OUTPUT BUFFER W TH CONTRCLLED SLEW RATE FOR DRI VI NG A
RANGE OF CAPACI Tl VE LOADS BACKGROUND OF THE | NVENTI ON
(1) Field of the Invention The invention generally
relates to sem conductor integrated circuit devices
and, nore particularly, to an output buffer used in
integrated circuit (1C device. (2) Description of
Prior Art Qutput buffer or driver circuits are
enployed in integrated circuit devices as a neans of

oUTRSf BUFFY vﬂﬂi‘@bﬁ?ﬂérbﬁﬁb @.LEW’ RAGHEEOR W&% RANGE OF

anot her device. Fig. sh conventi ona

buffer 10, conpri sed LP@f?EﬁhEH fiMCS tranS|stor 12 ’

and a pul |l -down NNCS ran PMOS transi st or
12 has a source termnal (S) connected to the supply
voltage VDD and a drain termnal (D) connected to

both the output pin 16 and the drain ternminal (D) of
NMOS  transi st oPMACHRENQQF IR BYVENATOR:  nvos

transistor 14 is connected to ground (G\ND). The
output pin 16 is typically connected to the inputs of
one or nore CMOS device inputs. These inputs are

(1) nolieldef theIventson abl e | oad capaci tance 18 and the
vol tage across capacitance load 18 is depicted as
Vol-r. In addition, there is a parasitic capacitance
19 at the output termnal 16 associated with PMOS

t 1 IS insbAionled néﬁﬂﬁ% folseMfbfdiRlor Iteerdfe® cH&tifdevices and, more
termnal (G of t PMOS transistor 12 i s connected

partig?laﬁlﬁ,go Igﬂklﬁl%gt Qffed uNORi 3 e d ercuTtrt‘?C efe€rmnal (G

transistor 14 I s connect to t he out put
of a NOR gate 22. A DATA signal is applled to one
i nput of the NAND gate 20 and to one input of the NOR

2) gabescmphon of ?1%1"&% low

Output buffer or driver circuits are employed in integrated circuit devices as a means of
transferring signals within a device to the input of another device. Fig. 1 shows a conventional
output buffer 10, comprised of a pull-up PMOS transistor 12 and a pull-down NMOS transistor
14. PMOS transistor 12 has a source terminal (S) connected to the supply voltage Vpp and a
drain terminal (D) connected to both the output pin 16 and the drain terminal (D) of NMOS
transistor 14. The source terminal of NMOS transistor 14 is connected to ground (GND). The
output pin 16 is typically connected to the inputs of one or more CMOS device inputs. These
inputs are modeled as a variable load capacitance 18 and the voltage across capacitance load 18
is depicted as Voyr. In addition, there is a parasitic capacitance 19 at the output terminal 16
associated with PMOS transistor 12 and NMOS transistor 14. The gate terminal (G) of the

PMOS transistor 12 is connected to the output of a NAND gate 20. The gate terminal (G) of the
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- 1 ENABLE signal is applied to a second input of the NOR
gate 22 and to the input of an | NVERTER 24. The
out put of the INVERTER 24 is applied to a second i nput
of the NAND gate 20. Alow logic |level on the gate
termnal (G of PMOS transistor 12 will cause it to
conduct fromsource (S) to drain (D). A high logic
| evel on the gate termnal (G of PMOS transistor 12

will result in a high resistance fromsource (S) to
NM?gEHaH?lgtMtc?g%S&fegﬁtg Pl%ﬂ[l?p\ﬁ? f a?lQIOIg ga%e ?fl gxlscgﬁg' 5 C%nal is apphed
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: % _a hﬂ%ﬂ resi stance fromdrain to source
-EN(%SH Sehisgopk osgeand|ippyit of e JYEyk g%taaaua forthe Epyt of an
equal to VDD) is applied to the active-low ! ENABLE
INVERJER 24. nlehegutnit of b INNER{INReRTiERpplicdite 2 jsepand input of the NAND
(approxi mately equal to OV). Under these conditions,
gatetlle out put of the NAND 20 (signal PU) is high and the
out put of the NOR 22 (signal PD) is low This results
in both PMOS and NMOS transistors 12 and 14,
respectively, being turned off (high resistance from

SO le® 1bSic 1elieBdiithe gdRitsrniSal KGPYPMOSAGsibhE I?%vﬁt Suse it to
condition and is used to di sconnect a device fromthe
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Iledt veIo BLE .i nput
the {54 ?ﬁ%@%@éﬁ?ﬁ@é s e ijcaﬁdlr%?f@m f?' 615%5) t0 source
DATA si gnalﬁv plied while the ILENABLE i nput is_hel
(S) qug\g low Jeeiey sfﬂ n the 26 IRIBRAS 1 NWOS teeneisieoR! 3l {eﬁ’@j in a high
are low. 2 PMOS transistor 12 is turned on (|l ow source

resistance frgmrdrpiad P3 toasonece (§hd Wavms highalaus! dege sigapl (approximately equal

to Vpp) is applied to the active-low !ENABLE input, the output of the INVERTER 24 is low
(approximately equal to 0V). Under these conditions, the output of the NAND 20 (signal PU)
is high and the output of the NOR 22 (signal PD) is low. This results in both PMOS and
NMOS transistors 12 and 14, respectively, being turned off (high resistance from source to
drain). This is known.as the tri-state condition and is used to disconnect a device from the
circuit thereby allowing another device to drive the output. Notice that in the tri-state

condition, the DATA signal has no effect on the logic level of the output pin 16.

When a low level logic signal is applied to the active-low !ENABLE input, the output
of the INVERTER 24 is high. With a high level logic DATA signal applied while the

'ENABLE input is held low, the output of both NAND 20 (PU) and NOR 22 (PD) are low.
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turned off (high source to drain resistance). Load
capacitance 18 and parasitic capacitance 19 wll
charge through the source to drain resistance of PMOS
transi stor 12 as shown in Fig. 2a. Wth a | ow | evel
| ogi c DATA signal applied while the ! ENABLE input is
held I ow, the output of both NAND 20 (PU) and NOR 22
(PD) are high. PMOS transistor 12 is turned off (high
source to drain resistance) and NMOS transistor 14 is
PMOS %ﬁﬁﬁst&nliils %ﬁé@%{ ggw L& fd {%' dlain r&&’étd%ﬁ%rﬁ%?éﬂMbS%nsistor 14 1s

capaci tance an arasitic capacitance

t hrough the. so to drain stance of
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vl %35 st srndiofe S Aaiibact o LV ORSREHEER LSOV i Fig 2.

product. of the source to drain resistance (RSD)
WlﬂbF kch EVFlelgﬁé QA TA sigasldaplisdighitrcthe SENARBEirutt ésheldblows the output
| oad capacitance 18 and parasitic capacitance 19: T =
of bR ANPAIGRD) andNPRRISPT) @ye fithle BMIOQSUtansistor 42 és thivied aff (high
whi |l e charging | oad capacitance 18 is given by:
sourvtddrainaegeficy) and\HMOS teahsisivr @4 fs tinned oh (low @ifte tdidrain
out put vol tage (Vow) while discharging | oad

resit@Ray i Nl ¢epatilarics 18ia4@ Parbitic ¥gallitAhcs COAi10@iséharde throWthe source
e -VIT volts. Risetineis typically defined as the
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the signal change. Thus, the rise ti1ne of this

charg}ﬁgrﬁﬂg d%Ul&{/%Bg %9&%@@&%@%&1 cge ltg'u{ﬁﬁ lg){i}agmfg ?é%%l}_%‘l%? aP ‘?ﬁ"tﬂ@ product
of tl}e sogxﬁéra F@r%%)rg%stancg*(gﬁé ?gqaé-lélsgp%gtv%%o% "ECHB% ﬁe‘ﬂ _qsrﬁlgﬁﬁsum of the
St E et R R

T =Rsp * (Croap + C parasiTic) -
~ The output voltage (Vour) while charging load capacitance 18 is given by:
VouT _charge(t) = Vpp * (1 —~ ™) vollts,

and the; output voltage (Vour) while discharging load capacitance 18 is given by:

-tft

VoUT discharge (£) = Vpp €™ volts.

Rise time is typically defined as the time it takes a signal to switch from 10 % to 90 %
of the signai change. Thus, the rise time (trisg) of this output buffer 10 would be the time it
takes to change from 0.1*Vpp to 0.9¥Vpp. The output buffer 10 fall time (tzarr) would be

measured as the time it takes to change from 0.9*Vpp to 0.1*¥Vpp. It can be shown that:




As | oad capacitance 18 increases, the tine constant
(t) increases, thereby increasing the rise and fal
times (tRISE and t FALL, respectively). RSD nay be
decreased to shorten rise and fall tinmes; thisis
acconpl i shed by increasing the ratio of channel w dth
to channel length in the PMOS and NMOS transi stors,
12 and 14. This, however, adds additional parasitic
capaci tance 19 thereby preventing ideal inprovenents
in transition tinmes. Am i nprovenent over the
conve t|o out i of__ Fi sho in Fi
3. ThgilE EH¢$ §Tco§?gb J“gé AR g.
1, homever a puII-up current source 26 is added
bet ween the supply voltage VDD and the source (S) of
the PMOS transistor 12. Simlarl a pull-down
As lpgd sappgitanen Holersasep dhe Hms sensiant (3 dngessscs: Hisreby incaeasingyhe rise
of the NMOS transistor 14 and the circuit conmon.
and @dgnestrscand bnc. sopectizslyhr Bsp ol badegreased tosshorter rigegng fall
understood by those skilled in the art. Referring now
timegthisiigacc8mplistel by ecresstnigithe tativof EtdABEIEvidihgo aharielghngth in the
the output PMOS and NMOS transistors 12 and 14 wil |
PMO® and NMVEDSI tridsist@sit [QUindvid| Thidehdwievar, alds fidioRal parasitic capacitance
condition. Wth the !'ENABLE | ow and t he DATA signha
19 thir€: prgm% [c@ﬁ]lsi tembats i rhndiRdingd. and NMOS
transistor 14 is urned off. A constant current, | pu,
supplied by pull-up current source 26 wl|l charge t he
| oad capacitance 18 to the supply vol tage VDD.

| |
~ppt eEL*E’ﬁVéQF&éﬁtkﬁoﬁh$e“ ? ot o8 ST P e The
ff
outeypfb ¥ Bimecerpn et bl al neowsyt. ko @ﬁ?l?%%ﬁtﬁ%wz% is added

di scharges the | oad capacitance 18. The current

betwap HirgHPRINEO t%ﬁ&d\’@aa:slé T ¥ (boldhe PMAS ransigiogd? §§nﬂarly,

the equation: |G- CLoad * dvc../dt CLoad *
pulldloprcperent source 28 is connected between the source (S) of the NMOS fransistor 14

and the circuit common. Constant current sources are typically current mirrors understood by

those skilled in the art.

Referring now to Fig. 3, with the active-low !ENABLE signal high, the output PMOS
and NMOS transistors 12 and 14 will be off and the output will be in a tri-state condition. With
the 'ENABLE low and the DATA signal high, PMOS transistor 12 is turncd on and NMOS
transistor 14 is turned off. A constant current, Ipy, supplied by pull-up current source 26 will
charge the Icad capacitance 18 to the supply voltage Vpp. Similarly, when a logic low level
DATA signal is applied while !ENABLE is low turns on NMOS transistor 14 and turns off

PMOS transistor 12. A constant current, Ipp, supplied by pull-down current source 28 -



Since, in either charge or discharge conditions, the
current (1C and | oad capacitance 18 are constant
(either IPU or IPD), the change of the output voltage,
VOUT, with respect to tinme (dVour/dt) nust be
constant. The output voltage (VOUT) rise and fall
waveforns are shown in Figs. 4a and 4b, respectively.
The change of the output voltage, VOUT, with respect
to time (dVouT/dt) is the slewrate (SR). Thus the

ol S [ I r . SRF T 1P .
o L R8s B o TSR] et 19 urmns
.eg II-ug agd,pull-dovvn currents are designed to be
g %H&lile, WE1OTR = | cLOAD / CLoad This di scussion ignores

the effect of parasitic capacitance 19. |IPU and I PD

are adjusted to conpensate for the additional

capaci t ance. Ther T badd ¢ dYaertdhitesof* Bfougdt put buf f er

is a function of the nunber of devices connected to

the output. As nore devices are connected to the
Sincgyinither chhrge oo disdwpgedndigoss, 8w curmntgl«)ecd bad espagitghce 18 are

rise tinme increases. Manufacture specifications are

congtat GatheglyHor Bp), Sterchagerdf ;the @gplitvohggeaVspe ¢iith réspe@n@ time
of both slew rate and | oad capacitance. For exanple,

(AV&ANE) K84t bk RenstReCThd GiapiiQBRaRAVANE) riRe PndHal/WakeRemsareRhown in
<1 Virlsec 15 pF < CLOAD 40 pF. 'The pull-up and
Figspm Jm'd%msﬁ&:lﬁﬁra?. GHE El’?d%%é of e toufi)gf"@(hfage, Vour, with respect to time

(dVour/dt) is the slew rate (SR). Thus the rising and falling slew rates are:

SReise = Ipu/ Croad s

and,

SRrarL = Iep/ Croag
Typically the pull-up and pull-down currents are designed to be equal, so:

SR= Icm,m / CLoad .
This discussion ignores the effect of parasitic capacitance 19. Ipy and Ipp are adjusted to

compensate for the additional capacitance.

The load capacitance of an output buffer is a function of the number of devices
connected to the output. As more devices are connected to the output, the corresponding slew
rate decreases and the rise time increases. Manufacture specifications are becoming more
stringent; requiring a specific range of both slew rate and load capacitance. For example,

consider the specifications below:



- | =SR*CLOAD The design challenge with these
specifications is illustrated in Fig. 5. For a 15 pF
| oad, the current source nust be between 6 mA and 15
mMA while the current source nust fall between 16 mA
and 40 mA for the 40 pF load. Unfortunately, there is
no single selection of drive current that will neet
the specification at both the m ni rum and maxi num | oad
capaci tance. O her approaches related to inproving
out put buffer characteristics under varying

capaci tive |oads exj gz, . <S Rtgt F%\%sS 926,651 to

Johnston et al. describ&s hod €fe an out put
buffer slewrate is roI ed by viding |ogic
signals to the buffef§€$rcuIPA?ha58§gﬁtch in or out
drive transistors with different current capability.
The logic signals are generated by control circuitry

Thetwélr“rdféldé}%%w PHECICHEENtY MUt fauBuf f er based upon
install ed conponents (such as nunber and size of
menory devices). U S. Patent 5,808,478 to Andresen
di scl oses a nethod whele SRECooupput buffer slew rate
is varied by conparing the output voltage transition
time against a reference. If the output transition

Theidesign timlle@e Wit thesespefitdtdhs isSllhshated 1% Fige s, B&Ch 13 prload, the
out put buffer drive current is increase If the

currOitlsBitte FfuSinRi Yeb@inle AR ahd 15 90\ SAQE the chprgnt sSﬁ’ﬂé@hﬁlEt faﬁ between 16
decrenented thereby reducing the drive current. U.

mA B 6fog Br IBad. f(#rﬁ\?-fxteﬁf; th%}e is h§ &% Eﬁssﬁ%efz&ﬁlb&%ve current

ere t e outp t bu fer ne 1's contro
citance ainst a.threshold
that STRREA B e o oPRERS G R0 P bl Fo e ahee.
the threshold 6 capacitance, a counter is increnented
dd|t|o out put, pul |l -down transistors are
Fgpprgac Fﬁ‘éﬂ* fOCRIPYO VRS RURI Gatterharagiggistics under varying
ca aci tance. Conver sel I f the | oad capacitance is
capaciitys leadamist & 3 Releshodd6.6xigadohraiooet ak iesodbssiitragthodswhere an

decrenented and fewer pull-down transistors are
output buffer slew rate is controlled by providing logic signals to the buffer circuit that switch

in or out drive transistors with different current capability. The logic signals are generated by
control circuitry that determines the load on the buffer based uj)on installed components (such
as number and size of memory devices). U. S. Patent 5,808,478 to Andresen discloses a
method where the output buffer slew rate is varied by comparing the output voltage transition
time against a reference. If the output transition time is too long, a counter is incremented and
the output buffer drive current is increased. If the output transition time is too short, the
counter is decremented thereby reducing the drive current. U. S. Patent 6,265,913 Bl to Lee
et al. teaches a method where the output buffer fall time is controlled by comparing the load

capacitance against a threshold capacitance. If the load capacitance is larger than the threshold



enabled. U S. Patent 6,583,644 B2 to Shin describes a
nmet hod where slewrate is controlled by conparison of
i nput data rise tine against bias voltages which vary
with processing. Slew rate may be controlled for
changi ng | oad capaci tance; however, this nust be
acconpl i shed by changing a reference voltage. This
requires conplicated circuitry or an external device
pin. Senthinathan and Prince (Application specific

capdeithiReOXERiter Y Vi@ mefied Ghd %}d&#ﬁ(ﬁﬁ%ﬁt@ﬁ%@ﬂiﬁﬁ%ﬂlﬁstow are enabled to

reduce sinultaneous swtching nois ent hi nat han,

mor ekl defiarer theljoad deb i &Il eRLly, iPR1SiaYeBlcippseds I than
ere ur.n,on

tpyt dri f L1, Il-d
the sl congiSies BF Lot S distrnding 410 feneRbiobpdisios ar

n o] switching noise. This driver enploys no.
ena‘ﬁ%cg d gtyaci g’ﬂfamofe? Bt Bt updesciibasaanehed wacre é])f/?WfrPE@ dyjcontrolled
| oads only. SUMVARY OF THE | NVENTI ON A_Erinchpal _
by campatonef Inpybdaie daclime pgajesh bias Moltages whish yerydwithapioeessiog. Slew
for mnimzing slewrate variations over variations in
rate Iy dbe sapialletl doroahanging e d napaohijees hawfever thipmestdetaccomplished by
invention is to provide a circuit for mnimzing slew
changitgea nefiirbrativoltageo Idils required cbMpBcatddl diRarywpaekkRATesvick pin.
Anot her object of the present invention is to provide
SenthinABiah @fld PRficd4ppRdatibh Qoe%%f%VCM B QuirV i BBt %8 techniques to
variations in load capacitance by varying the output
redlRBkiRltaRbdu¥ §wﬁ%ﬁgeﬁﬂiseaﬁentﬂihéﬁm§ﬁ,%% & PR, 941 B0 Whulith of
state transition.” Anof her obj ect of the priesent
g i [ Viind i [ Calat [ .m_ni m. zi sl ew
Solis RYASEROR, Fol 38PE 2 Belbufit FA) A8y TSR ot ram on

of plti)IY—u\p/ hd {)ﬁgd})@g ogtga tlr'latnsgtlil)frsf zﬁ"fre séjqruleﬁ/ceed %cl)'l cr:gn?rrc])]i slg\gv rate and avoid

switching noise. This driver employs no feedback to detect load capacitance and is for fixed

loads only.

SUMMARY OF THE INVENTION

A principal object of the present invention is to provide a method for minimizing slew

rate variations over variations in load capacitance.

A second object of the present invention is to provide a circuit for minimizing slew rate

variations over variations in load capacitance.



different tinmes during output state transition.
Anot her object of the present invention is to provide
a method for mnimzing slewrate variations over
variations in | oad capacitance by varying the output
buffer drive current at different tinmes during output
state transition where positive feedback and parasitic
capacitance are used to control the slew rate.
Anot her object of the present invention is to provide
a QnbHet bhikQlof HeHrdiedt iRGerbe Y b %}&ideva%ét%a ﬁﬂ%iﬁi‘ﬁﬁﬁng slew rate
variations in |oad capaclitance by varying the output
: I : L different tines during.output
variditns Scr Vet W o borBbicarlh bl PRt QR E i BB o
..capacitance re ed tg.control the slewrate. A
dﬂﬁ?ﬁﬁ%ﬁ@?%3BT%%$p%F%$%%mﬁﬁg?ent invention is to provide
acircuit for mnimzing slewrate variations over
variations in | oad capacitance by varying the output
buffer drive current at different tinmes during output
st amether ehiegtof Bis rigsentanyraipr isvte pravédtivediteut fier piaimigingistew rate
capacitance are used to reduce slewrate variations
varigiipas peerdififtame frclosd capanitangé by vanyinggheoowmedaffer drive current at
fluctuations in supply voltages and changes in
diffepge tiates dgrit geomputatats #ansBiof. still further object of the
present invention is to provide a nmethod for
mnimzing slewrate variations over variations in
| oad capacitance by varying the output buffer drive
C UK el I t:] : f4 t R
e e L PR R R b R imimiving sw rte
Variag%@%érgg?%io% % 1458 ga tagitgn%? Hi gar?*n%"t\her g&tﬁut‘ﬁ%f'f’eﬁ&ﬁv%%%rrent at
ue to differences In manufatturi fg pr ocess,
fluctuations in s |y voltages and ch sin .. .
differsnt Fes ST onge 31 whsiRa Il R aatiive Tor Bk o ggigtipgapacitance
digiding Hﬂe out put transition into various tinme and
are used to control the slew rate.

Another object of the present invention is to provide a circuit for minimizing slew rate
variations over variations in load capacitance by varying the output buffer drive current at
different times during output state transition where positive feedback and parasitic capacitance

are used to control the slew rate.

A further object of the present invention is to provide a circuit for minimizing slew rate
vaﬁations over variations in load capacitance by varying the output buffer drive current at
different times during output state transition where positive feedback and parasitic capacitance
are used to reduce slew rate variations due to differences in manufacturing process, fluctuations

in supply voltages and changes in operating temperature.
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current drive segnments. During the first time segnent,
the smallest drive current is enployed. After a
del ay, the drive current is increased. After each
subsequent tinme delay, additional drive current is
added. For | arger |oad capacitances the settling tine
is dramatically inproved by increasing the drive
current. In addition, positive feedback fromthe
out put back to the gate of each drive transistor wll
nore quickly bring the gate termnal to the proper
state. For smaller | oad capacitances addi ti ona
t drive oSt
poes I ufin ALl HARE Brepdht W B S PR A p Pipriiim
ent .to be use eve. an ual sI w rate. .
slevg {ze A2l rteye Red o ﬁz’g’r‘{a‘m%&ﬁ%ﬁ PG e drive
@& @gle the delay tine for turn _on of the
C“‘T?IH 4 Siftaieat tHaFf’r g Uk ate BeRgiioR where pPBH o feodhack ahdparasitic
onponent sizes in_the positive feedback mechani sns
03p36¥tart0ﬁ aregised by sducediaw ateagigiensidug te diferaneesgh angnpfagiring process,
variation for different |oad capacitances. This al so
fluciupiigmsvie supphevoiegésomdmhamgenin dpepiting esspevatuieat i ons,
fluctuating supply voltages and changes in
tenperature. 9 BRI EF DESCRI PTI ON OF THE DRAW NGS I n
t he acconpanyi ng drawi ngs formng a material part of

t hirhesd@bfkisPid MhievbdBY &1vhc§n§ih@\6ﬁtpu{: frhsitibn 350 S9REIsGRd dhd
illustrating a prior art output ffer; Fig. 2a

currédt |dH$é §chieng. @)lﬁ‘ﬁ’l@'ﬂ?@ﬂirs%é)gt{%{% f ftl‘?e"s a‘l)llegt%lg?e E{Eﬁglt iszebmployed.

waveform for the prior art

Aftet b b §rrtﬁ‘é &ﬁxte}{ﬂ's %ﬁ:keagé% Q‘gﬁ?rgé s%g)?ev : ﬁgt%gri (Ie‘rflalyl, additional drive

vvave orm or the prior ar

current is added. For larger load capacitances the settling time is dramatically improved by
increasing the drive current. In addition, positive feedback from the output back to the gate of
each drive transistor will mofe quickly bring the gate terminal to the proper state. For smalier
load capacitances, additional parasitic capacitance in the lower drive stages of the positive
feedback mechanism allows a higher drive current to be used to achieve an equal slew rate.
Sizing of the positive feedback mechanism provides a way to finely tune the delay time for turn
on of the individual drive currents. Thus selection of different component sizes in the positive
feedback mechanisms of the different drive stages reduces the slew rate variation for different
load capacitances. This also improves the performance with process variations, fluctuating

supply voltages and changes in temperature.



Fig. 3 schematically illustrating a prior art output
buffer with inprovenents over the prior art output
buffer of Fig. 1; Fig. d4a illustrating a typica

out put buffer voltage rise waveformfor the prior art
buffer of Fig. 3; Fig. 4b illustrating a typica

out put buffer voltage fall waveformfor the prior art
buffer of Fig. 3; Fig. 5illustrating in graphica
formthe required drive current for a desired slew

Lgtﬁoagsgggagﬁggnces CgﬁbTﬁgﬁf | U #Iﬁ?% ésgrogﬂd 0

di agram of the out put buffer of the present i nvention;

Fig. 7 illustrating schematically one enbodi ment of
h Ive stages depicted in Fi of .t he out put )
i‘r g’F agfonIRY e deyines fvapeiadpa qﬂml gart ghthys 46@@113113{14 theye is

the out put buffer voltage rise waveformfor the
Sho%@esent i nvention conpared against the prior art
out put buffer voltage rise waveformat both 15 pF and
40 F= 1 stlpambticalpoidivsteatiog 8 privOarEbygpu@imfiet;l ustrati ng t he
out put buffer voltage fall waveformfor the present
I NV Ra dtustratiipeatypdalagdpud BhffEhelthgd e vavefobtatfPithe prior art buffer
buffer voltage fall waveformat both 15 pF and 40 pF
of Figoad capacitances; Fig. 9 illustrating in graphica
formthe required drive current for a desired slew

rbﬁ?:?ge rZH zltﬁlﬁg'gt:lﬂkea lgrf)%éled;%%dt BURE x‘o@tg%cgﬁg a\%aggflbflg E@retgéfntlor 1t buffer
of Fig. 1;

Fig. 3 schematically illustrating a prior art output buffer with improvements over the
prior art output buffer of Fig. 1;

Fig. 4a illustrating a typical output buffer voltage rise waveform for the prior art buffer
of Fig. 3;

Fig. 4b illustrating a typical output buffer voltage fall waveform for the prior art buffer
of Fig. 3;

Fig. 5 illustrating in graphical form the required drive current for a desired slew rate
using the prior art buffer at both 15 pF and 40 eF load capacitances;

Fig. 6 illustrating a block diagram of the output buffer of the present invention;

Fig. 7 illustrating schematically one embodiment of the drive stages depicted in Fig. 6
of the outpiit buffer of the present invention;

Fig. 8a illustrating the output buffer voltage rise waveform for the present invention

compared against the prior art output buffer voltage rise waveform at both 15 pF and 40 pF

load capacitances;
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Fig. 10 illustrating in graphical formthe drive
current of the present invention at various tines.
DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS Refer now to
Fig. 6, depicting in block di agram one enbodi nent of
the out put buffer of the present invention. The

out put buffer is conprised of n pull-up drive stages
30-1 through 30-n and m pull-down drive stages 31-1
through 31-m The nunber of pull-up drive stages 30

(N .necessarijJl y..have t ual. th unber af .
 purtE S8R AERESRRN) botel Tt T v B MR n Gpvgption
is conprised of a pull- devi ce, 32, f eedback_devi ce
comgiref 3 3 iy o8 abipub ooty VElfeeedaliuglomi o roat Koot HAD oF load
ull-up device 32 is activated, it connects the output
CapGIIANCEE t o  the supply vol tage Vob. Feedback device 36
has i nputs provi ded by output pin 16 and the out put
of Hig & ibwitretngmrarepivcad fa tgﬂ tpquized deve3mrremMtfer odesprad slow rate
t he feedback device is connected to the input of the .
using dlre rrsgeohicivergiopuhd thepribe wit beff@2it bdthd SqrFadal i40 pFdead aapacitances;
37 has a shared active high ENABLE i nput. The del ay
anddevi ce 40 is connected between a shared PU i nput
signal and the corresponding input to pull-up device
32 FigMh @ s erifid psphidBlE thSdidfe cufrehiQTiife fHQt S fion at various
PU activates the pull-up circuitry to bring the output
timRi N 16 to a high state 11 (approxi mately VDD). Each
pul | -down drive stage 31-x is conprised of a pull-down
device 34, a feedback device 38, an enabling device
39 and a del ay device 42. Wen activated, pull-down

device 34 ._g in 16 to the circuit
comon. Félds: %E'&f@% Eﬁe?ég% i @N%Q%Wag by
output pin 16 and the output of the correspondi ng

enabl i ng device 39. The output of the feedback device

is _connected to the input of the corresponding
pulRiefes 9o tol &g 6edepipting freblock diagram one embodiment of the output buffer of

* the present invention. The output buffer is comprised of n pull-up drive stages 30-1 through
30-n and m pull-down drive stages 31-1 through 31-m. The number of pull-up drive stages 30
(n) does not necessarily have to equal the number of pull-down stages 31(m). Each pull-up
drive stage 30-x is comprised of a puli-up device 32, a feedback device 36, an enabling device
37 and a delay device 40. When pull-up device 32 is activated, it connects the output pin 16 to
the supply voltage Vpp. Feedback device 36 has inputs provided by output pin 16 and the
output of the corresponding enabling device 37. The output of the -feedback device is
connected to the input of the corresponding pull-up device 32. The enabling device 37 has a
shared active high ENABLE input. The delay device 40 is connected between a shared PU
input signal and the corresponding input to pull-up device 32. When the shared ENABLE is at

a logic high level, PU activates the pull-up circuitry to bring the output pin 16 to a high state

11



enabl i ng device 39 has a shared active | ow ! ENABLE

i nput. The delay device 42 is connected between a
shared PD i nput signal and the corresponding input to
pul | -down device 34. PD activates the pull-down
circuitry to drive the output to a low state (QOV).
Signals PU, PD, ENABLE and ! ENABLE coul d be, for
exanpl e, provided by the circuit conprised of the

NAND 20, NOR 22 and | NVERTER 24. The out put of NAND 20

o AR i B 1) S B e,
| RTER I .ENABLE i .
N R e

pull-up drive stage 30-x and pull-down drive stage .
deVl315& POT%@% disouippt Py 1 tedhsiront semawnr Espsibagk deyice 33 s inputs
sggfific bl ocks shown in Fig. 5, so the correspondi ng
providash byratnub Rimifnandrtke eutputiof ghe. comespopdink cogblide ideecs I gEhe output
30 is conprised of a PMOS pull -up device 32 sized to
of therfesdbdek davive ipramectedita the input ofght cdromspdrdirtg dirddvaidesice 34. The
stage. The source terminal (S) of PMOS pull-up device
enatdidigidevice BN @Y £chated DR RRAENIBITE fiplt. tBiedeAd!de(iB) 42 & connected
connected to the circuit output pin 16 which is

betvieéRa GRArkY PDAARR GloBSh 4n@ ﬂ%erRhg)lI};é@;ﬁ%B%ntsgiiﬂﬁlt kPa-d&vn device 34. PD

pul | -up del ay resi stor connect ed between

actiVaig fd }Qlﬂﬁhovapci r§ %ﬁdrg%t'\t%&%ﬂgéﬁgg%& g‘zte %Vf%a%s PU, PD,

pul I -up device 32. evice
[ | th te t ] L ( ted to it
B T I R e

e d.fo t rm nal (G of P ul | -
NABOREREE o NPl o TGt Sk p0Angd BB povis Strei P and e
t he_source term nal %5) connected to the circujt
outpub AR 22 poydesesignat FPn S1gna OENARHG istreevidest torie mpyt afe
hi gh ENABLE input, and the drain termnal (D)
IN Acbend signahBNABR T at e pivivat o ISVERTEMES f eedback

devi ce 36.

Fig. 7 shows a circuit embodiment of the pull-up drive stage 30-x and pull-down drive
stage 31-x. Devices in this embodiment correspond to specific blocks shown in Fig. 5, so the

corresponding designation numbers are used.

The pull-up drive stage 30 is comprised of a PMOS pull-up device 32 sized to provide
the proper drive current for that particular stage. The source terminal (S) of PMOS pull-up
device 32 is connected to Vpp and the drain terminal (D) is connected to the circuit output pin
16 which is typically connected to the capacitive load 18. A pull-up delay resistor (Rpy) 40 is
connected between the signal PU and the gate terminal (G) of PMOS pull-up device 32. An

NMOS feedback device 36 is provided with the gate terminal (G) connected to the output

12



The pul |l -down drive stage 31 is conprised of an NMOS
pul | -down device 34 sized to provide the proper drive
current for that stage. The drain termnal (D) of NMOS
pul | -down device 34 is connected to the circuit

output pin 16 and the source termnal (S) is connected
to the circuit comon. A pull-down delay resistor
(RpD) 42 is connected between the signal PD and the
gate termnal (G of NMOS pull-down device 34. A PMOS

A AT B A
o R SRR 4 o o Bl

provided with the source termnal (S) connected to
the gt CPW@"@‘afhé S FrTiBA (Gryonneesemhioctheactive higheENABLE dnput, and the
| ow ! ENABLE i nput and the drain termnal (D) connected
draip ¢ermfnal ) gonaecteddip Hhensaiurae Syrmisial ERICE NMMOSHeasteackeddvive 36.
38. The operation of the drive stages 30-x and 31-x of
Fig. 7, will now be discussed. When signal PU s
high, the gate terminal (G of PMOS pull-up device 32

W [The pell-dows€fivb sgge 31 RebRBYised A NMOBMEE doWh!detige 34 sized to
device 32 off. Wen signal PUis changed to a logic

Hi@he dkRuBRAERE tHaf D
pn)#ern1g§?k%C3 o#lPNCS pul m%%pag§%§%g$2g£%%2g|negﬁosR$udown

devfcg' 84 131&221%%*&1}8 éﬁcﬂggitggﬁ)ﬁﬁ) ﬁfigtal}& th%rsghrgl & ?%ltm% %St) Mconnected to
the %&ﬁﬁ%gﬂ]ll l U| l I.Hl gel g ﬂé}ﬁ%ﬁgﬁf %pf;?ﬁ% stc.l?}]ﬂqcz)eﬁ beavﬁqeg)}hef%fnal PD
BB nagiem»ﬁqépgwé% BERELE TR b ohehs

del ay. resistor & 40. This time can be tailored by )

: provagﬁddgltth g gB@tt?fmc“Pf’é (Gyegnaected torthpoynpt tergnal dpegnd the drain terminal
resistor (Rpu) 40 and the parasitic capacitances of

(D) eoraerindd the Eate teyming (G tBENMHIS priupicd Mo db EHOS enable
device 36. Simlarly, the parasitic capacitances of

devicd189 ggtrevided with the source terminal (S) connected to Vpp, the gate terminal (G)

connected to the active low !ENABLE input and the drain terminal (D) connected to the source

terminal (S) of PMOS feedback device 38.

The operation of the drive stages 30-x and 31-x of Fig. 7, will now be discussed. When
signal PU is high, the gate terminal (G) of PMOS pull-up device 32 will be driven high, thereby
turning PMOS pull-up device 32 off. When signal PU is changed to a logic low level, the
parasitic capacitance of the gate terminal (G) of PMOS pull-up device 32 combined with the
parasitic capacitance of the drain (D) of the NMOS feedback device 36 will begin to discharge
through pull-up delay resistor (Rpy) 40. This discharge time and consequently the turn-on

delay for PMOS pull-up device 32 will be determined by the total parasitic capacitance and
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termnal (G of NMOS pul | -down device 34 and the
parasitic drain (D) capacitance of the PMOS feedback
device 38 prevent gate termnal (G of NMOS pull-down
device 34 from changing instantaneously. Wen signa
PDis low, the gate termnal (G of NMOS pull-down
device 34 wll be driven | ow, thereby turning NMOS
pul | -down device 34 off. When signal PD is changed to
a logic high level, the gate termnal (G of NMOS

' - deyi] . j | in..t t h..
valu% #‘ :ll'iegjglm\fﬁhp d@d Srgsflsziéxl‘ (\sf%kdr 46(3 Eg‘h? .tlﬁ?caﬁi Erg’%t%ﬁegq‘é'olﬂ%ﬁlﬁﬂ‘bg both the
e e R PR O
aortE ST S LR e a0, e et v v

be set by adjusting both the value of pull-down del ay
temyigad () o N ulygovandevitecd ypad ales parasitiirdanin (D) capacitance of the
capaci tances of the PMOS feedback device 38 and the
PM@MBRdpark| dedived 8 geavientegaBAeriiing (GNMVOSMOG -l devicee3 43fom
and PMOS enabling device 39 are off during the
chariging inftahten®osig Wien sighENABIHoR, g gatederhENABEG Fof 1M)OS pull-down -
This prevents either PMOS pul | -up device 32 or NMOS

devipeiB4 walOBE AL 168, Béreby amﬁhg INMIOE Pl wA AeVic@34 BE, When signal PD
out put pin voltage and feedback devices 36 and 38

is cHARS8N tballo St &fchdevel YR %ﬁ% {ne%/}'lmntahﬁ_“gﬁif E\E\I&E?-S %gll-glrgﬁe élevice 34 will begin

conmponents wthin the vi d

to clgaf.rr%é:tlﬂ}&élh ggll-d%{lfq d'c:ﬁa.b( E‘%:J%‘Ji’rgﬁ%') 42u! ]Lﬂcg Vég’é]‘e i-surpC {vt)%%%%%so, this

not enti cal . rive s

3 5 GRS D o SRR r B S termivs
n

intaining.a range of slew rate. The first drive

by %%Sétl(‘g@picﬂéﬁﬁe -Vfl‘ﬁ?roég}ed%ﬂltq’%"’q delavirsgister (Rpp) 42.  This time can
currents and are sized for the smallest specified load

be seldyyaeljusting oth ghasfalue of ppllsieivmalekalyyesisier (Rap)ridnchtitn parasitic drain
rate;  these stages will have the shortest turn-on

capagiirpgs oflthe PMOY &edharl dsvid®3 Rargk the NMOS pull-down device 34. The

NMOS enabling device 37 and PMOS enabling device 39 are off during the tri-state condition

(ENABLE high and !ENABLE low). This prevents either PMOS pull-up device 32 or NMOS

pull-down device 34 from being turned on via the outpuf pin voltage and feedback devices 36

and 38 when tri-stated.

Typically, the sizing of the components within the n individual pull-up drive circuits 30
and m individual pull-down circuits 31 are not identical. Individual drive stages 30-x and 31-x,
respectively, have their components sized to drive a wide range of load capacitance 18 while
maintaining a range of slew rate. The first drive stages 30-1 and 31-1 provide the initial drive

currents and are sized for the smallest specified load capacitance 18 with approximately the
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31-2 are activated sonetine after drive stages 30-1or
31 -1, respectively, to supply additional «current to
the | oad capacitance 18. The turn-on delay of drive
stage 30-x is shorter than the turn on delay for the
next subsequent drive stage 30-(x+1); simlarly, the’
turn-on delay of drive stage 3 1 -x is shorter than
the turn on delay for the next subsequent drive stage
-(x+ 1). As subsequent drive stages 3 0-3 through
max%nﬁ%l @leWraé ‘&IB'S)E §t:§§e@ WP hdvekhs HoHe§ b Q%iafgaé(‘hg drlve stﬁ%es 30-2 or

acti vat ed, ["oad current |1 ncreases

31 -23415 E&g.ra%ﬁ s&'ﬁgt B L\#ter%’i_}(g rstagéI 4‘9 fjcr(%grf g g ?e\éP%cgfv?lgata suppriy additional

respec I'Ve
[ 1 n h h r
o “12‘ s o%&ﬂ% SresinE R sﬁlﬁaer than the
furneg on during the rise or fa of the ou

tumn op dglay gt gReHt SuhsequinLATTver e r:”pr(ﬁ@l)n awﬂﬁﬂy,rih@%lm-en éﬂay of drive
7, the tailoring of the feedback nmechanismis now

stageyp bxissheer haw thedumendstay foribe deitpubseirentidtive stage 31-(x+1). As
requirenent, the feedback nmechani sm can provide

subsequmtadri\mcssages §@-3fledgaddntoo 3 1-3phough 3 hen dreisequentiallyaetivated, the
of the individual drive device, or parasitic

loadcapattiin@eases baaed iy thiizing lof thRpulliueor @hillidoenidadicy,i3duadnd 34-x,
drive device. Since the first stages 3 0-1 and 3 1 -1

respédtiRelyl Z8ds, kY lafRLheN®dd QpicithR0 8C e 16Hes thelchsret 6?@9@&&6 time,
mechani sm'is sized to add parasitic capacitance on

and %tn?&e fivd 88 ENER (9"3' x ﬁ‘x@t é}@ cﬁfdﬁngﬁié%%%ﬂ ?f the output

| -down device 34- 1. peC|

kmdﬁgﬁgﬁﬁhgﬁﬁﬂhh to channel Iength pf t he NMOS enabl i ng

‘and PMOS enabling device 39-1 are snal |
When the ENABLE signal is high (! ENABLE | ow), the
NMOS enabl i ng device 37-1 and PMOS enabling device

39-1 wi.ll have a high_source (S) to drain
r e Belertinecnew trfies P A0 g BF talesngvErbe & ?eéb@&dew)ha@we%mw
36-1 and PMOS feedback device 38-1 are such that the
discysgedh Pepradling yaomibe drive sircuit requirement, the feedback mechanism can provide

either positive feedback to improve the turn on time of the individual drive device, or parasitic

capacitance to stow the turn on time of the individual drive device.

Since the first stages 30-1 and 31-1 are sized for the smallest load currents, the feedback
mechanism is sized to add parasitic capacitancé on the gates of the PMOS pull-up device 32-1
and NMOS pull-down device 34-1. Specifically, the ratio of channel width to channel length
of the NMOS enabling device 37-1 and PMOS enabling device 39-1 are small. When the
ENABLE signal is high (!ENABLE low), the NMOS enabling device 37-1 and PMOS enabling
device 39-1 will have a high source (S) to drain (D) resistance. The sizing of the NMOS

feedback device 36-1 and PMOS feedback device 38-1 are such that the output voltage never
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reaches the threshold to turn themon. Thus, the NMOS
f eedback device 36-1 and PMOS feedback device 38-1 do
not function as feedback devices, but instead add

addi tional parasitic capacitance to the gate term na
(G of the PMOS pul |l -up device 32-1 and NMOS pul | - down
device 34-1, respectively. This additional parasitic
gate capacitance will increase the tinme for the gate
termnal (G to reach its turn on threshold and

reacﬁgkq{'lg {}19 oﬁil tQ d’fn ?ﬁen%’ﬂ PHlust fh@ g}ﬁ\f[bg ?&d‘)ﬁéﬁedevé ?é qualﬂg I?"MOS

st ages -X an X are size I NCreasi ng

feed%%'%gcf grécgz 33% G‘P qli_llmng?%fg?e eg agg Sg\gi?e?gl?,}g énrgg@ﬁ? |a§d g&dz t1ona parasrcic
capatcﬁ%{%‘a‘% Bﬁ%a%'#&?mﬁgga gkihg chﬁ%Bﬁ BB b AHEIMES Pll-down

; ul I -down device 34-x. The parasitic
dew@%@%l créﬁ%f-‘erwedhcﬁhlwaﬂqhtwm paiagitic gafe canagitane pvilf insreagpathe time for
termnal (G to reach its turn on threshold and slow
the gatetegninpUiG)ite aach it Gmn o theeshplid|asd theeeforsaivt the eutput transition time.
feedback will speed up the output transition time. The
ratio of channel width to channel Iength (WL) of
subsequent NMOS enabl ing device 37-x and PMOS enabling

deBubgqdéht ¥tagdsS0-4 MT Fag hirGiA¥dridcreasi, él-y ladged furreh®s. Subsequent
t hat mhen the ENABLE signal is high (! ENABLE | ow), the

feedB RN REharEbmb BrediRH o 4dd)1edsel ?ésgg&gm{l&%m%cé WRASHURALing more

NMOS enabl i ng devices 37-x and bl'i ng devi ces

andt et %@1?2%%%%‘%&1{ ﬁggl\(/tlﬁg éai h&ﬁhé éatg\}g)ér? i’rlt}ig)bSZ%tﬂf lﬂgde%ce 32x
e B§0S Sk a“f%y‘g b e
a1 PR P e e b Bt

device 38-x add less and | ess parasitic capacitance

POSlﬂmfeﬁﬂ?aék%’é SPRSF &P Hercquitnu rapsiérbiiies The rakiojof ehasmgleidthyto channel
typical | oad voltage rise curve for the present

lengj. o6 pnbapquent MM(Siriabling dviced7st angeMOS@nalgingtdovine 39-x are

in Fig. 8a conpared to the voltage rise curve for the
incrgasing(WaLix € W/Cuxt1)) 3o thaswhdiotiiva ENABLE signal is high (\ENABLE low), the
source (S) to drain (D) resistance (Rgp) of subsequent NMOS enabling devices 37-x and PMOS
enabling devices 39-x will be smaller (Rgp-x >Rgp-(x+1) ). The sizing of the NMOS feedback
device 36-x and PMOS feedback device 38-x are such that the output voltage reaches the
threshold to turn them on sometime after the previous stages ( 30-(x—1) or 31-(x~1) ) turn on.

Thus, the NMOS feedback device 36-x and PMOS feedback device 38-x add less and less

parasitic capacitance and more and more positive feedback as x increases.

A typical load voltage rise curve for the present invention with two pull-up drive stages

30 is shown in Fig. 8a compared to the voltage rise curve for the prior art circuit. Times shown
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16 here are for illustration only and do not represent
limtations of the present invention. Wien the |oad
capacitance 18 is 15 pF, the |oad voltage rises
qui ckly to VDD; prior art circuits, using a single
drive current, reach 90% of VDD in just under 3 rls.
At 40 pF, the prior art circuit does not reach 90% of
VDD until well after 5 rls. In this exanple, the
present invention |load drive current starts with a

- N A e

hereShr&r B b tﬁltluf?lﬁi %?no% rﬁ#ésreﬁt:]%mft s Bﬂﬂﬁg{eg&}t tuﬁfgnttu;}l. When

prior art circ IS exa
Ar i t -2 ti.vated, th by. _ .
e BRSERSa LY Py 88, 8 BB R g e
e B SRS, A BB 4ok BB KA B o

stage 30-2 is activated thereby bringing the output )
not %‘ﬁ% Hhe ofr¥ vl vwakl ajter 6 ngpi. thisipxampletha pessent inweanen lopd drive
wth a 15 pF | oad capacitance 18, there is a slight
currgry stagls Sathgfsingledries stapgS0r | earent less tharethat dfghgpriayrartaircuit. At 2 ns
circuit. However, with a 40 pF |oad capacitance 18,
in thisexapgth, tHesneind dirive stagei3 (-2 it actizated shdrktey incraskingptht &gd current.
to rise faster and the output voltage reaches 90% of
WheviRh: adtp@pipitage (Ve ryache?Dcliossn lebél QappBbkimbRWs7 86 bYWhe B this
| oad voltage fall curve at 15 pF and 40 pF | oads for

exarhple), eSfe@ibhck mBMRRTshOR dvisk Bidgd Y822 R chivalenherlhy ¥anging the output
stages 31 and for prior art. Again, tines depicted are

vo}tflfggrmorE Ithéﬁl;yrtgyn{gn Iﬂ)ﬁllei)réggﬁjt it nflOh, Wiy gf%froa% Fetlpacitance 18, there

Imtatio he present | nvention.

. . Gi [ [N sinale drive current.. reach 10%,.0f
s o g icteine o7 1 ol Bt W g B Y Bl enip P Vvt R 4o o

is 15 pF. TR@ d.or art circuit with a 40 pF |oad
toad,Fpac s 8o e aB4igial B SoromE roathahe loaqeindiee Fibe ey and the

'afégr S5rls. In this exanple, the gresent i nvention

outpphypitegs repehes P vtttV 4 AP OFIRAtEIR4- 23 MRl e dri ve stage

31-1 current smaller than that of the prior art

circuit. The second drive stage 31-2 is activated at

2 rls, thereby increasing the | oad current. Wen the

ouFim.8b vipiwsagtypichdoad voltage fall curve at 15 pF and 40 pF loads for the present
invention using two pull down drive stages 31 and for prior art. Again, times depicted are for
illustration only and do not represent limitations of the present invention. Prior art circuits,
using a single drive current, reach 10% of Vpp in just under 3 ns when the load capacitance 18
is 15 pF. The prior art circuit with a 40 pF load capacitance 18, does not reach 10% of Vpp
until well after 5 ns. In this example, the present invention load drive current starts with a
single drive stage 31-1 current smaller than that of the prior art circuit. The second drive stage
31-2 is activated at 2 s, thereby increasing the load current. When the output voltage (Vout)

drops to a chosen level (approximately 22% of Vpp, in this example), the feedback mechanism

in drive stage 31-2 is activated thereby bringing the output voltage more quickly to 0V. In the
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drops to a chosen | evel (approximtely 22% of VDD in
this exanple), the feedback nmechanism in drive stage
31-2 is activated thereby bringing the output voltage
nore quickly to OV. In the 17 present invention there
Is a slight increase of the voltage fall tinme over the
prior art circuit wwth a 15 pF | oad capacitance 18.
However, the additional drive current causes the |oad
voltage to fall faster and at approximately 4.25 ris

presEﬂ‘?n&HﬁEQH theMaik ta%ﬂ%t G&Q&EQ of ﬂ'lg %nﬁ%%’e\fgpu% blertné Encﬁ art circuit with

| oad capaci tance i zes the opera

e RSP SERR WM 41 e
o TS 2 SRS e s oo

m ni num expect ed Ioad capacitance. At tinme t2, the
lomgﬁﬁﬁﬁ%n%ﬁé%e stage is activated and the |oad current
increases. At tine t3, the third drive stage is
activated and the | oad current increases further.
Subsequent drive stages are activated after a del ay
f uFigh @suinneriessshe gpariten af ik mreseneinyentivhiwithithaltiplerdaive stage 30-n
stage is activated and final drive current achieved.
and Bl-gn. Mk firkd dibersadge $30-her 3 NPy i \wetieidd «¥fer & Belay (V)€ Mk @hrrent for
over prior art. Wth a 15 pF load, the slew rate of

this Ffifke dRVES S is bRYIEAd RRizkS tdjcﬁ'gfqu@ﬂlrﬁﬂnhﬂl%byct&i/l%ﬁd Pipa@tance. At
art. At a load of 40 pF, homever there s an

time t?ﬁﬁ@éé@&%fﬁnv%fstalgg?s eﬁ:ltﬁ%{‘(c& 2 ehe I Iﬁ&éﬁ%és a1 tie RFihe third
40 pF are now cl oser toget er t m nim zi ng
'y r han oad The se

drive Ltg%%nlts I@%tﬁva\éelﬁvilngtél'éeol? g (\!Lg-retng i cre% 't éubs quch e&nve st[a ges are

IREEN e A A S

f e of eacgﬁdrlve transistor is sized either to add
na ‘§§PFP@38 Y tance to the gate of the drive
“transistor or to

Fig. 10 illustrates the improvement of the invention over prior art. With a 15 pF load,
the slew rate of the present invention is degraded slightly over prior art. At a load of 40 pL,
however, there is an improvement of the slew rate. The slew rates at 15 pF and 40 pF are now

closer together thus minimizing slew rate variation over changing loads

The present invention divides the output buffer logic level transition into various time.
and current drive segments. A feedback path from the output back to the gate of each drive
transistor is sized either to add parasitic capacitance to the gate of the drive transistor or to
provide positive feedback. These techniques minimize differences in slew rate over the range

of load capacitance and control the drive sequencing. During the first time segment, the
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provi de positive feedback. These techni ques mnimze
differences in slew rate over the range of |oad
capaci tance and control the drive sequencing. During
the first time segnment, the 18 smallest drive current
is enpl oyed. After each subsequent delay, the drive
current is increased and additional positive feedback
enpl oyed. For smaller | oad capacitances, the fina
output voltage is reached quickly with the | ower

smaflést Hﬁy&é{frfeﬁf‘fs%gﬁggfse?.gkﬁe%a%h is%%%q GO4 ,?Hggfgivgtmrrent is increased

settling tine w rat e. ar ge

' s [ e _&n | ew rate e
and §ERAGIA BEFRL tel BB BPLY Y Kok BRafToti Bt iGs I agh o
Thus, the settli tinme and slew rate for ..preseng .
voltagh IR s ISy i s e iy Gurtenis i only » fidht Aicerasation of
art_circuit. Wiile the invention has been particul arl
settlig i ANcPlaews i HoE drgirpad @pesiencss the sqithiag tigeand slegqrate are
enpbodi ments thereof, it will be understood by those
dranagticallyelnnrevediby ingreastigdhe drivd eurent. cRwaghe satthing imnand dlew rate for
- details may be nmade without departing fromthe spirit
preseifdnsobpehak atsmallel mugnthawthat dhEChdérmet dideatt. i s cl ai med
is: 1. A nethod of controlling the slewrate on the
output term nal of an output buffer wherein the
current delivered to said output termnal is varied

dUWHIE tHOInva@Rn Hak BEHI JatiRA R she@h SnPlsBibed Wi eRRnce to the
2. The nmethod according to CTaim 1 wherein sa

d
pref4dd @ldoRQintts Bidledr, ‘ftaWiﬁl%:%tung@Ilstio&? Bg fhosd ﬁdﬁé?lifigs 1 Lt various

t erm nal du_rlng _S&I voltage transitions o
chan%gg P4y gﬁ(ﬂl&ﬁis r{rxasy be made without departing from the spirit and scope of the

invention,

19



acconpl i shed by: sequentially turning on a plurality
of n first conducting devices when said 5 voltage
transition of said output termnal is froma first
vol tage | evel to a second vol tage | evel thereby
connecting said output termnal to a first fixed
voltage potential; and sequentially turning on a
plurality of in second conducting devices when said
voltage transition of said output termnal is from
sai d second voltage level t ﬁﬁ%g first 10 vol tage
| evel thereby connecting said output termnal to a

se . f oltage potential wherein said second
P %f’o‘#‘)tilg‘g‘éyspotenti al is less than said first fixed

ot ent,i al %. Th t hod .accordi to Clain1ﬁg$herein
dai o 1 Pehod Bherlelling YR ae op Lrepnat iermimal oigautpus puffer
4. The method according to Caim?2 wherein said second
condudtiEisd Hesreey dgkiveredvosaidoatp terpingl isyariedduripsvRliege
according to Claim2 wherein said sequentially turning
on saitr@nsifgngrogsaid puppt tgrhinelst conducting devices is
acconpl i shed by turning on of each of said first
conducting devices after a delay such that the first
of said plurality of first conducting devices has the
ghor t @kt nettiod adedraiyig 8 d1asnd 0 SAGEN bai6 ORGHHhiof §aifl evir&@ delivered
to said output terminal during said voltage transitions of said output terminal is
accomplished by:
sequentially turning on a plurality of n first conducting devices when
said
5 voltage transition of said output terminal is from a first voltage level to a second
voltage level thereby connecting said output terminal to a first fixed voltage
potential; and
sequentially turning on a plurality of m second conducting devices when
said voltage transition of said output terminal is from said second voltage level
to said first
10 voltage level thereby connecting said output terminal to a second fixed voltage

potential wherein said second fixed voltage potential is less than said first fixed

potential.

3. The method according to Claim 2 wherein said first conducting devices are PMOS

transistors.
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have subsequently | onger said delays. 6. The nethod
according to Caim5 wherein the tine duration of said
delay is controlled by a network conprising resistance
and capacitance. 7. The nmethod according to Claim®6
wherei n said capacitance is conprised of the

conbi nation of parasitic capacitance of said first
conducting device and a first feedback device. 8. The
met hod according to Claim7 wherein said first
feedback device is an NMOS transistor. 9. The nethod
according to Caim2 wherein said sequentially turning

n sai ural ity. of jn.second .conqucting devices LS
Aot SRRt inRin SRR 2o ecopd Fop e fpvicts ar
condu&h& g devi ces after a delay such that the first
of sai Q GPESSPL of 21 second conducting devices has
the shortest said delay and subsequent conducting
devi ces have subsequently | onger said delays. 10. The
net hod according to Claim9 wherein the tine duration
of sailde gwthogd aceordingte Glaired vihyerein nait weyukentediypuingigrg said
resi stance and capaci tance. 11. The nethod accordi ng
t o O alumlitP ofvh &irse conduaiing davpras istaatmeplisheCOyiutiitgon of each of said
the conbination of parasitic capacitance of said
secondirst ootlietihd @ vilRY hfi@ Adethyucts BROME kR SHRAC Klurality of first
device. 12. The nethod according to Claim 11 erein

sai d gesRBAng &/4REGKs 6 ViR sl BideeBIV AR khiBSieat Ynducting devices

have subsequently longer said delays.

6. The method according to Claim 5 wherein the time duration of said delay is

controlled by a network comprising resistance and capacitance.

7. ‘The method according to Claim 6 wherein said capacitance is comprised of the

combination of parasitic capacitance of said first conducting device and a first

feedback device.

8. The method according to Claim 7 wherein said first feedback device is an NMOS
transistor.

9. The method according to Claim 2 wherein said sequentially turning on said

plurality of m second conducting devices is accomplished by turning on of each of

said second conducting devices after a delay such that the first of said plurality of
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5 13. A device for controlling the slewrate on the
output term nal of an output buffer wherein the
rising transition of the voltage on said output

term nal is achieved by sequentially activating a
plurality of n distinct pull-up current driver stages
each conprised of: a pull-up signal input termnal; a
pul | -up device which when activated will electrically
connect said output termnal to a first fixed voltage

poten tsét%lnd c@n&Mh+g’ Ml&‘g hay thtg Islgﬁ’téglt Sa}g;:;legf@ an MG%t conlducting

activating signal®is presente pul'l-up*si gna

i nput term.nal, wll activate.said pull-up device

after dﬁ“ﬁ?ﬁ fave l‘bjlbbsﬁurer%&}égngff;sagﬁl Sa pul | -up feedback

devi ce which when activated w il feedback a portion

of the signal on said output termnal to the input of

sai d pull-up device; a pull-up enabling device which

ven ddemetiodgeggrdingde CEW&&’I wheseig iy timeylyrptiopeef spidslay is

said pull-up feedback device; and wherein the falling

© t r ansicontonled by gaietivark compuasingiresigiadceoandapacitemasi nal i s

achi eved by 15 sequentially activating a plurality of

m di stinct pull-down current driver stages each

conprised of a pull-down signal input term nal

11.  The method according to Claim 10 wherein said capacitance is comprised of the
combination of parasitic capacitance of said second conducting device and a

second feedback device.

12.  The method according to Claim 11 wherein said second feedback device is a

PMOS transistor.

13. A device for controlling the slew rate on the output terminal of an output buffer
wherein the rising transition of the voltage on said output terminal is achieved by
sequentially activating a plurality of n distinct pull-up current driver stages each

Acomprised of:
a pull-up signal input terminal;
a pull-up device which when activated will electrically connect said
output terminal to a first fixed voltage potential;
a pull-up delay circuit which, when an activating signal is presented to
said pull-up signal input terminal, will activate said pull-up device after a pull- _

up time delay;
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15

a pul |l -down devi ce which when activated w |
electrically connect said output termnal to a second
fixed voltage potential; 20 a pull-down delay circuit
whi ch, when an activating signal is presented to said
pul | -down signal input termnal, will activate said
pul | -down device after a pull-down tine delay; a
pul | -down feedback device which when activated wil |l
feedback a portion of said signal on said output
termnal to ' ' ST v,

25 a puII-do%ﬁﬂlhg%#hb&&g§ekggm%ﬁﬂgﬁﬁ&ﬁ%ﬁggk%ﬁf%ﬁé%ﬁkapOﬁwn
with an

:‘Iﬁedb_ac Qﬂgle\élgggl %ﬁﬂ QFﬁpeut Egnlu%?i, %%Pﬁ?%tgsaﬁé’“@r? #Q’Tﬁ
15 The devi & Bulue e eé'dgﬁcé‘f’vhwhq‘%? B Befrprable signal

pul | -down_ device js an NMOS transistor. 16. The device
accor di Wgﬂ podivedespidiPrY-wiHesdbrek d9¥ies: pul | - up del ay

device is conprised of a resistance and capacitance
and whef®d ywherpia thigfallinigdransition af shidbvdtage pn sdidroutged tayninal is
is controlled by selecting the values of said

resi st amdecvaddysai d capaci tance. 17. The device
according to Claim 16 wherein said capacitance is

conpr sgeniillytab@vatiog atplurality @f nodisiat peli-town C@RME HHwReRges each

~of said pull-up device and said pull-up feedback

20

25

devi c@emprised of:

a pull-down signal input terminal;

a pull-down device which when activated will electrically connect said
output terminal to a second fixed voltage potential,

a pull-down delay circuit which, when an activating signal is presented
to said pull-down signal input terminal, will activate said pull-down device after
a pull-down time delay;

a pull-down feedback device which when activated will feedback a
portion of said signal on said output terminal to the input of said pull-down
device; and

a pull-down enabling device which when activated with an enable signal

will activate said pull-down feedback device.

14. The device according to Claim 13 wherein said pull-up device is a PMOS

transistor.
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18. The device according to Caim 13 wherein said
pul | -down del ay device is conprised of a resistance
and capaci tance and wherein the duration of said pull-
down tine delay is controlled by selecting the val ues
of said resistance and said capacitance. 19. The

devi ce according to Caim 18 wherein said capacitance
is conprised of the conbination of parasitic

" capaci tance of said pull-down device and said

Ayl | - %%evit:@&‘dé@ﬁﬁkg tg@’l‘iiiﬁﬁn ﬁgerei-ﬁt%%d ﬁlc&%él%.gﬁégé HANMOS
I f eedbac

to Caim13 wherein said pull-up evice I's an

.. NMOG. L& istor. 24 21. The device according to
d ain1fgéﬁﬁérein said pull-down feedback device a PMOS

transi stor. 22. The device according to Caim13
wherein said pull-up enabling device is an NMOS
t.ransi The deyvice according to Caim13

tqr.. 23. TI ! .. .

Wher ei egs‘flae FaP1dngdR-lairnbl Whgensei gullpppiglag device is comprise
transistor, 5 10 24. A device for controlling the slew
rate Gh219iStanae pist capegimnerndarhesgin thetdueation of faid pull-up time delay
wherein the rising transition of the voltage on said
out puts ¢ontrpilely jedecting ihewabichy!f sagmgsisandeznt paid capacitance.
activating a plurality of n distinct pull-up current
driver stages each
17.  The device according to Claim 16 wherein said capacitance is comprised of the

combination of parasitic capacitance of said pull-up device and said pull-up

feedback device.

18. - The device according to Claim 13 wherein said pull-down delay device is
comprised of a resistance and capacitance and wherein the duration of said pull-
down time delay is controlled by selecting the values of said resistance and said

capacitance.

19.  The device according to Claim 18 wherein said capacitance is comprised of the
combination of parasitic capacitance of said pull-down device and said pull-down

feedback device.

20.  The device according to Claim 13 wherein said pull-up feedback device is an

~NMOS transistor.
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conprised of a pull-up signal input termnal; a PMOS
transi stor which when activated will electrically
connect said output termnal to a first fixed voltage
potential; a pull-up delay circuit which, when an
activating signal is presented to said pull-up signa
input termnal, wll activate said PMOS transitor
after a pull- up tinme delay; a pull-up feedback device
whi ch when activated will feedback a portion of the

B2 bR e

when ivated with an enable signal wll activate

sai d gﬁ%#gﬁﬁm?%@ﬂback devi ce; 25 wherein the falling
transition of said voltage on said output termnal is
achieved by 15 sequentially activating a plurality of
m di stinct pull-down current driver stages each

2énpr Tsededes acgording toddaim &3 wherkinispidpulltupremibiing; degiee is an
NMOS transistor which when activated will electrically
conne®M@8&it@nsistat.put terminal to a second fi xed

vol tage potential; 20 a pull-down delay circuit which,
when an activating signal is presented to said
pul | -down signal input termnal, will activate said
MOS trhaastisd Acoide@b ClAnPL WhQeRaillipiB-d¢haNabling device a PMOS

transistor.

24. A device for controlling the slew rate on the output terminal of an output buffer
wherein the rising transition of the voltage on said output terminal is achieved by
sequentially activating a plurality of n distinct pull-up current driver stages each
comprised of:

a pull-up signal input terminal;

a PMOS transistor which when activated will electrically connect said
output terminal to a first fixed voltage potential;

a pull-up delay circuit which, when an activating signal is presented to
said pull-up signal input terminal, will activate said PMOS transitor after a pull-
up time delay;

a pull-up feedback device which when activated w_ill feedback a portion
of the signal on said output terminal to the gate of said PMOS transitor; and

a pull-up enabling device which wﬁen activated with an enable signal

will activate said pull-up feedback device;
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20

25

a pul |l -down feedback device which when activated w |
feedback a portion of said signal on said output

termnal to the gate of said NMOS transistor; and 25

a pul | -down enabling device which when activated with

an enable signal wll activate said pull-down

f eedback device. 25. The device according to Claim?24
wherein said pull-up delay device is conprised of a

resi stance and capaci tance and wherein the duration of

sai d e}eulﬂ@ftﬁ!élg}l?% g’%sﬂyontdf%alﬁ%{t%g% olélies%idb%ﬁg)‘f’aug :te%englﬁ{@g% achieved by

I
the val ues resistance and s c

26. The devi.ce accordin 0 ai.m. 25 rein saidq.

capac PruE F R Roltol o R ism pihde fudiht river sages cach
parasitic .capacitance of said PMOS transistor and said

pul | - GPPREEMack device. 26 27. The device according

to Claim24 wherein said pull-down delay device is

conpri sed of @ Bul}-d8W8 sigheldnpi dereritpdici t ance and wherein

the duration of said pull- down tinme delay is

control | ed by NMQE tramsgsterhehivtaivbersactifatsdivill elestrisalprooenect said
and said capacitance. 28. The device according to

C ai m 23utpimaeeninaltabh decvag dicid aslege pstefdIpr i sed of t he

conmbi nation of parasitic capacitance of said NMOS

transi stor aggulabdn Bkl cHAWWhitESARAGK 20@MIHGE sighS is presented
The device according to Claim24 wherein said pull-up

f eedbaclg Qﬁi’ﬂnﬁﬁd{gﬁn ﬁgnaﬁ‘lmt {ehﬁfﬁai, i hetivate said NMOS transistor after

a pull-down time delay;

a pull-down feedback device which when activated will feedback a
portion of said signal on said output terminal to the gate of said NMOS
Vtransistor;. and

a pull-down enabling device which when activated with an enable signal

will activate said pull-down feedback device,

25.  The device according to Claim 24 wherein said pull-up delay device is comprised
of a resistance and capacitance and wherein the duration of said pull-up time delay

is controlled by selecting the values of said resistance and said capacitance.

26.  The device according to Claim 25 wherein said capacitance is comprised of the

combination of parasitic capacitance of said PMOS transistor and said pull-up

feedback device.

26



30. The device according to Caim24 wherein said

pul | -down feedback device a PMOS transistor. 31. The

device according to Caim24 wherein said pull-up

enabl i ng device is an NMOS transistor. 32. The device

according to Claim 24 wherein said pull-down enabling

device a PMOS transistor. 27

27.  The device according to Claim 24 wherein said pull-down delay device is
comprised of a resistance and capacitance and wherein the duration of said pull-

down time delay is controlled by sclecting the values of said resistance and said

capacitance.

28.  The device according to Claim 27 wherein said capacitance is comprised of the

combination of parasitic capacitance of said NMOS transistor and said pull-down

feedback device.

29.  The device according to Claim 24 wherein said pull-up feedback device is an

NMOS transistor.

30.  The device according to Claim 24 wherein said pull-down feedback device a

PMOS transistor.

31.  The device according to Claim 24 wherein said pull-up enabling device is an

NMOS transistor,

32.  The device according to Claim 24 wherein said pull-down enabling device a PMOS

transistor.
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