OQUTPUT BUFFER W TH CONTROLLED SLEW RATE FOR DRI VI NG A
RANGE OF CAPACI TI 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
transferring signals within a device to the input of

ORTPUNUKER WH%@NTﬁOiﬂ@%SI%WQ@M?EFW@RIVM WRANGE OF
buffer 10, conprised of a pull-up PMOS transistor

and a pul | -down NMOS 4 Ve déps PMOS tranS|stor
12 has a source term nal E connected to the supply

vol tage VD>0 and a drain ternlnal (D) connected to
both the output pin 16 and the drain term nal (D) of

NMOS transi st or Q f NMOS
transi stor 14-|%Aé5§%%g?§§(ﬁg%gﬁéﬁyﬁﬁi¥%§ The out put
pin 16 is typically connected to the inputs of one or
nore CMOS devi ce inputs. These inputs are nodel ed as

a variable | oad capacitance 18 and the voltage across

(1) Espbefithalventidad 18 is depicted as VO, r. In

addition, there is a parasitic capacitance 19 at the
out put termnal 16 associated with PMOS transistor 12
and NMOS transistor 14. The gate terminal (G of the

PMOG ventingesdrolly kePatéssto caniesdi@thr idt@zrhBe ciodliifdel iced ardl, more
NAND gate 20. The gate termnal (G of the NMOS

particulbﬂlﬁrwbﬁbmbut%fﬂeﬁué’e@n@ﬁﬁégl@ﬁed SrdugIOUeprE. of a NOR gate
22. A DATA signal is applied to one input of the NAND

gate 20 and to one input of the NOR gate 22. An
active | ow ! ENABLE signal is applied to a second i nput

(2) Bfescﬁ'igﬁon of Prior Art

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. | 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 Viyyy 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 Vour. 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 NMOS transistor 14 is connected to
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NOR gate 22 and to the input of an I NVERTER 24. The
out put of the INVERTER 24 is applied to a second

i nput of the NAND gate 20. A low 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
drain (D). A high logic level on the gate termnal (Q
of NMOS transistor 14 will cause it to conduct from

the outfh 8F ANCR g§t92§ 093[ 99([@453 I\)&{ja'l‘% a%ph&i’\folo(ﬁg' ?QL% 20 and to
aetermna transi stor resu
one mpﬁt #t@{l\lpﬁs\éﬁ% ?i;;zgré g(ét?grllg\{& a%lgéb?g(sg %ﬁf@%@&?@d tg §)ch0¥¥1 “?r[ﬂput of the

o syl B EPRUP AShIEcAS! bt SR 1 o

th condi tions, the output of the

Secondf@&l‘%l%?ibeg%qﬁﬁﬁf‘teéﬁb 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 fromsource to drain). This is

Rnlowrlogis lavhkort the gate &traninzd (d) ¢f BVIOS ndnsistoudilt auuse it to conduct

di sconnect a device fromthe circuit thereby allow ng
from soanet(Ret dd@wiDe tohigh loge et oatiieptite tehoinkIOE) bhBMOS Mansistor 12 will

the tri-state condition, the DATA signal has no effect

result 0D high @edis@ice flogvliref(S}) tBQirzﬁh'UD)Jt Aigh bic W Bn ehd QW terminal (G)
| evel logic signal is applied to the active-I|ow

of NMd)ﬁ%@hs%oﬂ IQRWll'caﬁJéQt RULRMct bl d18in b')\%Es%-llﬂ':c é§)4arfdsa IB{NgleC level on
Wth a high |l evel |ogic DATA si gnal applie

the gate tEHffﬁ!ﬂngﬁ) @N&(g§ gé)%t(grlleél 1 1%&%&%@&2@%&2;&@%1@'&@% (%B to source
) wprARBTeE ki S8 %??B%i’g)%%tgléfﬁﬁ&ﬁ%%?a&gg%%%‘e e W tive-tow
’ENAB@%@@? G eupvertie FRRREH 12335&1539@3@1%%%@ £ b9 QWapcer these
conditlons 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. PMOS transistor 12 is
turned on (low source to drain resistance) and NMOS transistor 14 is turned off (high source to drain

resistance). Load capacitance 18 and parasitic capacitance 19 will charge through the source to drain
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resi stance of PMOS transistor 12 as shown in Fig. 2a.
Wth a low | evel |ogic DATA signal applied while the
I'ENABLE input is held |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 turned on (low source to drain

resi stance). Load capacitance 18 and parasitic
capacitance 19 will discharge through the source to
drain resistance of NMOS transistor 14 as shown in

resistanéd & PMOS trhdistof | TR mORE E@Plg. La.CWithQrowh@keDiodl BATA signal applied
di scharging of the |oad capacitance 18 and parasitic

while th@a.pﬁmawﬂiﬁs%t Fié %;zh ok, NEe BIPATbo@INARS HAPUG Gnd ROV & D) are

resi stance of the respective conducting device

: he. : Ceu: I.C. .
i 2B K hrk AR SRR AR RIS o 45
turned o\éio(i/otewﬁ eu)r/c:(e\{g 5{@1{1 ggiﬁ{aﬁfﬁﬂ Z%)gci ?&f&é@%ﬁf@ Er?(ﬁéa{r%ggc)e ci;lhi?clltlgu?ce 19 will

. and the output voltage (Vo(j..rI) il e discharging | oad
dlschargfég%gl@ thcelis i o pasiasy of NM@%W@%MS@@OW jn Hig. 2b. The
, VDD CUT volts. Rise tine is typically defined as the _
time copstapg (7) forrchpigingaandidisshareing o ictles apaitiance b% and pasficeppacitance

. _the signal change. Thus, the rise tine (tlzlsE) of
19 1s the prioduch ot gtsowut foedrain@esaparicd (Be) ofithetrgspectivie coadkesing device and the
change from 0.1 *VDD to 0.9*VDD. The output buffer 10
sum of thalldadtchpeeitfide ABland pavabidc bgpanitasened as the tinme it
takes to change fromO0.9*VDI) to 0.1*VDD. It can be

shown that: tRI SE;eyREy Ao H Qhadind) . 2 2.2 * ti =
2.2 * RBD * (CLOAD + C PARASI TIC).

The output voltage (Vour) while charging load capacitance 18 is given by:
Vour ehge(t} = Von * (1 — &) volts,
and the output voltage (Vour) while discharging load capacitance 18 is given by:
Vourt discharge () = Vop € volts.

Rise time is typically defined as the time it takes a signal to switch from 10 % to 90 % of the
signal change. Thus, the rise time (trssi:) 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 (tpary) would be measured as the time it

takes to change from 0.9%Vp to 0.1%Vpyp. It can be shown that:

trise Of tpare =In(9) * T = 2.2 %1 =22 * Rop * (Croan + C parasimic)-




3 As | oad capacitance 18 increases, the tinme constant
(r) increases, thereby increasing the rise and fal
times (taisk and tFAL.L., respectively). Rsl) may be
decreased to shorten rise and fall tines; this is
acconpl i shed by increasing the ratio of channel w dth
to channel length in the PMOS and NMOS transistors,
12 and 14. This, however, adds additional parasitic
capaci tance 19 thereby preventing ideal inprovenents
in transition tines. An inprovenent over the

As load COR¢Ritck QB dhcr@idtsp te tHheydometant (tFingreades, ther8h0MBreasingthg rise and fall
3. The output buffer 10 is connected as shown in Fig.

ti taher ARQVEY.S respBetRidlyh - W, Gy bR Riecie QW &8 stdbieh Sis@gREIl times; this i
1st(%%&we2ﬁy%ﬁ€m supp nggltgge \&I) andsthg sgurce (é?wgf S

- . Ji@r
sccompli 4 BYT R BRTASR0 oL opy WA EnoBehcen FRUR ERAOL B Nvos
mansis P aHY TRodPeel 4 8” FurbieRd Py G PRI e LR EY preventing
. ._understood by,.those skilled in the art. Referring now
“kﬂ1m?6”§?&ﬁs§}“ﬁ%ﬁﬁmﬁﬂgﬁactive-Iow | ENABLE si gnal high
the out put PMOS and NMOS transistors 12 and 14 wil |
be off and the output will be in a tri-state
condition. Wth the !ENABLE |ow and the DATA signha
A ghpropvosit orerrthe eanyentiomal gitputdgeide onFignblisiuogn in Fig 3. The output
transistor 14 is turned off. A constant current, Iru,
buffer 18 upqiniededoys showh dwpige Uriwerters o pult-ep 26rranit sburch 2 gadtidiebetween the
| oad capacitance 18 to the supply vol tage VCOD.
supply oiltakd €ph ¥nd thBesuree (SYOF thelPOROS erddistBADA Sngadd, al fall-down current
applied while '"ENABLE is |ow turns on NMOS transistor

source 2R4s 8dthetied B&wREL theNERcé L@%h&tm(ﬂs&rmﬁs&? n% L@ he circuit common.
current, 11D, supplied by pull-down current source 28

cOnsmng Eﬁ?&@%&?ﬁe@tﬁtﬁf@ﬁy aﬂféﬂ%ﬁﬁ&g findh stodd 5y thG&H Sl a@ %/kﬁea)n

roug capacl t ance urrent” i's given
the equation: 1C oA = C Load * dVC' ,Ao/dt = CLoal *
dVO(-r/ dt

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 turned on and NMOS transistor 14
is turned off. A constant current, Ipy, supplied by pull-up current source 26 will charge the load
capacitance 18 to the supply voltage Vipp. Similarly, when a logic low level DATA signal is applied
while IENABLE is low turns on NMOS transistor 14 and turns off PMOS transistor 12. A constant
current, Ipp, supplied by pull-down current source 28 discharges the load capacitance 18. The

current (I¢) through the Joad capacitance 18 current is given by the equation:

Tciom = Croad * dVeiow/dt = Croad * dVoy/dt .



4 Since, in either charge or discharge conditions, the
current (lc) and | oad capacitance 18 are constant
(either Iru or 1RO, the change of the output voltage,
Vou r, with respect to time (dVour/dt) nust be
constant. The output voltage (Voui) rise and fal
wavefornms are shown in Figs. 4a and 4b, respectively.
The change of the output voltage, Vour, wth respect
to time (dVour/dt) is the slew rate (SR). Thus the
rising and falling slewrates are: SRRise = hPu /

Since, 1%@1@& char g@Bﬁdxs&BPg@le'encﬁubE@tHe &HeRdI YR fAal kypaknzﬁlcc 18 are constant

pul | -up and pul | -down currents are desi gned

(either tﬁqHﬁipP) R chamd® o tHd theo V%)rh'ﬁﬁntﬂ gs‘bgﬁt% ‘ﬂﬁ'le é@‘g&r %R) must be

fect of parasitic capaci ce
r cO for.the ad
constanﬁaﬁ%%?q{féiﬁ%ﬁagfﬁv ?Sgcacfp@é. S Griaio g il darese
nber of deV|ces conne
respecﬂt"ﬁ‘a AIE} e R B R BBy e bRt BT e 0 i the slew
% the correspondi ng sl ew rate decreases and the
rate (SKy); g Wﬁ@ﬁﬂ$?&¥%ﬁ§%@gSW@HGWééFure specifications are
becom ng nore stringent; requiring a specific range
of both slew rate and | oad capacitance. For exanple,
consi der the specific@Rigrs belf 6wa.0.4 V/irlsec 5 SR 5

1 VIrlsec 15 pF < CLOAI <_ 40 pF. The pull-up and
and, pull-down source currents nust equal:

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

SR= It/ C[.oad .
This discussion ignores the effect of parasitic capacitance 19. Iy 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:

0.4 Vimsec < SR < 1 Vinsec

15 pF < Croap £ 40 pF.

The pull-up and pull-down source currents must equal:




51 = 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 wll neet
the specification at both the m ni num and nmaxi num

| oad capacitance. OQther approaches related to

i nprovi ng output buffer characteristics under varying
capacitive |oads existr=tk =« Patent 5,926,651 to
Johnston et al. describes a method where an out put
buffer slew rate is controlled by providing |ogic

The des?én%@lgh%}g%%i{ﬂ es%%géc\?\gﬁ%aﬁbgslclg:gﬁus[rglt%ﬁ i ngt § hF(i)rn %I‘F#{J}%%thc current

nsirstors erent current céb
The.logic signal s e .generated by control circuitr
source ipfT e BAVEPRIAA a4 Ty oEITo e Eiac aptes misidalbghisn {6 ma and 40
installed c onent such as, nunber and size of
mA form?rf}@r%f lgadi ()f?unefeisgheﬁaits dRengleggipciopol dsivasarredhpt will meet the
.. di scloses a nethod where the output buffer slewrate
specificptéon af hpthale pyniswrpd merinke loat puacitaota age transi tion
time against a reference. If the output transition
time is too long, a counter is increnented and the
Othiepatproachéerclathd to émprovingretutius bufiiercaaaedristich uhdee varying capacitive
output transition tinme is too short, the counter is

loads exiac e SEPdted S{916[168IDY0 Feeibteh BOalf diScriliel M encEhbdl@itre atbutSut buffer slew
Patent 6,265,913 Bl to Lee et al. teaches a nethod

rate is c%ﬁﬂ%d%@%r&lﬂ&iﬁ#‘log@ﬁéﬁa‘ls hahd bulfeMRirk it theQMiteRbd &d?Lm'lrive transistors
conparing the Toad capacitance against a threshold

it SRS Ny U |08 BOPRE L0 | A OATE A ctcines
the loadgﬁggeglgfif%rgwg%%lru 8% Erﬁgz‘illec)i/ B%%é%%g&g%}cﬁ %g %lill% eg'ra%d &S ot memory
doiesf AR ORIV L, L L LB, CRORELLNCE St e
varied b?f%ggl%ggr?g t%g ogtr;)gt \ffoeii\:g/gcg trg#slitlio-n 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. 8. Patent 6,265,913 B1 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 capacitance, a counter is incremented and additional output
pull-down transistors are enabled to more quickly discharge the load capacitance. Conversely, if the
load capacitance is less than the threshold capacitance, the counter is decremented and fewer pull-
down transistors are enabled. U. S. Patent 6,583,644 B2 to Shin describes a method where slew

rate is controlled by comparison of input data rise time against bias voltages which vary with

processing. Slew rate may be controlled for changing load capacitance; however, this must be
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down transistors are enabled. U S. Patent 6,583, 644
B2 to Shin describes a nethod where slew rate is
controlled by conparison of input data rise tine
agai nst bias voltages which vary with processing.
Slew rate may be controlled for changing | oad

capaci tance; however, this nust be 6 acconplished by
changi ng a reference voltage. This requires
conplicated circuitry or an external device pin.
Sent hi nat han and Prince (Application specific CMOS

accomp@ ey cHANNBY a fdrEitletvol8Rl dfhis fc@lﬁmﬁ lcd ?ﬁca‘t&i Jll%QHﬁrQ)r an external
si mul t aneous swi t chi ng noi se, Sent hi nat han and

device ;P ﬁ.' %ﬁthm%thah and bEEE (;I%Zr D@y é&gcy‘ggi'M@S%% %&f?d}%er; -GH czgz?deszgn

Dece eSscri an OU

zedm:qaggs r?f %du%@ rn?laluyeo[]s 5wzrc% ing ouslgl Sab megﬁanp P\lew L nce gpuItEEE Journal

ansit s OFS are sequenc con e an

_«%g@@w Bt B e O SR o

| oads . SUMVARY OF THE | NVENTI ON A rlnc
pull-up (%5? n 9%@%&3@%@{8 R REHERSH 1 contrgl ﬁ%wt@ énchawi Hoerhing
for n1n|n12|ng slewrate variations over variations
noise. This fideal coxpjsere ne &edeackdo Jetedtopdobypanitenestandhelop fissdivads only.
invention is to provide a circuit for mnimzing slew
rate variations over variations in |oad capacitance.
Anot her object of the present invention is to provide
a method for m nBUMMARYSOEWHRINVENAIONALI ons over
variations in | oad capacitance by varying the out put
buffer drive current at different tinmes during output
state transition. Another object of the present

Arb\(ﬁeﬁpbl%ij deBof Ble PFRM 3R iG] & gxtovfdg B éﬁ‘éd@o? Wi‘fﬂlﬁé’\’slew rate

rate “variations over variation capacl tance

vanatzogs}’?%?wijliﬂ%nl mqog&%&%%mggf fer drive current at

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

variations over variations in load capacitance.

Another object of the present invention is to provide a method for minimizing slew rate
variations over variations in load capacitance by varying the output buffer drive current at different

times during output state transition.

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.




times during output state transition. 7 Another object
of the present invention is to provide a nethod 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
acircuit for mnimzing slewrate variations over

Hasthatdprs of e bRBEht GRRAGHT RIS BroRiie\ahdth Dok BEni@lEiRE blew rate
buffer drive current at different times during output

- , . r ici
O O D RO by B VR P Sy BRI ifferen
times dlﬁrﬂ{&t&? ut ?@#eecpatnsiﬂgn %@re oSiiel ?eel:l&%’cﬁ%ﬁh g a iﬁc Ezﬁ)a&rtz&% gl% used to
a circul or mnimzing slewrate variations over
ariations in | oad capacitance by varying the out put
Cmﬁ“ﬂﬁﬁ #@Pag?ive current at different tines during output
state transition where positive feedback and parasitic
capaci tance are used to reduce slewrate variations
due to differences in manufacturing process,
Anetber i b AShE Rresens prvpntigvistie gy idsidiichia g erinjmizing slew rate
operating tenperature. A still further object of the
variatiopy exse meridtione imt loahcapscitapcpbovirgiog shenetno dufferdrive current at different
mnimzing slewrate variations over variations in
times dirdgcbutiap a@ic temei€oh whe@pesitige tdedbalitapd basifit espaditdin¢eare used to
current at different tinmes during output state
control tHeaRsi tatedn Where positive feedback and parasitic
capaci tance are used to reduce slewrate variations
due to differences in manufacturing process,
fluctuations in supply voltages and changes in

Rgﬁft@riogﬁc{ W@}El@geﬁ fivention 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
reduce slew rate variations due to differences in manufacturing process, fluctuations in supply

voltages and changes in operating temperature.

A still further object of the present invention is to provide a method 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
reduce slew rate variations due to differences in manufacturing process, fluctuations in supply

voltages and changes in operating temperature.



8 These objects are achi eved by dividing the output
transition into various tine and current drive
segnents. During the first time segnment, the small est
drive current is enployed. After a delay, the drive
current is increased. After each subsequent tine

del ay, additional drive current is added. For |arger
| oad capacitances the settling tine is dramatically

i nproved by increasing the drive current. In

addi tion, positive feedback fromthe output back to

tFH@se%}c@ts%fe RatHdby Hi@ricﬁﬁga{‘% 'oﬁttpﬁf tranMtioh 11'1'@ rv@rl(%é' 1ol dhd current
bring the gate tern nal he proper state.

drive seyRhts eﬁ)lﬁi‘ﬂg%ecfﬂglﬁtﬁh&% ?E{%eﬁ'%ﬁt theasqgilligét%ﬁ@!e @@Jﬂﬁ%&' e‘iﬂéﬁo%ed After a

apacitance in t drive stages o
ren

delay, t&ee gﬁi\pe 31l§rege S e pegl\gl% gflhilteé (%%h suﬁeg\%eriﬁ éltngeréeéeyzg tn%ﬂa iirhxg: current is
tIV f.,eedback nlsn1 rovi des way to finely.
aed. 3R otack oo Gy L7 PP G L RO S el QY e mcredein the
) drive currents. . Thus selection of different conponent
drive cyttenbslniadditing, RsKive fseabackdinmathe owhbarkdprihedate ¢fgach drive transistor
different drive stages reduces the slew rate
will mopequiglly bring the gaiefteraringito theatoreapalsi Fangedler Khil sapkcgaces,
i nproves the performance with process variations,
additiofidl parasitit capgeisuppinthy biveadese stagks ofdrgesitive feedback mechanism allows
tenperature. BRI EF DESCRI PTI ON OF THE DRAWNGS In the

a higheaddanpaey t0 e dsab Agfictenbqng stewite rSighg PAtht podititdesdback
description, there is shown: Fig. | schematically

mechanlidn pwbidas b Rdy & RhdIPundkite RURMhe RYTHB 6N oFin8 indidual drive currents.
illustrating a typical output buffer voltage rise

Thus SCYRYlglfl OF dyRht gotﬂﬁmpléﬂt% 2e@ltnd ?55{)1%6 fgédbagl{ ﬁech]an%sh:'nls 9 18R frerent

[ustrating a typlca out pu uffer vo

drive stx\fe\é ?&ercgg tEQ Ele»tvl'llﬁe WiQ LOnEf crenteloaé) capacx%a%ces "This also improves the

performance with process variations, fluctuating supply voltages and changes in temperature.

BRIEF DESCRIPTION OF THE DRAWINGS
In the accompanying drawings forming a material part of this description, there is shown:

Fig. | schematically illustrating a prior art output buffer;

Fig. 2a illustrating a typical output buffer voltage rise waveform for the prior art buffer of
Fig. I;

Fig. 2b illustrating a typical output buffer voltage fall waveform for the prior art buffer of

Fig. 1;




9 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
rate using the prior art buffer at both 15 pF and 40
RE. 3 %@m‘éﬁ%ﬁ'iﬁ@ﬂﬁﬁ ; a Bilidk arfouthdt BEEERL KN EnRoRInGHs over the prior art
diragram of the outpu uf fer of the present invention;
Fi i ljustrating schematically one enbodi ment of
Oumuﬂ¥%%ror$%éhstages depicted in Fig. 6 of the output
uffer. of the present jnvention: Fig. I Llustrati
RS Siehe e SRrpLRT o BRk Gk RavaBrb fort R Rbutier of
) present invention conpared against the prior art
Fig. 3, output buffer voltage rise waveformat both 15 pF and
40 pF | oad capacitances; Fig. 8b illustrating the
bt ‘Sfu’tﬂubtﬂ%‘tméra tyriral gywut buffer waliaged hivewriotnn for thorigart buffer of
i nvention conpared against the prior art output
Fig. 3, buffer voltage fall waveformat both 15 pF and 40 pF
| oad capacitances; Fig. 9 illustrating in graphica
Figr friltuseatingquigrapticdr foure tieueqankt dioe carrche Sorraattssédeslew rate using
rate using the present invention and the prior alt
the priobstt befferalt boatls pFanpBoaRdofiaplilaf@g; capaci t ances; and

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
output 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;

Fig. 8b illustrating the output buffer voltage fall waveform for the present invention
compared against the prior art output buffer voltage fall waveform at both 15pF and 40 pF load
capacitances;

Fig. 9 illustrating in graphical form the required drive current for a desired slew rate using
the present invention and the prior art buffer at both 15 pF and 40 pF load capacitances; and

Fig. 10 illustrating in graphical form the drive current of the present invention at various

times.
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Fig. 10 illustrating in graphical formthe drive
current of the present invention at various tinmes. 10
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) does not necessarily have to equal the nunber of

pul | - dowpeseres 18N OF THEAEEIRR R EDEMBOPEVENGGE 30- X

is conprised of a pull-up device 32, a feedback
devi ce 36, an enabling device 37 and a del ay device
40. When pull-up device 32 is activated, it connects

%ee d’géé%; Eou%lgeélj Qlcg]]gtéﬁ pkntw(?cksdilzgélénx ol@ l lgg%q%l\c(xg ctf{ttbeuqut%}t Il?uffer of the

I NpUts provi _
s 35505 2 OB B L 2RO ams&ggﬁb-g%mgh Sonamdn

connect ed e i hput of the corresponding pull-u
pull-doyjp T‘E%St%fsgfﬁ)'ﬁéﬁ@ﬁ%g -y Hanvebegot PG yeckiasEs 3 {7 glees not

ENABLE i nput. The delay device 40 i s connected
necessaﬁb’t%ﬂé%w egughihe Bemimgy of pkidown giaaes Hifen) + Fechawtlrupsisiondiagg 30-x is
input to pull-up device 32. When the shared ENABLE is
comprisgt ofa p@ghpe denvigh3, eveddpadiideact 39 atnesiablive; geuick 3dpnd a delay device
circuitry to bring the output pin 16 to a high state
40. Wheappit-ox dositedyisvBD)ated-atebnipdtsl thelowputdiin VetoshagppBilvoltage V.

is conprised of a pull-down device 34, a feedback

Feedbadkaleh &€ 388as pute pahlidedBbydRwiue pind9 A0 ol Y 1Hd¥ir @s%ondm g
42. \When activated, pull-down device 34 connects the

enabimggﬁ'év@&:t?a’fp e bRiguPof th@ féétiB&:WdEw@@ [0 Anect s ﬁ%@ﬁ[ﬁ.\t @?We%@lr%pondmg

has i nputs provided by output pin 16 a e out
pull-up Q%VIE{ﬁ.g g%ﬁﬂgg g%@%c?éﬂ%gggg%%% gcfetw(gcf?gbh%?[ﬁﬁﬁﬂ% 1 L}%‘Jutt p?ﬁe delay
device JOhis oGHLET B ogr%en Pshared 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 (approximately Vpp). Each pull-down drive stage 31-x is
comprised of a pull-down device 34, a feedback device 38, an enabling device 39 and a delay device
42. When activated, pull-down device 34 connects the output pin 16 to the circuit common.
Feedback device 38 has inputs provided by output pin 16 and the output of the corresponding
enabling device 39. The output of the feedback device is connected to the input of the corresponding
pull-down device 34. The enabling device 39 has a shared active low IENABLE input. The delay
device 42 is connected between a shared PD input signal and the corresponding input to pull-down
device 34. PD activates the pull-down circuitry to drive the output to a low state (0V). Signals PU,
PD, ENABLE and !ENABLE could be, for example, provided by the circuit comprised of the

NAND 20, NOR 22 and INVERTER 24. The output of NAND 20 provides signal PU and the
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pul | -down device 34. The enabling device 39 has a
shared active | ow ! ENABLE i nput. The delay device 42
is connected between a shared PD input signal and the
corresponding input to pull-down device 34. PD
activates the pull-down circuitry to drive the out put
to alowstate (OV). Signals PU  PD, ENABLE and

I ENABLE coul d be, for exanple, provided by the circuit
conprised of the NAND 20, NOR 22 and | NVERTER 24. The
out put of NAND 20 provides signal PU and the tt Kkl

output TR D2 pfoRsRaINRVEides 1ENAMIE RiroviRicdn@the! 1E}Ml\%klﬁ\IVERTER 24
provided to the input of |INVERTER 24 and signal

and sigial ERAR Bisat g{é%ﬁwtﬁ%ipmvﬂi"rﬁlﬁ"ﬁmER 24. Fig. 7 shows a

circulrt enbo of the pu up drive stage 30-x and
pul | -down drive stage 3l-x. Devices in this
enbodi ment correspond to specific bl ocks shown in Fig

N the .correspondin esi natlon nunper s
Rige SRS aI e TR0 R g t40E PURHRHIFY S B Rl aive stage
- up,. devi ce 32 S|zed to provide the proper drive

31-x. E@wc%w hip GRbpHiEReNpITSRMNIAP SBICHE oK shaBIncEE 1 2 FATIRal

m&nOf PMOS pul | -up device 32 is connected to Von and
corresperiyengitesignati@riviers goysads connected to the circuit

output pin 16 which is typically connected to the

capacitive load 18. A pull-up delay resistor (Rrr) 40

is connected between the signal PU and the gate

T palnad dif € stafe 3BV Eopptided bpa BRIOS puiBap dAcd\Ized to provide the
feedback device 36 is provided with the gate term na

proper drfe HABMEEE @6 faidul® sUE.PUhe L&IEE RAhindQS) @fm%tﬁil[@ dbwce 32is
termnal (D) connected to the gate termnal (G of

connectgﬁ"gsvgu dld'tH@ﬂQﬁ'h ﬁﬁn%z(DgA{‘cd}l%@echQP% &rch%Yi{ ? 1‘?’171 6'v§tHch is
rovi € sourceée term na conne

typicall ?cérﬁlléctted ?oomgbacftwg ISR, A pull-up delay resistor (Rpy J) 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 terminal 16, and the drain

terminal (D) connected to the gate terminal (G) of the PMOS pull-up device 32. An NMOS enable

device 37 is provided with the source terminal (S) connected to the circuit common, the gate

terrhinal (G) connected to the active high ENABLE input, and the drain termifial (D) connected to

the source terminal (S) of NMOS feedback device 36.

The pull-down drive stage 31 is comprised of an NMOS pull-down device 34 sized to
provide the proper drive current for that stage. The drain terminal (D) of NMOS pull-down device
34 is connected to the circuit output pin 16 and the source terminal (S) is connected to the circuit
common. A pull-down delay resistor (Rpp) 42 is connected between the signal PD and the gate

terminal (G) of NMOS pull-down device 34. A PMOS feedback device 38 is provided with the gate
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termnal (G connected to the active high ENABLE
input, and the drain termnal (D) connected to the
source terminal (S) of NMOS feedback device 36. The
pul | -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 del ay resistor

termina{ BEP@hndbZed (6 tRONMOG k@i T 1R/ A\ @ i teRRhal FD) @(ﬁﬂeét&?to the gate
gate termnal ( of NMOS puII-domn device 34. AP

termmaﬁ R?P&Ei& NERYS 58138 ddviePTOVA BRIOIL ML 26ic8 @bgsl [}r%nded wgh the source

mnal (G connected to the output termn

termmaz @ cgél?éc%éittﬁr\/l\/g%qm: zftp en%gfp{%?c%gﬂfgc? E}E%%Ewe g)l e‘r}:JNA‘{]@‘IIJE input
o S G5B 1) BB g LS o RSB B 3.

the active | ow ! ENABLE i nput and the drain term nal
(D) connected to the source termnal (S) of PMOS
f eedback device 38. The operation of the drive stages
3be eraapfipnf the divertages 30-x and 3 1-nolFige 7Wébm%mdls%@d When
signal PUis high, the gate termnal (G of PMOS

signal Bh{iis|highp thgesatecternBRaliGl bt Bt Oy pullewp divie, 32twillbeltlyiven high, thereby
turning PMOS pul |l -up device 32 off. Wen signal PU is

turning VDS pdl-tip davibeodd off | Bikich sigahl, PU hehpagedss hidgic low level, the parasitic
capaci tance of the gate termnal (G of PM3S pull-up

capacitdR¥ b the JatccQihihd ed) Wi RMOBRRIIRY RSick S coBRAE With rm@pa@ésxtw
the drain (D) of the NMOS feedback device 36 w

capacxtﬁ%g bf‘tht% glzﬁlﬂl EM@@NWS)P@HBEEH Id’swcé‘f% dal l?%:lr{ © 1&55’(’%@ through pull-
, u) e

hi s di scharge tine and consedquent

up dela% Vé'sgtoqrei{p §|4gy '[tlﬁé' dlgé}@er?% e! and%Bus%SMérﬁlg Ct %tum l)lll dggy for PMOS pull-

rm ne asitic ance

up de‘fﬁ%ﬁ%\”&ﬁ% it T@?ﬁd&ﬁiﬁﬂ i Bl ?#35@%19% it o ety

I, del a
resistor (E[lu) 918 Thi time cary be tal oreé by adjusting both the value of the pull-up delay resistor

{Rpu) 40 and the parasitic capacitances of the PMOS pull-up device 32 and the NMOS feedback
device 36. Similarly, the parasitic capacitances of the gate terminal (G) of NMOS pull-down device
34 and the parasitic drain (D) capacitance of the PMOS feedback device 38 prevent gate terminal
(G) of NMOS pull-down device 34 from changing instantaneously. When signal PD is low, the gate
terminal (G) of NMOS pull-down device 34 will be driven low, thereby turning NMOS pull-down
device 34 off. When signal PD is changed to a logic high level, the gate terminal (G) of NMOS pull-
down device 34 will begin to charge through pull-down delay resistor (Rpp) 42. Like the pull-up
drive stage 30, this charge time and consequently the turn-on delay for NMOS pull-down device 34
are determined by the parasitic capacitance and value of the pull-down delay resistor (Rpp) 42. This

time can be set by adjusting both the value of pull-down delay resistor (Rppp) 42 and the parasitic
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(Rr>rl1l) 40 and the parasitic capacitances of the PMOS
pul | -up device 32 and the NMOS feedback device 36.
Simlarly, the parasitic capacitances of the gate
termnal (G of NMOS pull-down device 34 and the
parasitic drain (D) capacitance of the PMOS feedback
device 38 prevent gate termnal (G of NMOS pull-down
devi ce 34 from changi ng i nstantaneously. Wen signha
PDis low, the gate termnal (G of NMOS pull-down
device 34 wll be driven |ow, thereby turning NMOS

drain caBb’dﬂan%W’ﬂ theW@S ?eeaﬂa&f devic¥BgAnS tlﬁwo(g )u'llﬁ:ld'}fha&gﬁ:@ 340 The

| ogic high |evel, the gate term nal

NMOS Qr‘l’z{b:lm% g% éﬂd%éé e}%ﬂling %D%g?aé %e%@ﬁi&ﬁl{,t’tm Qﬁfl{ﬁe condition

ay reS|stor he pu

(ENABEE Y, rﬁ and ﬁ 1ow hareiqrfenta o TRer %‘Mbg on@ 28 lfig\%flz £Y, orhi\eIMOS pull-

devit

det e ne the ar.asi apaci t ance value of

down dfee YR 38\9% iRk 1 e e PR o pEas f%fﬂ’@ck 5¥ieS 3 And 38
be set by adjusting both the value of pull-down del ay

when tri-gatedt or “ (RI)[)) 42 and the parasitic 13 drain
capaci tances of the PMOS feedback device 38 and the
NMOS pul | -down device 34. The NMOS enabling device 37
and PMOS enabling device 39 are off during the
Typealyathe sorgdifthaormpohiABlvEhni thdn aniéyithENARI-Ep ldaw) circuits 30 and
This prevents either PMOS pul | -up device 32 or NMOS

m individubl pulldismm devite®l &¢ nbr @enthal. ngdividuaedientageaid-hand 31-x,
out put pin voltage and feedback devices 36 and 38

respecti19halvé theftcdt r?gnen_{é/ﬁiéﬁab kiMve & Q@deﬁhﬁgeﬁg 18dd ctaB&:ltance 18 while
conponents w thin then individual pull-up drive

maintan%?%ﬁno 0?96@@%@ 'TH? Ht\ﬂféjéf?des @B’l lang gy e}ﬁbglgé' 'tk}esimggtl drive

i denti cal I vi dua drlve stag
3] -1% tivel Qn sized t
currents aand are sme%ﬁ"ﬁx t%r glﬁlalééég §pef: egtl g g%acﬁn;gcg d ﬁl plroglmately the

maxzmugqa gg%?atg,ldg%egﬁlrggg 1‘;1‘11 g{ﬁeg’g{t%}lgx@ ﬁpgpf I r El gxéve stages 30-2 or 31-2
are activated sometime after drive stages 30-1or 31-1, respectively, to supply additional current to
the load 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); similarly, the turn-on delay of drive stage 31-x is shorter
than the turn on delay for the next subsequent drive stage 31-(x-+1). As subséiient drive stages 30-3
through 30-n or 31-3 through 31-m are sequentially activated, the load current increases based upon
the sizing of the pull-up or pull-down device, 32-x and 34-x, respectively. Thus, the larger the load
capacitance 18, the longer the charge or discharge time, and the more drive stages 30-x or 31-x that

are turned on during the rise or fall of the output load voltage transition,

Referring now to Figs. 6 and 7, the tailoring of the feedback mechanism is now discussed.

Depending upon the drive circuit requirement, the feedback mechanism can provide either positive
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currents and are sized for the smallest specified |oad
capacitance 18 with approximately the maxi num sl ew
rate; these stages will have the shortest turn-on

del ay. The drive stages 30-2 or 31-2 are activated
sonetinme after drive stages 30-1 or 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+l); simlarly, the

feedback W MnpRBvel@l B)n 0h tiflfel of eheSth@FRIuBIdG ¢l devis B b&hasitit BARckDReE to slow
turn on delay for the next subsequent drive st age

the turn%ﬁ'tigﬁ%"ﬂf)the NAVIURBEGHENRL i dr i ve stages 30-3  through
0-n or 31-3 through 31-in are sequentially activated,

the | oad current increases based upon the sizing of
the pull-up or puII-domn devi ce, 32-x and 34-Xx,

L

rive stages 30-x, or 31-x that _are turned
mechanffiyis ﬁl@eﬂ"ﬁ iepdinagiie Cpagritatse op e BEspthe IS wilt%@vwe 32-1 and
transition. Referri now to Fi 6 and 7, the
NMOS pdi-fign deyies 34—%%@&%@%@%@% clamnplsviddvio ghanmgklsegth of the
Dependi ng upon the drive circuit requirenment, the
NMOS ﬁleédb?adwlcma’c’fh handsPVIEWenpbling dbeicei3PHeare pogli.t When thEAENABLE signal
feedback to inprove the turn on time of the individua
is high (ENX8LEduvy ehe NMfaembling devia@ici imhRMOSanshliy detRRe 39-1 will have
turn on time of the individual drive device. Since the

a high sbireStS) s a0@s(I8Qeststad. Fhe dizRb o1 He2EAORAEdAS &TRle! 3%81 and PMOS
| oad currents, the feedback nechanismis sized to add

fccdbacp atasd td-¢ a&as‘&@i? lﬂa@fﬁ@ %u%ﬁt \t/(ﬁﬁ%g Ales rddbnes rf'l?e tﬁ’%%l@ W duzdBem on.

eV|ce 32-1 and wn devi ce -

s, URERTOR G dé“ﬁwaéqé%ﬂgbff&ﬁ%’érf%ﬁ@?‘%kefy%gg?gtlod& B BElon o feedback
devices il agﬁﬁ&%@aigmﬁ*%%sa Rhiess SHEDAANG BN 8 B HEFOS pun

.a NC§ ice 39-1 wil| have
up dewcerﬂ- Fand I\/R)asb EP gown ev?cc 34-1, respect{vely This additional parasitic gate
capacitance will increase the time for the gate terminal (G) to reach its turn on threshold and

therefore slow the output transition time.

Subsequent stages 30-x and 3 1-x are sized for increasingly larger currents. Subsequent
feedback mechanisms are sized to add less and less parasitic capacitance while increasing more and
more the positive feedback from the output on the gates of the PMOS pull-up device 32-x and
NMOS pull-down device 34-x. The parasitic gate capacitance will increase the time for the gate
terminal (G) to reach its turn on threshold and slow the output transition time while the positive
feedback will speed up the output transition time. The ratio of channel width to channel length (W/L)

of subsequent NMOS enabling device 37-x and PMOS enabling device 39-x are increasing (W/L-x <
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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
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 nal
(G of the PMOS pull- up device 32-1 and NMOS

pul | -down device 34-1, respectively. This additional

W/L- (xmy &sthhd &h&%@gmma;%%@p GShidh HENABEIEERSS, th@%&w@ {Pdrain (D)
he gate term nal 0 reach its turn on thresh

resistan t&%ﬁ@sf lﬁe%t & %Hﬁ)hﬂ%ﬁ%\%&estﬁ%acﬂ(f}il\qgs ehgfﬁmg devices 39-x will
X an X

quent tages are size

be Sma“ﬁ%@{]BrN Sllrglg)l | Z eC?C%Lil{ljgr Zt'(}é NeSS ggEfCﬂtd vi ?gbaCEé’MOS
redbach S EARAg 1 5@@“@5@% P GERT I et Batha e th@%ﬂi@ iUy thepen

Pul | - devi ce 32-x and NMOS pul | -down devi ce
Sometu@zaik?r hmeevg%s sees Gherd) Yadaxit b)rfé@ o | Thup,rbe BYKQS fagdback

time for the gate termnal (G to reach its turn on

device 3ok axBVOSdeuibatkodgvided Souadelesstand kes$ paresiti¢ ¢apecitanic¢ and more and
the positive feedback will speed up the output

more pokitian $detlibak at knerddzes.r ati o of channel width to channel
length (WL) of subsequent NMOS enabling device 37-x
and PMOS enabling device 39-x are increasing (WL-x <
15 WL-(x+l)) so that when the ENABLE signal is high

A't Bldad hBMige rsBBuSRYHCHe gn%);entt hvaf @I witPhwo ﬁﬁﬁhﬁ&%ges 30 is
D) of subsequent NMOS enabl i ng devi ces 37-x and

shown 1@5@ §Qfﬂ§?}|)agr&gtloﬁ§é’ {SJ(?I%ES %@e 'W%]Hr It\ﬁ%m?ee Lrgt%k ('ﬁe{\%'s glgown here are
o PO RS %V?ﬁﬁ?c?v (Vi b
capamtagcic;!jfil_sﬂ? p? , {hg lrlqiitdgfﬁltgéqi&g lc'i%ﬁélt ?f%/%sbff@@& Béﬂ% cults usmg a single drive
current, reach 90% of Vpp in just under 3 5. At 40 pF, the prior art circuit does not reach 90% of
Vpp until well after 5 ns. In this example, the present invention load drive current starts with a
single drive stage 30-1 current less than that of the prior art circuit. At 2 ys in this example, the
second drive stage 30-2 is activated, thereby increasing the load current. Whéfi the output voltage
(Vout) reaches a chosen level (approximately 78% of Vpyp in this example), the feedback mechanism
in drive stage 30-2 is activated thereby bringing the output voltage more quickly to Vpp. In the
present invention, with a 15 pF load capacitance 18, there is a slight increase of the voltage rise time
over the prior art circuit. However, with a 40 pF load capacitance 18, the additional drive current

causes the load voltage to rise faster and the output voltage reaches 90% of Vpyp at approximately

4.25 ns.
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devi ce 36-x and PMOS feedback device 38-x add | ess and
| ess parasitic capacitance and nore and nore positive
feedback as x increases. A typical |oad voltage rise
curve for the present invention with two pull-up drive
stages 30 is shown in Fig. 8a conpared to the voltage
rise curve for the prior art circuit. Tinmes shown here
are for illustration only and do not represent
limtations of the present invention. Wen the | oad
capacitance 18 is 15 pF, the load voltage rises

gis. gk kbovisr ikt lom\kﬂt%%@fall &G 5 BF aHS HMPF Bradd fwltﬁe present
drive current, reach 90% of VDD in just under 3

mventuﬁ{: us‘ﬁ% t%’puqlhﬁwﬂrdrﬁﬁ S@g&l§| Jn:&#bxi%ﬂgﬂﬁﬁ n%?:‘qu Gc‘@x&lg dg&p/f’eg are for

DD unti | after IS exa

1IIustratPJ (ﬁﬁ?}%ﬂ ({bvl%ﬂ p?&exkt%@%ia%%hél §fe tﬁ% {Bgé}lttl veraltrlgnts h}y\ﬁ{or At cixﬁ%ts using a

rive stage ass
a n .t hi

single g lassﬁlaené’tr C' r@/&&%‘fﬁmnﬂgnﬁ%@. "Datish (4 Ref bpgeitance 1815 15 F,
The priph gLy SSEHEL) B BB SH-ABYEI (RBpROT A BTy aon BRi well afer s

VDD in this exanple), the feedback nmechanism in drive

ns. In thpgyample. the peseqt trveaiedoahdi esprisnt sigisngith hengatdpue stage 31-1
voltage nore quickly to VDD. In the present

current pmglégrthamrihatwif the paiot it plecuiv athecapad drivncegd Bl -2 tihetieatied at 2 s,
a slight increase of the voltage rise tinme over the

therebypndressingrihe iad cutirdnt. Whor vier quit tvbitaze4 Vo dopaeb a chosen level
capacitance 18, the additional drive current causes

(approxiig@ely@ad, ¥V L,3@88hik exdh1e), fiRTt&IbaadedHRisRUL BH e % etﬂgﬁ is
reaches 90% of VDD at approximately 4.2511s. 16

actwate%@he? m%ﬂgytl% Slﬂ%utl e 195&2%@:@}340'0\/3 U fe @’Eseﬁ?’m%:ntlon there is a

| cads for the pres nventi on u5|n

slight nﬁ%age gfém@v Hé,g?aﬂstﬁlﬂggécr%ﬂﬁ '{]oq't rTatllcgilE 'wotﬁ 2355t é)r%? 0 caH%%ltance 18.

I'on om
n1tat|o s of Lcﬁmgggﬁent i.nVv nt|o Pr i

Howcv%rr{?l 8?‘? Eaxilatl §h 1v%%1]1rﬁea causes ¢ age to fall faster and ‘at appu?xrnnatcly 4.25

ns the output voltage reaches 10% of Vpp with a 40 pF load capacitance 18.

Fig. 9 summarizes the operation of the present invention with multiple drive stage 30-n and
31-m. The first drive stage (30-1 or 31-1) is activated after a delay (t;). The current for this first
drive stage is small and is sized to drive the minimum expected load capacitance. At time t,, the
second drive stage is activated and the load current increases. At time t3, the third drive stage is
activated and the load current increases further. Subsequent drive stages are activated after a delay

further increasing the foad current until the final stage is activated and final drive current achieved.

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 pF, however,
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single drive current, reach 10% of VDD in just under 3
is when the | oad capacitance 18 is 15 pF. The prior
art circuit with a 40 pF | oad capacitance 18, does not
reach 10% of Vor) until well after 5 gs. In this
exanpl e, the present invention |oad 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 rls, thereby increasing
the load current. Wen the output voltage (Vout) drops
there is bR irRpr6RS@IN of ¥ elew raRP e Xictmheh Yt 296 afd MPF Ard nbRRickoser together
exanpl e), the feedback nechanismin drive stage 31-2
thus mn'uﬁnmﬁ’f?glb\%%t@%ﬁeﬁ%ﬁ%@fr dahfigk RAad he out put vol tage nore
quickly to OV. In the present invention there is a
slight increase of the voltage fall tine over the
prior art circuit with a 15 pF | oad capacitance 18.
ve. cur auses l.0ad..
e 36@%&%@%53@? oufl bgf%‘égwﬁa‘fe#r&fl%ﬁlwn’%svarwssnme and
he out put volt rea hes, 10% of VDD with a
current %%‘é?ose&’élﬁ%téu ?‘aflﬁ aﬂlt igm 1ge QutpREhark Eétw? gale SB%EFEtdi“éf f transistor is
of the present |nvent|on with multiple drive stage
sized cithgr g agd @aragiic papatince (¢ be gaeiof treshriyg rapggonorde P@Ifldﬁ)pOSIthG
is activated after a delay (ti). The current for this
feedbacki iThese tephhigoessmmgroize dif&merces arstkw sitesd e thetrangdral Vendtdapacitance and
m ni mum expected | oad capacitance. At tine tz, the
control Sedoind sdjuimens t geng the Aot ihnatsegmandhé heallead ivewurentis employed.
increases. At tine t3, the third drive stage is
After cadB bubsadiedt @ngl, thealrhveadrentid Bblcaded ah asBtoifall pddmeve feedback
Subsequent drive stages are activated after a del ay

employédd M hall&196: Fﬁlﬂtaﬁ&@ he ﬁﬁal%[ﬂu@ D&1tdBGd deadtRE qﬁic[@@l with the lower
st age is activated and f |na rlve current achi evéd

drive cu llegts ailu(i) ohlbrla%ﬁkﬁta({%%%ﬁa Hﬁ@&r%dﬁsflev[? ta?e:/vlfb\rfgélg&rqpad
capac1taél ?s, 8’&“@ t]g,otlggev%fr(]:ltslegp Eﬂ{e arﬁg%r&aﬁglrcgﬁy Hrgght l é’%@ Ecgﬁlg e drive

current.a 5@5%1&2{11}%%d§ egxgl\g,ter @b @@%}2 ?nv%:lxt?(\),yl lga%}a ?lssm%herlrgng%ﬁhan that of

the prior art circuit.
While the invention has been particularly shown and described with reférence to the

preferred embodiments thereof, it will be understood by those skilled in the art that various changes

in form and details may be made without departing from the spirit and scope of the invention.
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thus mnimzing slew rate variation over changing

| oads The present invention divides the output buffer
logic level transition into various tinme and current
drive segnents. A feedback path fromthe output back
to the gate of each drive transistor is sized either
to add parasitic capacitance to the gate of the drive
transi stor or to provide positive feedback. These
techniques mnimze differences in slew rate over the
range of | oad capacitance and control the drive
sequencing. During the first g segnment, the
smal | est drive current is enployed. After each
subsequent delay, the drive current is increased and
addi tional positive feedback enployed. For smaller

1 oad ﬁaﬂ&f:(;ﬂc%gﬁaﬁp%m%mu DR orPHE B Bl RS0 oL GAPAREr whorein

drlve curr

S|I ht de ation of s ew rate.

o GeF G g 0 Pl it e L&V@fl?(ﬂ@urmgﬁ@“a%?&l pligns by
rat& ﬁﬁe granatlcalj |nproved by increasing the drive

cur FIEKNg the QiU ansKigpantp N Kmsrvéneaﬁml cyfren driye segugnts in following
present invention have a smaller range than that of
theStSfor art circuit. Wiile the invention has been
particularly shown and described with reference to the
pref err ed seqgivodiihetrsng iea ebiglity of nfikdt chreluutidatestoeodrhen said
by those skilled in the art that various changes in

f or manegeleimition ofayid betpra@anionl 8 tin depardliapgidhelana second
the spirit and scope of the invention. Cains 1 A

met hoghtiafe ROAthatdy AGntdig g%&lﬁ\@ufp@t frfAfhat 0 Ml voltage potential
term nal of an output buffer wherein the current

del i V@H&Qn%&d%@étﬁ:n@éﬂyﬁ%mﬁ%&d@aﬂ%lu?e V& £ SHALAG, g, devmes is

vol tage transitions By d ding t out put transi

into c@&hﬁl&@xe& bgﬁm%ﬂg ofi YEERR e 9515 Yt %gi%ﬂ%{]ﬁg,sdewces after a delay such

fo Ilomnng

UICk

that the first of said plurality of first conducting devices has the shortest said delay
and subsequent conducting devices have subsequently longer said delays, wherein the
time duration of said delay is controlled by a network comprising resistance and
capacitance and wherein said capacitance is comprised of the combination of parasitic
capacitance of said first conducting device and a first feedback device; 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
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.




sequentially turning on a plurality of n first
conducti ng devices when said 5 voltage transition of
said output termnal is froma first voltage |evel to

a second voltage |evel thereby connecting said output
termnal to a first fixed voltage potential wherein
said sequentially turning on said plurality of n first
conducting devices is acconplished by turning on of
each of said first conducting devices after a del ay

such that the first of said plurality of first
conducti ng devices has the shortest said delay and
subsequent conducti ng devi ces have subsequently | onger

. sal ﬂxeq?étﬁ%fcfacag\@'ﬁ{getb Q’Jlgiﬁﬁ whblh s‘!Hf Rt &Hd@tinﬁ%’e@icgsqr@yl\/los
is controlled by "a network conprising resistance and
capacit ance and wherein said capacitance is conprised

of THESEhbi nati on of parasitic capacitance of said
first conducting device and a first feedback devi ce;

and sequentially turning on a plurality of in second
conducting devices when said  voltage transition of

. sai thegnethed aqcerdinenialClaign | Mhprciasagl sseensir@ndentipg daviceass NMOS
to said first 10 voltage |evel thereby connecting
saitehneigtoput terminal to a second fixed voltage

potential wherein said second fixed voltage potentia

is less than said first fixed potential. 19 ~'i 2.

The nethod according to Claiml| wherein said first

. conphichbthed R¥ideStodTI8inPMaBereln ARBHiSt REdbaciBdevifiels an NMOS
nmet hod according to Caiml wherein said second
congyycisigng devi ces are NMOS

The method according to Claim | 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 second conducting
devices has the shortest said delay and subsequent conducting devices have

subsequently longer said delays.

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

by a network comprising resistance and capacitance.

The method according to Claim 6 wherein said capacitance is comprised of the
combination of parasitic capacitance of said second conducting device and a second

feedback device.
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'accéﬁ&Wﬁg?l

transi stors. 4. The method according to Claim!l
wherein said first feedback device is an NMOS
transistor. 5. The nethod according to Claim1 wherein
said sequentially turning on said plurality of in
second conducting devices is acconplished by turning
on of each of said second conducting devices after a
del ay such that the first of said plurality of second
conducting devices has the shortest said delay and
subsequent conducting devices have subsequently

wherein the time duration of said delay is contro
by ﬁm%&%%@rk conprising resistance and capacitance.
The nethod according to Caim6 wherein said
capacitance is conprised of the conbination of
parasitic capacitance of said second conducting device
and .a, s nd feedback device. 20 8. The method )
Sopraling T BSOS AP QUBHUIEHRINT G dB autput buffer wherein

device is a PMOS transistor. 9. A device for, .
conthiedisimedgnsien of B veliaes cgaidpatryticpinal ispphiped borseayentially
out put buffer wherein the rising transition of the
vol edtyatipha plaraditoeft tpdistincg puli-npkuirent donéretegeds ¢agh comprised of:
sequentially activating a plurality of n distinct
pul | -up curpdhtp signal erpusteagmsl;each conpri sed of a
pul | -up signal input term nal

a pull-up device which when activated will electrically connect said output

. | ONGRE 1iRBod a6RI-EYS to Glain] NVHIRGN M %lﬁﬁ’& fHeehck ‘ae@cﬂse@dﬁ\/los
7

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;

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

a pull-up enabling device which when activated with an enable signal will
activate said pull-up feedback device;

and wherein the falling transition of said voltage on said output terminal is achieved by
sequentially activating a plurality of m distinct pull-down current driver stages cach
comprised 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;
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10.

11,

12.

13.

14.

5 a pull-up device which when activated w |

electrically connect said output termnal to a first

fixed voltage potential; a pull-up delay circuit

whi ch, when an activating signal is presented to said
pul | -up signal input termnal, wll activate said

pul | -up device after a pull-up tine delay; 10 a

pul | -up feedback device which when activated wl|

feedback a portion of the signal on said output

termnal to the input of said pull-up device; a

pul I - up enahliiLfgvid@ydyCEroMiviiichVBBn &€ hdtMateosiya i p'%@sented to said

enabl e signal will activate sai d pul | -up feedback

devi ?rli (?d%ﬂl f ﬁfpﬁt &:Hﬁmglawil'l QCQIVE{G%QI% H}ull%v\%bde%ﬁ:'e dfter a pull-down

vol t on safrd output termnal 1's achieved
sequ%gﬁéggg activating a plurality of n1d|st|nct
- rrent driver stages each conprised of a

puII-domm rmna own .devi ce .

i cn winert v Be ek oG EEes SR g Ol KB aporion o
output, termnal to a second fixed val tage potenti.al;

21 20 Sb%ﬂai oy %ﬂ}\ﬁllo‘éfémat?“‘é‘fl?léﬁ the ippt ohsaidhawlirdapn device; and
activating S|gnal is presented to said pull-down

si gnal i npurulldspvi enablingglaviceadtish ahen acaivetep with-ad eawble signal will
device after a pull-down tine delay; a pull-down

f eedbmitkatdeaifl pall-vlbwe feedbark degickvated wi || f eedback a

portion of

The device according to Claim 9 wherein said pull-up device is a PMOS transistor.
The device according to Claim 9 wherein said pull-down device is an NMOS transistor.

The device according to Claim 9 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.

The device according to Claim 12 wherein said capacitance is comprised of the
combination of parasitic capacitance of said pull-up device and said pull-up feedback

device.

The device according to Claim 9 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.
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said signal on said output terminal to the input of
said pull-down device; and 25 a pull-down enabli ng
devi ce which when activated with an enable signal wll
activate said pull-down feedback device. 10. The
device according to Caim9 wherein said pull-up
device is a PMOS transistor. 11. The devi ce according
to Caim9 wherein said pull-down device is an NMOS
transistor. 12. The device according to Caim?9
wherein said pull-up delay device is conprised of a

151 esiTaé ane& a’%fi&dﬁ*@ﬁ@@iéﬁm‘zﬁvmn whe Ea&aeu&da@ lsdd&@ws&noﬂﬁe
said pull-up tinme delay is controlled by selecting

t h eCM%lHﬁﬁ)ﬂfo padkiic LEHCRLRE %‘? ﬁ}]ﬂ? 3b4 QQ\Q@ézén‘ii%g‘él%uil-down

The device according to ereln sa

Capﬁ%&%ﬁﬁ%@v&é conpri sed of the conbi nati on of
parasitic capacitance of said pull-up device and said
pul | -up feedback device. 14. The device according to
O aim9 wherein said pull-down delay device is

16 HEB aed of a re3|?tance and capaC|tance and whe
th GIES SRR CYyEing e & aﬁl@ﬁ WhsHR suf pellgs g%;ibpcg( device i 1s an NMOS
controll ed by selecting the values of said resistance
andU8#Preapaci t ance. 22 15, The device according to
Claim 14 wherein said capacitance is conprised of the
conmbi nation of parasitic capacitance of said pull-down
device and said pull-down feedback device. 16. The

17 deviTbedadeaicdirdmgttio CliaionmyRryihesidipnl siaivg feadbhckUizvice a PMOS
feedback device is an NMOS transistor.

transistor.

18.  The device according to Claim 9 wherein said pull-up enabling device is an NMOS

transistor.

19.  The device according to Claim 9 wherein said pull-down enabling device a PMOS

transistor.

20. 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;
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17. The device according to Caim9 wherein said

pul | -down feedback device a PMOS transistor. 18. The

devi ce according to Claim9 wherein said pull-up

enabling device is an NMOS transistor. 19. The device
according to Claim9 wherein said pull-down enabling

device a PMOS transistor. 20. A device for

controlling the slewrate on the output term nal of an

out put buffer wherein the rising transition of the

vol tage on said output terminal is achieved by

sequent i ald pull-@s 8d1a8itdd@ whidt, Wheh bh YotBfatifly 6 g&.ﬂ Iisqs}bsented to said

pul | -up current driver stages each conprise

pul | hﬂﬂ\ﬂ%gﬂﬂﬁgﬂl 1ﬂp§ﬁpféhnfn§f Wll‘? Q&tzvaé s§1d%%8ttfaﬁ§l§tb§5ﬂr ¥ pull-up time

whi ¢ tivated wl 'ectrically connect sal
outpu&1 ermnal to a flrst fi xed vol tage potential;
23 | al I -up delay circuit mhich when an activating

S|gnal IS &Wﬁ sai d up si gnal. i.nput .
Cerm nal . LRTEREETYae 405 yhi H Bhostet Parfiafdin R bk portion of the
pul | -uyp tinme delaé 10 a pul | -up, feedback device
whi c IR AR s8¢ pyRrEgNRRY o fheatrpdisald IEPBitepsigen apd
signal on said output termnal to the gate of said '
PMOS t r anst Btlowp engptingdgyige whiph whetbidtiveted swthae onphile bignal will
when activated with an enable signal wll
activate said pull-up feedback device;
wherein the falling transition of said voltage on said output terminal is achieved by
sequentially activating a plurality of m distinct pull-down current driver stages each
comprised of:

a pull-down signal input terminal;

an NMOS transistor 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 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 transistor; and

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

activate said pull-down feedback device.
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23.

24.

25.

26.

activate said pull-up feedback device; wherein the
falling transition of said voltage on said out put
termnal is achieved by 15 sequentially activating a
plurality of mdistinct pull-down current driver
stages each conprised of: a pull-down signal input
termnal; an NMOS transistor which when activated w |
el ectrically 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 ri‘hé‘ AIcSAc@ing th RMimt RF \ﬂﬁ@é!h saitiphi]]- u@%la @Eﬁc@ﬁ'c@mpmsed ofa
NMOS transi stor after a pull-down ‘tine ay; a

puI lesg%‘%'e Empﬁ%ﬁng@ﬂd%e\émg Iﬁ’% r?‘ﬂqlﬁ%n ¢ Ee{ny ﬁttll? Q%WHC delay is

back a portion of sal on sald

| t 1o 25
LE{ FoRRtict B R AR Ol A RO AR e o

enable signal will activate said puII-domn f eedback
device. 24 21. The device according to Caim 20
sai d pﬂll- p.del ay device is conprised of a

2y esffg? dRde wherdeggadiaimmdevhanen whd ceritaie ioermrisghoighe

said pull-up time delay is controlled by selecting

t hecmabinatéongi pseisidic capicsensn o€ sah 8MQY danspaend said pull-up feedback
22. The device according to Caim21 wherein said
capdeiiteaance is conprised of the conbination of

parasitic capacitance of said PMOS transistor and said
pul | -up feedback

The device according to Claim 20 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.
The device according to Claim 23 wherein said capacitance is comprised of the
combination of parasitic capacitance of said NMOS transistor and said pull-down

feedbacl device,

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

transistor.

The device according to Claim 20 wherein said pull-down feedback device a PMOS

transistor.
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devi ce. 23. The device according to Claim 20 wherein
said pull-down delay device is conprised of a

resi stance 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.

24. The device according to Caim23 wherein said
capaci tance is conprised of the conbination of
parasitic capacitance of said NMOS transistor and said
pul | -down feedback device. 25. The device according

271 0 € BB R0 VRBME D CBAMDORM cheik Baifi 8RB SHabHRY UERcE & ANMOS
NMOS transistor. 26. The device according to Caim20

whergifsai d pull-down feedback device a PMOS

transistor. 25 27. The device according to Caim 20

wherein said pull-up enabling device is an NMOS

transi stor. 28. The device according to C aim 20
wh [ [ | - i [ P
284 ¢ Z’rﬁ% gqvgqael_ a%g%gfng t(gj %Y\g?me?%% elregg 3591 \;ghl?—%ogn er%%ng device a PMOS

transistor,
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