |nput/buffer 401. CEN 443 indicates when dat a
417 is valid. Data 417 is sanpled when CEN 443 is enabl ed and data 417
is ignored when OEN 443 is disabled. In the enbodi nent - shown in Fi gure
4, data 417 and CEN 443 are each received by the plurality of
|nverters 433A--C. ' I n addition, ‘a correspondi ng N1 MP<0: NS 439"

signal is al 51 EW<0: W@H’%ﬂdb&eﬁﬁlﬁ oPﬁ-&ﬁﬁn@Pfﬂaﬁﬁé@é‘t@éﬂl@@i@' ity of
i nverters 433A- C as shown gdre 4. -Usi ng-wel |- known-t echni ques,

data 417, OEMontroHedl@\'Jahd\TéldiiM@sl\dgn&hg N I\/P<0 N> 439 signal is
recei ved by each tr rs of .the ralit

he. h | t :
i nverters 433A-C ﬁt‘\'} Q‘L?gﬁmtb ’g}e%'@?s 3261.%51’&: Sk %I‘Fé’t ORRt ﬁgaiblifess 1$eei ved
only when OCENHifen ABOERRL43, is ré&@f ﬁigf By b eM260; WENSSIndR@tss ar e

enabled. Simlarly, the n- transi stors of the plurality of
i nverters 433whenrdadeidlé igamlid. Data44117 is Isam;dbd mgagre OEIN 448 isiehabledel | -

o o2, 458 BB AR Tmored s o8 e, SRR SRR
each one of diosphiihdighie 8fddd\AYBIPOEN 493k AReNEDByHE COUD] od to

a corresponding one of "the plurality n-channel transistors 423A-C
of the i npedaplewalithpéimeertens 433A-Ci r cui t of driver cireuit 405. As

di scussed with res e to Fi gure a ensation circuit
of driver circuit m?fho’geméesf’On‘;]‘BSJFaﬁ“’r‘%Wg‘? gggﬁ%{% fé’n& stors’
423A- C coupl %céﬂrelélabi"ela@h Rt yeeR correspwﬂa;ﬂg%mmltgrd}tiﬁe}ert&ﬂsmedance
conpensation circuit also . includes plurality of p-channel

transi stors 42B&shoywnpndtgure ﬁaﬂaﬁmgwell knoway tggbniquies, data 41 QBN

WD 98/ 43352
PCT/ US98/ 058 04543 and a corresponding N-IMP<0:N> 439 signal is received by each of

the p-channel transistors of the plurality of inverters 433A-C through
logic 445-C such that data 417 is received only when OEN 443 and the
corresponding N-IMP<0:N> 439 signals are enabled. Similarly, the n-

_ channel transistors of the plurality of inverters 433A-C receive data
417 tﬁrough logic 447A-C using well known techniques-only when
OEN 443 as well as a correspondmg N-IMP<0 N> 439 s1gna1 are
enabled.

As shown in Figure 4, each one of the ?lura]ity of inverters
433A-C has an output coupled to a corresponding one of the plurality
of n-channel transistors 423A-C of the impedance compensation
circuit of driver circuit 405. As discussed with respect to Figure 2, the
impedance compensation circuit of driver circuit 405 includesa
‘plurality of n-channel transistors 423A-C éo’upled in parallel between

_ pin 419 and ground. The impedance compensation circuit-also.-
includes a plurality of p-channel transistors 421A-C coupled in parallel
between pin 419 and Vce.

1



As shown in Fi gu’re 4. each one of the plurality of p- channel
transi st'okgg g% 454 are coupl ed to recerve data” 417, CEN 443 panntisosessos
n

t he corresponding P-1MP<0: N> 413 S|gnals usi ng wel |l known t echni ques

t hrough | ogic 449A-C. Thus, data 417 is received by each - one of a
plurality of p-channel transistors 421A-C when CEN 443 and one of the
correspondi ng P-1MP<0: N> 413 signals are enabl ed. I n anot her
enbodi mrent of the present invention, it is noted that’ t he sane
conpensati on control signals that control p-channel transi stors 429A-C
may be -used'to control p=channel- transistors 421A- C while t he

‘conpensati on si-gnal contxol nhel Si 31A C may be
used t.o. control- c‘%ﬁﬁg\@ ? o’s ecpf&}? &r flsy ofg awé}e

enbodi ment, t h@aﬁﬁ%rg QDPANS akrk Q.Buﬁlélait fdaiecéiv@rwdta M#1FADEN 443 GOAt 68 of
p- channel trans| stors 429A-C may be used to control n-channel

transi stors 43he @rmesdonding R@vﬁeﬁﬁd&?l% sggaﬂamsmgavelb&mpwm p- _
h |t t 42 t h |
Cranst stor o asaatteies Hioue Jom MRETC RN AR o7 £ AMBeg b ench

control varioysnd bﬁaﬁil&&ﬂﬁ'@r @ﬁFQﬂﬁﬁﬁémgns1Bﬁir§ 401 AcQivwhé CERNLIPANET
are saved. so noted that one enbodi nent of buffer 401 -

shown in qreyof ﬂlmcmslb@n@mlgﬂ?w No 68 s;gnplsa-ret@ab&edaxt ernally
t I nat ed b dt 41 ndeed K. th
T Rated e oot B dRuB o W Bienf SN, Rt o

resistor: ﬂh@t\"h@rs'a}n@EoMﬁh%]ih&ﬂ%n%ﬂM%@nal%@ﬁcéﬂ@b? ycHaQﬁHé@eS the
need for slew rate corTBensatlon si.gnal s"to be coui)l ed'to the plurality
of p-channel trans:tﬁfma#%o smnymv@edrtmcontsol pyhepne t;ansﬁg:rswéllﬁ-se and

a1 TS O o B U P U BB
presently  43iesQ nbgdbe mged tto @Bntrod r@dﬁhxﬁie@mansmmaam-@nm Pt i's
53?2'3?,22 wh another embodiment, the same compensanon ‘control Slgl’%alpcﬂltﬁ’g\é\lg)g/ 05802 :
| control p-channel transistors 429A-C may be used to control n-channel
transistors 431A-C while the c'ompensation' signals that control p-
channel ’_cransistors 421A-C may be used to control n-channel
transistors 423A-C. By using the same compensaﬁon control signals to
‘control various transistors as described, .both circuit area and power
are saved. | _
It is also noted that one embodiment of buffer 401 shown in
Figure 4 may be configured to be coupled to an externally terminated
bus coupled to pin 419. .Indeed, as is well known in the art, an |
externally terminated bus may include a pull-up termination resistor -
to VTERM_or Vpp (not shown), which thereby reduces the need for slew
rate compensation signals to be coupled to the plurality of p-channel
transistors 421A-C. That is, by cdntroilihg the rise and fall times of
-signals pulled down to ground through the plufél_ity of n-channel
transistors 423A-C, slew rate control is realized with the presently

described invention. In addition, impedance control is realized with
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the presently described invention through the plurality of n-channel
~.transi stwosgsﬂg% €-and-the-plural ity of p-channel "transi stBF%"‘EQ&’%s@

Figdre 57is a schemati.c of -anot her enbodi nent of a slewrate - and

| npedance conpensated buffer 501. In one enbodi nent, buffer 501 is
used in the output portion of an input/output buf f er coupled to a bus
(not shown) that is not externally term nated. Buffer 501 . I ncl udes
pre-driver circuit 503 and driver circuit 505. Simlar to the buf f er
401 described with respect to Figure 4, the pre-driver circuit- 503 of

~buf fer 501 .includes a phlural-ity of -inverters 533A-C, each of which
—are-coupled 4 ggg r‘égé{@g RAAL: pQ?Ciﬂseﬂﬂoﬁ NErBush dhe ?qu)ih @mmhnd

transistors hanne ransi.stors 52%8A-C are coupled in
paral I'el bet wesisistons 429AaN g thenpllurblity ke peatidrarel msca’toﬁ K G,

the pre-driver circuit 503 of _Figure de ot h r I
i nvelroters 533D F, E@@ﬁeéflsm;@w'm%%sc agaﬁﬂﬁ'ﬁgteni}b?%f %g{;eg\’ éé%f

di f p_
correspondi ng_ong Oeggtﬂge g!; rp%hgoua]%%ﬁefbefn% JrleABbSHERHENS DLAE.

channel. tran I'n parallel between Vce and
pin 519. ' 501 is used fruthdentprte or&&nsdnbm inpuiicgupet buffeneoppiedtoty of

vert 533A-C | d bet | Th
“plural ity of abus oohsbone Snebbrset aesan AR el e 557
Rail 535 s I deCsOE;é-aﬁR/%g cir%u?( Fand &ﬁJérL@fchFSO@rlQlﬂlﬂaf t®3Hel S
configured t gt}

ground. The plurality of parallel
coupl ed p- chaphfter 40 deb&ilseds with resp 52% Egmre 4c thef prardoier girguitypidhe

paral | ol couppbbater Ak a%ﬁiéég‘%sw?%ﬁ% oinwectels SBAL BHA NS o vary
blural ity of B RAMER 7% Seris B Ut e plurality SR P p s Ew
<0: M> 511 whi Jnﬁnbiseoﬂel 59334-Q. yNothanr draresistors 523A1Gaze seWpledsBUA- C are
ggnt .r. ol \e/\% ggéggé%gngn I\Igbm %?[% and ground. Unlike buffer 401 of Figure 4,
PCT/ US98/ 05804, pre-driver circuit 503 of Figure 5 includes another plurality of
inverters 533D-F, each of which has an output coupled to a gate of a
: corresponding one of the plurality of p-channel transistors 521A-C. P-
channel transistors 521A-C are coupled in parallel between Vcc and.-
. pin519. - '
Furthermore, as shown in Figure 5, the plurality of inverters
. 533A-Care coupled between rail 535 and grou_nd; The plurality of
inverters 533D-F are coupled between Vce and rail 537. Rail 535 is
configured to act as a virtual Vecc and rail 537 is configured to actasa
virtual ground. The plurality of parallel coupled p-channel transistors
529A-C are configured to vary the resistance between rail 535 and Ve |
while the plurality of parallel coupled n—channel transistors 531A-C
are’configured to vary the resistance between rail 537 and ground As
shown in Figure 5, the plurality of.p—channel transistors 529A-C are
 controlled with P-SLEW <0:M> 511 while the plurality of n-channel
transistors 531A-C are controlled with N-SLEW <0:M> 541.
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As al so shomn in Figure 5, the plurality of inverters 533D-F are

coupl ed tQy ?**ﬁ data 517, the output enable signal, showpcppsédndsez
‘543, and one 0 e correspondi ng P-1MP<0: N> signals 513 using well
known techni ques through |ogic 545D-F and 547D-F. As a result, the
p-channel transistors of inverters 533D-F receive data 517 through

| ogi ¢ 545D-F only when CEN 543 as well as one of the correspondi ng
signals P-1MP<0: N> 513 are enabled. Simlarly, the n- channel
transistors of inverters 533D-F receive data 517 through | ogic 547D F

onty when CEN 543 and one of the corresponding P-1MP<0:N> signals - - ~are---

Tate at uhi chAUASHRIYR R gl dheutan protyerite ST Py Logic .

levels to . cofipfiy k&gécﬁeﬁeeas%assw T QUM ERib1OYi SN diRhkh RE GOBR Nunter

of parallel coupl ed n-channel "transi'stors 531 Cthat are sw tched on.
Conver sel y, tBéBs&mdvmdﬂeuﬂrr&spoadmngpiMPsﬁ.Nmmgmﬂs 513 usingawiellgh

| | | t | | ic | | ' nb
of Jpai i1 ol cg‘ﬁﬁaﬂ 5 e itaties rnghIot s S s Gnd S LAs A iingadon "
The out put. Ek%ﬁ?él%aﬂéiﬁ%% o?%éﬁéi@mlb-?]rgcéﬁe\ﬂ?&a I537Q0R5 ¢S | Ed '

by control | | ng the nunber of parall coupl ed p-channel transistors o
521A-C are svmlmgnlaédSEmedythhem@ENtS%rqsede}&aeomfechflﬂ\iemorfﬂ%pondmg pin

519 t d t h nber | el
coupl 60°n- chaftEIEE PANAPSDNS 3 kI SERIRHPC Fin R KRR one
enbodi nent,” piehanists bf ﬁﬁﬁérférg 53352 fedei v datl STRRIS §hr1%§§d 54AY-F

523A-C are binary-wei ghted. |In another enbodi nent,

transi stors 52nly @henl QﬁNrﬁﬁﬁrﬁmd pnawfithe @osrespamdmgPMN> signals

wei ght ed. _ is appreciated that both of the enbodiments shown
I n Figures aregnah]&ds enploy rails 435,437,535 and 537, which are shared
anong a pl ur alThus, Hith mﬂép&@eﬁﬂyrﬂéé&ﬁbéﬂlbtﬁferfamcﬁhé SletOshtand 503

respectively. ... WD 98/ 43352
PCT/ US98/ 0580 which output signals generated at pin 519 rise from low logic levels to

high log1c levels are controlled by controlling the number of parallel
coupled n-channel transistors 531A-C that are switched on.
Conversely, the slew rate at which an output signal falls from a high -
logic level to a low loglc level is controlled by controlhng the number
of parallel coupled p—channel transistors 529A-C that are switched on.
The output impedance of buffer 501 from pin 519 to Vec is controlled
by. confrolling the number of parallel coupled p-channel transistors
521A-C are switched on and the output impedance of buffer 501 from
pin 519 to ground is controlled by controlling the number of parallel
coupled n-channel transistors 523A-C that are switched on. In one

" embodiment, p-channel transistors 521A-C and n-channel transistors
523A-C are binary-weighted. In another embodlment p—channel

' 1:rans1stors 521A-C and n-channel transistors 523A-C are equal
weighted. ' B
It is appreciated that both of the embodiments shown in F1gures

4 and 5 employ rails 435, 437, 535 and 537, which are shared among a

plurality of inverters in pre-driver circuits 403 and 503'respectively. .
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As described, pre-driver circuits 403 .and 503 are used to drive the gates

of the pawea dspBaszoupl ed transistors to power or ground in PCT/US9I8/05802 ~ ="~ @

correspondi ng driver circuits 405 and 505 respectively. By sharing the
rails .as described, it is noted that the nunber of devices utilized by the
presently described buffer is reduced. It is appreciated that, in another
enbodi nent, rails 435, 437, 535 and 537 may be replicated for each
inverter 433A-C or -533A-F for inproved linearity. The trade-off is

that additional circuit area and power will be consuned as a .

consequence. Thus, what has been described is a nethod and ~ " -

appar at s for A descdflhlpiedrit BEcLeN 168 Endd3iaiDedanes @ivanhiEiee in an

i nt egrated circuit to conpensate
process, - ofville pgmlleh dotplygetransistors W tgowéreopgesend iy descri bed

conpensation | cirguitry, integra ciircuit buffers such as
ing—Et(out put EUFERA Eégve“ﬁé tsd%&gﬂ?ééﬁgirm@b"t %thq}ay%mﬁ]ed wi th
e oo o AR Gescribed, & is/fiRed AL Bk AiubBP of BRVICS tithiled LY iRE OVer @

wi de range of  varying as we as o chip con
-addi ti on, theppesentiptdescribed badferris bedudnd. f ¥iis eppidaiatetthagdpumtathet of the

or csent |y desempagiment, rails 98 547, Bab 308 5% wa s oriatad B SREH cos whi ch

t her eby redUCﬁ&ege 433A-COOPYBB AL 14 1 u'liféveaﬂﬁeﬁﬂ‘}.p?ﬂ@rtré&éléﬁggd by the

presently descri | nput / out put fer. In t f or egoi ng
det ai | ed descihiaptadaiitionilecinatih atezaand yoyeerawilt be consumeichas pr esent '

i nventi on have been described with reference to specific exenpl ary
enmbodi nents tHAEFIEICE- wi 11, however, be evident that various: |
modi fications and ¢haBdRhatR4s PReARABABEL ¢ @ MéthBAUNd appafigparbi ng from
the broader spirit and scope of the present iInvention.:- The present '

speci fi cat i onadjmgtihgdhesiewrnateandrithpaglance of rebuffemirden integrated

i1!5| ustr a'{/\:ovg 8{&? 4 réotc%%]perfssatté et ivgrel'a’tions in conditions, such as process, -

PCT/ US98/ 0580¢oltage and temperature. With the presently described compensation
circuitfy, integrated circuit buffers such as input/output buffers can
have an'oﬁtput impedance that is matched with the line impedance of
a line coﬁpled to the input/output buffer over a wide range of varying
on-chip as well as off-chip conditions. In addition, the presently - -
described buffer enables the adjustment of the slew rate of the buffer
over a range of conditions. Furthermore, the presently described
buffer utilizes a reduced number of devices which thereby reduces the
amount of circuit area and power consumed by the presently described
input/output buffer. '

In the foregoing detailed desc_ription, the method and apparatus
of the preéent invention have been described with reference to specific
exemplary embodiments thereof. It will, however, be evident that

- various modifications and changes may be made thereto without- -
departing from the broader spirit and scope of the present invention.
The 'present specification and figures are accordihgiy to be regarded as

illustrative rather than restrictive.
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CLAIMS - - Wat is clained is: 1) A cdrrpensat ed buf f'er

circuit, “9(9939335 ng: - - a pre-driver-circuit-includi-ng aper/igosedsey 0 .

conpensation circuit, the pre- driver circuit coupled to receive a
data signal, the slewrate conpensation circuit coupled to receive a
slew rate control .signal to control a variable resistance of the slew
rate conpensation circuit; and a driver circuit including inpedance
‘conpensation circuit, the driver circuit coupled to the pre-driver
circuit to receive the data signal, the i npedance conpensation circuit
coupl ed -to recei-ve aninpedance-- - control--signal, the-driver circuit
~coupl ed too&i&% he data signal at -anm -~ °~ - output node: 2y
The compensated:buffer. circuit described in claiml1l. .. . wherein an output .
. i npedance of yWiha zofRppsatied buffer: circuit varies . in response to the
~ inpedance control signal. ?%) - The conpensated buffer circuit
described in claid1l A companshiedabuffencirauid, eompmsingit a si gnal
transmtted by t-h&‘.driver i.rcluidt : varies in res&onse t he slew rate
‘control si gngPre-driver crcuit ipcluding a slewrate sompengerap STk, 1 BESCr | bed
in claiml .dﬂveiléiﬁcﬁ%ccﬁijjmﬂltélreééiae%Odﬁtﬁrbigﬁélpﬂx@ﬂbw rdtée conpensation-
unit coupled to .generate the slew rate control signal and _the
i npedance - compensabpnglirgal coupled to receivg)a slewTrade conproh signad touf f er

Cireult - comFrage! a vdndiEisdsisane (T8 sl toid AREBRRERIGEERERIGAG
paral | el bet wedfivéheireuitiutluding ifgstelaikd cdnipdratipal @pdiig! thetdidvés r st

plurality of transistors varying the _  output_inpedance of the
conpensat ed bBirfrifrcosipledite the prewirivarecircuit tayrragine amd;a@rﬁ;gnﬂe ther st

potential in.LoaRonse dbouidiakiBRoARRGE coupled®® tdBlveh A 1hlpeciite

PCT/ US98/ 058@8ntrol signal, the driver circuit coupled to output the data signal at an

o

output node.

- 2) The compensated buffer circuit described in claim 1
wherein an output impedance of the compensated buffer circuit varies
in response to the impedance control signal.

3) - The compensated buffer circuit described in claim 1
‘wherein a slew rate of the data signal transmitted by the driver circuit
varies in response to the slew rate control signal.

4)  The compensated buffer circuit described in claim 1
fﬁrther comprisihg a.éompens'ation unit, the comperisation unit

| coupled to gerierate the slew i:ate control signal and the impedance
control signal.’ |

5)  The compensated buffer circuit described in claim 1
wherein the impedance compensation circuit comprises:

a fir'st plurality of transistors coupied in parallel between the output
node and a first potential, the first plurality- of transistors varying the
: -outpuf impedance of the compensated buffer circuit between the
- output node and the first potential in response to the impedance

. control signal; and : _ S B .
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a second plurality of transistors coupled in parallel between the output -
node andye9sdaisad potential,the second plurality of transRGCHEsP/05802
varying the output inpedance of the conpensated buffer circuit

bet ween the output node and the second potential in response to the

| npedance control signal. ' 6) The conpensated buffer
circuit described in claim5s © .wherein the pre-driver circuit
conprises a third plurality of inverter circuits coupled between
first and second rails, each one of the third plurality of inverter
- -circuits coupl ed-to receive the data signal, each -~ ~  one of the third
plarari t'y"Ofa'ggeeﬁ{a“gsguﬁmywfttﬁarg,eaaf@aémeaqﬁ' {ralik] between giphigsut 0 a

. gate-.of a corresponding ohe.of the first. plurality of - transi stors.
7) The compde satied seadricepotantiadi thedsesond tpduralitycofaliransistors wherein-

e Sl o 21 SO SRR o S LR £ QP B crepied btk Yk PLUTEL LY O

first potenth@hyecdthe output nddd hhll thBlsebahd por@htidll iansdspbAkS t6eHel ed in
paral | el between the second rail and“the second potenti al;

wher ei n t he fropedénendofirbt bigsiabiral ity of transistors are coupled to the
slew rate control _sign such tha urth and.fifth: plurality of
transistors vary ?ie sl 90&3&&@%@%%\1&%{&1@%% Scflpgﬁlslﬁi 41?3% %y t he
driver circUjyhel&in' &feogf@ariv@r tcheut npaises aahirdphadalifplof inverter _
8) The conpensated buffer circuit described in claim : wherein

t he pre-dri veircuits coitplesobpetweensfirst and secondinailsdeashueng pf $hethirdverter
circuits coup] ed,.bet ween second rail, and: e alt fi.rst: ential,
each one of Bhga.pﬁy PF‘%V%&%W PGS © m%’r recglelrvc?uﬁh[esilaeca siffll, g g%}.bl ed to
receive the. gasafshendlind PREAIGNSS Shvérier Eifbiiits penérakinigyaRioutput

inverter circuits generating an output coupled to a gate of a

cor r espondi ngoupledoto 2 gate of 3 coprespanding one of Hisfizst plyralifypt
ol transistors. ' - _ '
_ 7) The compensated buffer circuit described in claim 6
wherein the slew rate compensation circuit comprises:
a fourth plurality of transistors coupled in parallel between the first
rail and the first potential; and | _
a fifth plurality of transistors: coupled in parallel between the second
rail and the second potential;

“wherein the fourth and fifth plurality of transistors are coupled to the
slew rate control signal such _that. fdurth and fifth plurality of ‘
transistors vary the slew rate of the data signal transmitted by the

- driver circﬁit in response to the slew rate control signal.

- 8) . The compensated buffer circuit described in claim 5
wherein the pre-driver circuit comprises:
a third plurality of inverter circuits coupled between a second rail and
 the first _potehtial, each one of the third plurality of inverter circuits
coupled to receive the data signal, each one of the third plurality of
inverter circuits generating an output coupled to a gate of a

corre_sponding one of the first plurality of transistors; and
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WD 98/ 43352

‘PCT/ US98/ Q89843352 - a sixth plurality of inverter cirpgrisosiosspt ed
between a first rail and the second potential, each one of the sixth
plurality of inverter circuits coupl ed to receive the data signal
each one of the sixth plurality of . inverter circuits generating an
out put coupled to a gate of a correspondi ng one of the second
plurality of transistors. - 9) The conpensated buffer circuit
described in claim38 wherein the slew rate conpensation circuit
conprises:- =~ ~a fourth plurality of transistors coupled in parallel

‘bet ween the first - he fir. and th T
prurality of et BlwAlRh o e nckarl B dieeficineaadnd B |
and the secongepoidPpotéhtial, each wherdti thetdpethf plifrhlityaoflitvertdt @baifiad ity of
transistors are Cocﬁl ed to the slew rate control signal such that

fourth and fi fconpigditaressivethe data ngaﬁls |e§€bme\@frt§netai}>éthspléwkﬁt@f of the -
dat |t t t to the sl
Cot et SAA LBERY ghhBratng i LA LSRR 0 e <o

described in Q:b@teﬁ?&ndmg oneesfahe sbb@h&?u ityeif tearigistols.conprises a third
: pIurallty of inver circuits suc hat " each one of the third

plurality of invert®r ciFeerempessated bufferrizenit deperiegd/in chaendht a si gnal ,

-each one of t I r S generating an
out put coupl egs}f“% gggeﬂé‘? ﬂa&gcgﬂ?e&”%é’g cﬁr{fhﬁtgc:%hé?’#& the first plurality
of transistors fourth plurality ofltransistoes eouplrdsial parallel berwear! the firgtescri bed .

inclaiml wherein the slewratea i npedance control signals are
generated by rail argi él?ﬁ‘rf)‘éﬁifsﬁ@'qeﬁﬁah 12)  The conpensat ed
buffer circuit | ng ffer
circuit is furat’fﬁﬁ1 ?ﬁg}dgf ?a@é%%&egoupl&@%% pﬁ%ﬁu?’ ena ﬁ?gﬁg%%oé?&l t he
driver circui traﬁbﬁmilﬂﬁde Secdriibpdtdrdtialj gnal in - response to the output

enabl e si gnal WO 98/ 43352
PCT/ US98/ 8 5 gogwherem the fourth and fifth plurality of transistors are coupled to the

slew rate control signal such that fourth and fifth plurality of
transistors vary the slew rate of the data signal transmitted by the
driver circuif in response to the slew rate control signal.

- 10)  The compensated buffer circuit described in claim 5
wherein the pre-driver circuit comprises a third plurality of inverter
circuits such that each one of the third plurahty of inverter circuits is
coupled to receive the data signal, each one of the third plurahty of
inverter circuits generatmg an output coupled to a gate of a
corresponding one of the first plurality of transistors. |
' '11)  The compensated buffer circuit described in claim 1

. wherein the slew rate and unpedance control s1gnals are generated by
a compensation unit. ' '

" 12)  The compensated buffer c1rcu1t described in claim 1 _

wherem the compensated buffer circuit is further coupled to receive

an out'put_ enable signal, the driver circuit outputting the data signal in

. response to the output enable signal.
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13) The conpensated buffer circuit described in claiml ‘wher ei n the .
“conpensatyexbgmiszer circuit is a conpensated I nput / out pOT/USLE/G5802.

14) A nethod for buffering a data signal generated.at an

i nput/out put node of an integrated circuit, the method conprising t he
steps of: ~receiving the data signal 'with a pre-driver circuit; '
varying a variable resistance of the pre-driver circuit to vary a resistor-
capacitor (RC) tinme constant between the pre-driver circuit and a

driver circuit coupled to an output of the pre-driver circuit to control a
- slewrate in the data signal; receiving the data signal fromthe " K

" pre-driver circui 't 1.4 r output =
i npedance of the g?”ve:h’% %ﬁ#& SSaLllc% b‘ﬁf‘{r%&m descnb\éfa %—%HQ&”}_

driver circuishereirctescam 'ﬁsaﬂedﬂﬁsﬂfdéhcarailtasacomjmmtenbupl ed to the

out put node. The met hod described in claim 14 including
the addmﬁwwfﬁﬁébuéﬁergeneratl ng a sl.ewrate control signal wherein
t he step of . yin t [ r sponse to
the @ slewrat \é@ ont‘rq%‘lléﬁlggjﬁ}Il ﬂ@ff&ﬁﬂg aazlﬂta si%l?ﬂ ééil' he rrgt%o{cﬁdescri bed
in claim 14 imehtydurgut hede of amdldﬂegrmal cisdquit) thé rgetherdatomgrising mpedance
~ control signal wherein the step of varying the output inpedance is
performed i nﬂ’il%§§?@ﬁ59§ to the - ‘I npedance control signal. 17)

An i nput/out g&g pig\fof &é{acéiggaltﬁ‘?ﬁpﬁﬁfe-’lﬂ-wer cir ‘?_H{e driver neans for

recelving an ran§m trn a Si W rate conpensat i on neans

i ncluded in wagyipgea danubte msﬁtamcfeoof the presdrivepkircuit te wirgva resistos! t he
data signal in resp &{é})toaslewrate WO 98/.43352

PCT/ US98/ 058@2pacitor T cRasiant betvaen the RISHATBET FiRGHS ang 2 abl e |
resistance ol {fe Sl E@ﬁﬁ’led to an output of the pre-driver circuit to control a

slew rate in the data signal;

receiving the data signal from the pre-driver circuit with a driver
circuit; - '

varying an output impedance of the driver circuit such that the
ou’cpﬁt impedance of the driver circuit matches a line impedance of a -
line coupled to the output node.

15)  The method described in claim 14 mcludmg the
additional step of generating a slew rate control signal wherein the
step of varying the RC time constant is performed in response to the
slew rate control signal.

16)  The method descnbed in claim 14 mcludlng the
additional step of generating an impedance control_ signal wherein the
step of varying the output impedance is performed in respbnse to the
impedance control signal. | |
" 17)  An input/output buffer circuit, comprising:
pre-driver means for receiving and fransmitting a data signal;

Slew rate compensation means included in the pre-driver means for

controlling a slew rate of the data signal in response to a slew rate
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conpensati on neans; driver means coupled to the pre-driver neans for

ecei Vi ngygighsasa Lransmitting the data signal;and " —inpepeRsgesss . .
conpensation nmeans included in the driver nmeans for controlling an

out put i npedance of the input/output buffer circuit in response to an

| npedance control signal. 18). . The input/output buffer circuit
‘described in claim17 further conprising means for generating the slew
rate conpensation - signal coupled'to the slew rate conpensation nmeans;

and means for generating the inpedance control signal coupled to :

t he i npedance conpensation neans. .~
* compensation signal controlling a varizble resistance of the slew rate
compensation means; |
driver means coupled to the pre-driver means for receiving and
transmitting the data signal; _and |
impedance compensation means included in the driver means for
controlling an output impédance of fhe'in"put/ output buffer circuit in
response to an impedance control signal.

18)  The input/output buffer circuit described in claim 17
further comprising means for generatihg the slew rate compensation
signal ‘coupled to the slew rate compensation means; and

means for generating the impedance control signal coupled to

the impedance compensation means.

|



