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vol tage, whereas the digital 20 sta one IS represented by the range of
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the transm ssion signgl .i.s actually analog, the transition between digital
*srb}gt es does notqmﬁﬁaisﬁ?ﬁﬂggﬁ%ﬁé Aigitah lanalsaredganpitied using anapipgod of
time TT ANShoN j Ao QN s | o/R sent on
tlhe transm ssi o%@ﬁl#één??%g%ﬁﬂﬂ%gvﬁhg artéhgﬁg%%ﬁug bg%é;q]ﬁag%%%&é% a
transni ssi on | idigitalisigna afé eepresetebd bykdiffererisanges epagdiigednwilbinanedegy|t 0

the parasjtic resistance, jnductanc and capacitance of the.line. This
y I | f Fos

del ay i ntr eas&ONAPE FERGRC! BN examypde, § fyrierlidigital integratedagirayit
vel |- known thayich wilficbimfitate using two states - zero and one. The digital state of
' zero is represented by the range of voltages between a minimum voltage
Vv (e.g., 0 volts) of the potential voltage range of the signal and a voItage
Viow that is low relative to the total range of voltage, whereas the digital
20 state of one is represented by the range of voltages between a voltage Viuicn
that is high relative to the total range of voltages and a maximum voltage
| Vnax (e.g., 1.5 volts) of the potential voitage range of the signal. In this
O - example, the state of the digital signal is unknown when the voltage level of
- the signal is between V ow-and Vg, which typically only occurs during
25 transitions of the signal from either the zero state to the one state or vice
versa.

Because the transmission signal is actually analog, the trans'ition
between digital states does not occur instantaneously, but instead occurs
over a period of time Trransmion tha_lt is dependent on the physical conditions

30 present on the transmission line. It is well kndwn that signal transitions over

a transmission line will suffer a delay known as a propagation delay due to
the parasitic resistance, inductance, and capacitance of the line. This delay

“increases with the length of the line. In addition, it is also well-known that
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Summary of the Invention

The present invention is a method and circuit for controlling the slew
rate of integrated circuit output drivers using transistors with differing
threshold voltages to allow a stepped-stage slew rate on the transition edges

20 of a digital signal. |

In accordance with the method of the invention, a number of

switchably conductive devices such as FETs each characterized by a

different threshold voltage are connected in paraliel between a transmission
line node such as the output pad and a voitage source. Each conductive
25 device is controllable at a respective switch Using a common driving signal.
- Accordingly, when the driving signal transitior_ts from one digital state to
another, the conductive devices will each turn on or off (depending on the
direction of the signal transition) in turn to generate a stepped control of the

slew rate of the signal edge on the node.
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detailed description taken in conjunction with the drawing in which like
r'ef erence designators are used to designate |ike el enents, and |n)/\/nirgh: 55
FIG 1A is an operational flowhart of a method for adjusting t Be ]a g0
of current conducted to the output pad in order to' slow down the edge rate

of the signal on the output pad iégiﬂcrenﬁnr% aH!é é ncreasing the amount of
current conducted to'the output : : rational flowchart
of “a method for adj URid mgehtien W0l BEDeRbr Qﬁd@ﬂéfd&i‘ﬁoﬁ%‘?’éﬁiﬁg otf‘H’ndé ﬂﬁlo?\ﬂéﬁut

ad by incrementally decreasing the amount of current conducted to
8ut pu%/ pad; FI @etgilgdkdesuipiiondaken o eryiunstion withs tandraxing domthicH likel out put

driver circuitgzf ed_i | the invention (FIG.3Ais a
vol t age-vs. -ti &e?%m@%;ggé{%ﬁﬁ ugfér:g%?@goc §e%ngb€ﬁedg‘ev%f3 S r? g} ‘f?ﬁ&  FIG
3B is a yd tage-vs. RIGniAgs dinagneaatiohdl fRwchbHNT d Hetisd f&#tacﬁdlﬁﬁ@'the_see”- on
the output pad as a fpﬁ%”'t of the driving voltage signal of "FIG™ 3A] FIG -
4 is an al ter nAMHETSISYTRREFPNYICtRd &9 Kig euiput padin erderdo slaw down thei ver

i it inple ' - .t ' tion: FIG 5. is. an
oper ational 11 Sughazts STRERERIER He b bad iy Pordantly inGieaRinbBo: dance
w th the invenghmunt of cumphieceductel B ther sutbiit ,_f;ghd;‘d_ ](c:]?nt roll |{1g thﬁolsljew
t f output driv using transistors wt iffering threshol
\r/gl ?ages topachi eve?{a{%s‘tqédﬁé'(ﬂl ggoraldipwched ofre Methed fusadjostingthasi gnal

t iti Qps; i ' f hart of hod for _ |
eyt a0si SBodh B ! e AL ) e ARG o,
A novel met hodtheraimountoefi dusrent icondotted tbithg otffit Pagwv rate of output 30

drjvers using transistors with differing threshold voltages is described in
det ai | herei %af ter lj: IE-%@@Wﬂ%aﬁ’%ﬁ@ﬂfﬁ@rﬂfiasSH‘éfsr@ie pedirolied ogipw doiver

specific ill t; P . clfic output driver designs,
ilto Is to be ﬁ@?s@?@%ﬁ%t 'ﬁ%ké'%%%%ﬂfg%ﬁﬁg@? 1Hbd herein are by way of
exanpl e 3 17/ 11/ 200HG. Gl ig savsltddesvs apiing dibgraReillusiating A nd bitadk ended
to be limted thereby but is intended to extend to any enbodihent

i ncor por &t i ng S#Anunber of _
FIG. 3B is a voltage-vs.-timing diagram illustrating the output signal

- 'seen.on the output pad as a result of the driving voltage signal of FIG. 3A;
- FIG. 4 is an alternative embodiment of a slew rate controlied output
.- “driver circuit implemented in accordance with the invention;
20 FIG. 5 is an operational flowchart of an eﬁcemplary embodiment of a
method in accordance_' with the invention for implementing a circuit for
~controlling the siew rate of output drivers by using transistors with differing
O : threshold voltages to achieve a stepped-stage slew rate on the edges of the
| . signal transitions; and
25 FIG. 6 is an operational flowchart of a method for operating a circuit
built in accordance with FIG. 5. |

Detailed Description

A novel method and circuits for controliing the slew rate of output
30 drivers using transistors with differing threshold voltages is described in
detail hereinafter. Although the invention is described in terms of specific
illustrative embodiments, such as specific output driver designs, it is fo be
understood that the embodiments described herein are by way of example
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transicstors of any type with differing threshold voltages that results in
st epped-stage slew rate on the edges of signal transitions. 5 Tygrning/DeMs
in detail to the drawing, FIGS. | Aand 1 Billustrate an exenplary

enbodi nent of methods in' accordance with the invention for controlling the

slew rate of ouwnhwanditheecspbyf tss myehtiansd Aboinsertddtodhd figitbd dherehyasiol d
vol tages to achi eye (?%qu& eg%ed-st%rg{g/ slew rate on the edges of the Signal
transitions. | Bé?@ % PXENH0iaYeRITPBAINSH iBG PeTRtinehany puebraott i ve 10
devi ces such agrghkplistsedff tvbé | : ] Varyi 2shol d

vol tages. It i saknown S'i n a?ﬁ/teygr Wﬂg@pﬁ%ﬁ%ﬁ%b@%%sqe%nt)égf'\%lasthﬂg\?/rzryi ng
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~typically 15 hax@nmatrpreﬁsmiﬁue\r@bkﬁ@eﬁthﬁé@?ﬁ’@é&brgﬁﬁcémth%é MO rtin 1P

S
200-300 mv difference is used to advantage I n the present 1 nvention to
achi eve a st eppeinling e slewvataof cotputiivergbplusidpteansistons sithstiffering

h I naf I ' d 1Q f | ust.i h t of
current  conadee i VoliESEE 1 BEnBudE sieBpadioties Sowaiemh bRedsltee of
the signal Z%igmftt%mrﬁ!tlrpﬁéi'tiEMiair,AnlgzégmtﬁilHné!rpﬁgﬁfsis}ﬁi#%bﬁf‘gor‘?dﬂﬂﬁlfi% of

current conducted to the out FUt pad. As r e “driving
vol t age, "hhi cHieviens sustsas figldeiecttirarisistors GTETg)avithonatying thwesiisid out put

d, i he driyi | t A hes a first threshold, f
xanpl o vol t adeEsy A5 AReRyn et MR RIS ey s arslovet migevangl
.{%ductive despeeficaliofOUPLRxhmpidane WP W%@coﬁﬁn@@&ﬁ%@?ﬂ@%tkgraﬁggp 14,

amount of current conducted to the pad I's stepp r—éxanpl e
from no curre®rcudAdadoitosir fawer Yoltage ratingsmave aothresinsld aoitage béhesen he
e vol tage

drivi | h hol d, .f | )
cor 1 eopondi ng (E 0 Lo REx £ s JREGRediPEuRImAbE! ROwebARRIITaadBicRlly
devi ces woupl gelvé @ thigsiulé %lta%@;b@%ﬁeeﬁ%.@%hﬁ%&ﬁﬁsj Thid ggo-%%o e amount

of current conducted to the pad is steppe 0 a higher Tevel. Steps
18 and 20 maydierergr i ksed tor adwantagednite bregeet inventishdbdichigvesge | evel s

f additi | ' ' led to th t put d. . 17/ 11/ 2005
FlG 1B |11 asPERPEY SaEE sfN 8 an e Harakedons on iahiosnd Rereinafeent
conducted to the ORIGUARMAStAeOAIREIHAR F) RY AGUetld hePS9BuhtbEc@ferdin®

si gnal ‘
conducted to the output pad in order to slow down the edge rate of the signal

20 on the output pad by incrementally incréasing the amount of current
cbnducted to the output pad. As shown in FIG. 1A, the driving voltage, which

controls the amount of current to conduct to the output pad, is sensed 12,

When the driving voltage reaches a first threshold, for example voltage
corresponding to the ioWest threshold voltage of ail conductive devices
25 - coupled to the output pad, as determined in step 14, the amount of current
conducted to the pad is stepped up 18, for example from no cufrent
conduction to a first increment of conduction. When the driving voltage
reaches a next threshold, for example voltage corresponding to the next
| highest threshold voltage of all conductive devices coupied to the output
30 pad, as determined in step 18, the amount of current conducted to the pad is
stepped up 20 to a higher level. Steps 18 and 20 may be repeated for
additional higher threshold voltage levels of additional conductive devices
coupled to the output pad. '




on the output pad by increnentally decreasing the anmount of current
conducted to the output pad. As shown in FIG 1 B, the driving voitp9¢2005
which 5 controls the anount of current to conduct to the output pad, Is
sensed 32. Wen the driving voltage reaches a first threshold, for exanple

vol tage correspondi FiGt 0B tihastitehe shethbt SthR)r ddialtihgdBe @mdld: o eneust i ve

devi ces coupl ed@_’s)é) thg oyt put pad, as determned in step 34, the anount of
current - conductFUe F%Hﬁgauﬁpéﬂgﬁéﬂb@adﬁfd@ﬁiovsepwmdhe@d@@pms of i sigmainum
10 current condystioR i %rﬁg& i the driving
vol tage reaches a nex%]{pm?ggﬂ lh,EF or é@ﬁ%ﬁ?@%@%ﬁ@%ﬂ@%ﬁ%ﬁ% to the
next |owest thresitioted ts thegeutplit phd. AvsHowhiiv E1GeYBCERE ¢PRy Qditade, WiSich

ep 38, the anpunt of current conducted to

out put pagl, as_d t?r I ned in sg , .

the pad is” st ‘E?%Ig{'%a@@u%o Ciirggiel o) copact i hsuiputpRA. 49 sraseh 82.
repeated for ' Ayhadghki | el eV I : | L1 onal
conducti ve devices cojgﬂgl(? \I{(g t eeﬁeggtﬁiﬁtg fg%tdﬁ#é%'lfﬁygg%@%e \Zzggdzgreent I n
t he descri pti oongs@ondngeo, thethighess threshbiddsitbgeasfdlidndaytind Heviaati vel y

operate to dri sjngle data signal ., . Turning now to a specific preferred
embodi nent, FI é(Sugieé}et&gtgpsouipgbo & JeleEN G IR Siter 34 otheaimonpt okeursentcui t
100 in accor dagefdutied thhg | h Q. ] . in
detail hereinafter, the sl 2%3?25??55%%%?& g@%{ﬁﬁ@??@@?ﬁ%@ﬁﬁf 100 of
FIG 2 pridvi desutrast condudtiondbia ymader amotnbbf corgiudien. s tesdrfing he

signal driven gnto the output b rformng a step- control|ed edge
transition. J %Wﬁ%%ﬂ%ﬁgﬁ@%ﬁm ex@mBle yltaggrsoespanding fedhede at

|epst an i nvenbriohtSt LRSI IB1bE8 U  RURLEENCHERES §§9;ﬁeﬁ§6§6§bﬁﬁ%‘}tt and

aff output 'coupled to the gate of“a transistor ose’d o]
an out put pad pastamdetanmined kostep&8, sheanmuad of susehheindudiedio ¥Rl pad e

source (e.g., MDD) . for driving the output pad to a high voltage |evel, or
a | ow vol t age %88}’83 @Gvrt%béO gq%gr lﬁ”egrgtﬁﬂﬂ;ﬂ& 8nd 40 waK det epestadiar pad to
a | ow vohs age d@¥ibnallldwbPehrebh L Y heBPAl (UEE e
circuitry is inplenmented usirﬁg #E?Z{oﬁéb%}(@ec f?g@ﬁé géoﬁ ‘fé?f"‘"ces
Furt her nor e, taospded puthedotitpet pad0 i ncl udes two stages: drive high stage
S1 and .drive | ow st e.gg. 5 17/ 11/ 20Q5 hAs shown, drive high stage Sl
ncludes a first | H@%W' eqarpe ApParent in the description hereinafter, the two ‘

methods 10 and 30 may alternatively operate to drive a single data signal.

Turning now to a specific preferred embodiment, FIG. 2 depicts a
20 slew rate controlled output driver circuit 100 in accordance with the present
invention. As will be described in detail hereinafter, the slew-rate controlied

output driver circuit 100 of FIG. 2 provides the functionality for controliing the

: :‘fi':-r,o '

slew rate of the signal driven onto the output pad by performing a step-
controlled edge transition. .

25 ‘ As known in the art, a typical output driver will include at least an
inverter 110 having an input coupled to receive a data signal and an output
coupled to the gate of a transistor whose drain is coupled to an output pad
150 and whose source is coupled to either a high voltage source (e.g., Vpp)
for driving the output pad to a high voltage level, or a low voltage source

30 ('e.g., Vss or ground) for driving the output pad to a low voltage level. Inthe

.'iliustrative embodiment of FIG. 2, the circuitry is implemented using field
effect transistors (FETs). Furthermore, the output driver 100 includes two
stages: drive high stage S1 and drive low-stage S2.
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recei ves data signal DATA. The output of the inverter is connected to the
gate of a lowvoltage p-channel FET (PFET) PLV and to the gate af7m diyaos
vol tage PFET PHV. The sources of PFETs PLV and PHV are each connected 5 to
the circuit high-voltage source Voa, and their drains are each connected to
the pad node 150.. Dr Asshioww, sitisig dighPsfagel Sitlaxcladeses dinst ihvatesrt 210 WRRhwhi ch

al so receives ta signal . DATA e_output of the inverter is connected to
the .gate of.a |§\?A"\‘78|9%36:§’3{!%%ﬂ£| TEE YRt thenpyeriglds cenpeaetegdedher a
| ow 10 vol t age EBfww-{Fcbl?ag%O;sLbﬁsﬁnélfFé*f'%ﬁ?E"Hb‘@@%‘i’»dNE'\{hﬁrg%tééFché%h.t o

connected to the circuit ground, and their drains are each connec
the pad node 180agRTRET iFhy. nidw sdwoes of PFES's BA amd P3B dira caehjdshabban

with FIG 2, i ] n the da Si DATA transitjons froma
fow'to a nion 18 OEFIEYE MReviiEe GirbENor s b deonaers cabh RoBuHEE @
| ow vol t age | evré padAusiy d5mgly, a | ow voltage level is applied to the

gates of PFETs PLv and PHV, turning themboth on, in a staged nmanner, to
source a hi gh-vol t agéVeclpy stageiSainchidasea padomb dwetisd 12Bavkios @ldmow- vol t age

PFET PLv is ¢ LZe t hreshol.d vol t age.than hi gh-vol tage
PFET PHV, 20 PE%QE’%S\GIB\%M ggpé’rﬁAﬁ;ﬁ‘%BPFﬁ%é’ﬁﬂﬁﬁeﬁwS GRMNeqiEd e Hied at
PLv ON and PHvVgal¢ bha fdvevolAge BhdHeh . istors
coupled in parg |1 el thevovo ?age I ed\/%ZFEf)rn(ﬁ%Tgﬁﬁbﬁwgwé ghgeﬁ? Lﬁil G

3B, transiotion¥oltags NFETolNy. diiciseyreesobNFEITS Bfy andrblpwiaes eachyconhected
-val tage PFET turns

| ow- vol t age PFETH.S~:QN0.: [ ui ckl.y when the hi
on. Accordi ngl {éthteh% %\@Wﬁ ’h"eH?Oe"E ﬁ'@“ﬁ? gif 68¢% SERNERET IBRE PRISAE | el
with the | ow vtsdage PFET PLv allows a stepped-stage slew rate of the edge

transition, where the slew rate of each stage is controlled by the sizing
of the low and hi gRefaslinggew asate RIGS. SAdamHoB tomurestionheitid ®@. 3j gnal

DATA i hi gh, yl i | 0l 30 | eyel by i nv. 110
o 120 and ' rOFERIbh Mnph e 8t $8RACHRTA BansiGes Fop B leW dabion s and
132 of PRETs Riditagede®iVinvarepv V@bhag@h(ii ﬁrﬁﬁéqﬁh:ougg%ﬁllé\ﬁ%ﬁé@%Yei\fé‘?p' ied to

the gates 122 and 142 of NFETs NLv and NHV. cation he | ow
vol t age | evel £G¢@rdiRglYgatlew viotagerleavelds appliet kT thel Gates/ FAOBETE W, aaehdNHY

t urrns of f NFEBHVWn%dthQWbB& r!)r?,%%ts?tatggg nqgrqngr? o S%E%efag ﬂ{gh-voltage level
VDD onto the pad node 150. Because low-voltage PFET Py is
characterized by a lower threshold voltage than high-voltage PFET Pyy,

20 PFET Pyy will turn on sooherthan PFET Pqy, as illustrated at PLv_onand
Puv_onin FIG. 3A. Since PFETs Py and Puy operate as resistors coupled in
paraliel, the voltage level on the output pad, shown in FIG. 3B, transitions

: 3 | more slowly during the period of time when only the low-voltage PFET-is on,

- and more quickly when the high-voltage PFET turns on. Accordingly, the

25 -addition of the high-voltage PFET Py in parallel with the low-voltage PFET
PLv allows a stepped-stage slew rate of the edge transition, where the slew
rate of each stage is controlled by the sizing of the low- and high-voltage
PFETs PLv and Pyy.

Whenever the data signal DATA is high,' resulting in a low voltage

30 level output by inverters 110 and 120 and the épplication of a low voltage
level to the gates 112 and 132 of PFETs P,y and Prv, 2 low voltage level is
simultaneously applied to the gates 122 and 142 of NFETs Niv and Nyy.

The application of the low voltage levels to the gates 122 and 142 of NFETs
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[ [ [ [ NFET PLV is
round when the pad is being driven high. Because |owvoltage |
gharacteri zed by a lower threshold voltage than hi gh-voltage NFEG7 AV/2005
hi gh-vol tage NFET NHV will turn off sooner than |owvoltage NFET NLV, as 5
illustrated at NLV ON and NHY ON in FIG 3A. Just as in the case of the

i gh- B NFBVe Wl tad NiNBTisoiblketransh NI O RS0 &t
hi gh. vol t age PRETSNPANnaan % gAcdéjgrEAi?]gl y,% vol t age | evel

' | ed i arallel. A Ve
on” the. output SR EEHERRBRASHE PRES GREN fighiacaRsS ioraolagel G
the period of tharactipednsl 8 idbe Mo 0dihanil fiBASNEER yAEY FaD!
are 10 on and npre slowy V\/nen_ only the I ow age s”on.
Accordingly, thghusdtage NI THYyhwil dLitragfé sNEST N [bw-yaigk! FETIN, |, £8e

I | t NF r lts in st epped-stage sl ew rate of the edge

transi ti ot el HES AN Gl B snih Hiand Wik e iages paseanienich by

the sizing of tluitageVPFETS P, Diagl-MQ) qmokggﬁﬁﬂq& @D‘gawo%%\%%n o

the sizing of the | ow and 15 high-voltage PFETs LV-an : e 120

data signal DA'I*SRQ??hé!ﬁ@istrﬁﬁlﬁéorﬁ@oblplaﬂ/vn\pﬂraﬂ@g_Ace:lmedmglyl W‘“‘%ﬁ‘ig@ and
L oot oy e SBARAIDHRR e 8 tlo Pangall B hen

. both of f, in apetiagesf timeaneien Bothithe hjie éﬁ@o@é@}fapﬁl\}{llﬁg?gc 'a%/(fhp}/ggedfrom

d de 150. Again, because | ow voltage racterf by
;hfo%r '[] ?%r gs hSPcﬁﬂFgm@équHHWhﬁrg@ﬂlyéhe taye vBitEge RAET NBFETOJEFMCMﬂdmgtH&; n

Sge Lransi {1 ohe G5 pFit nicRAdaga N Er i sf MR M aced Py valiRgerNGR T
i ' i ' " d 142
b NPErs NV ana Resuiten c¥1Epbes st sRyciaidBP e age e, fhetd i1

of” NFETs NLV and NHV. The application of 't ‘age”l eve
gat es 122 and gy 'gte RFeaeh tevsiion stepe isicortrolied BYFEEssINRY drble NV 4i¢d pul |

' i fference
t he pad node t [ st ed. st.age nan er_c_lue to the di
in tﬁres hol d \%@gp a@é@ggwﬁyv@rPQ@%?H‘I@%QB;%%E/W%FJEES&E%@[ ?ﬁg\f\{\lﬁ;ﬂgs P{ﬂ:)/.
I'n partiesl ar, highaotage #FETE PR, 2R B¢ outp
grognd nor e quigkl Yy w}qen bot hPt%Yw hi gv? and | ow voltage NFETs NHV and NLV

are on and nore sl owfwwm@ﬂaialsjgﬂéthaﬂmgamgiggagggﬁiﬁgﬁ %gﬁggg&wg .
;Zé 1172005 FI GyetBra POt g 28GR Botr odfpit a high voltage level Accordingly, a
' high voitage level is applied by inverter 110 1o the gates of PFETs Pry and

Phv, turning them both off, in a staged manner, to isolate the high-voltage

20 level VDD from the pad node 150. Again, because low-voltage PFET Py is
characterized by a lower threshold voltage than high-voitage PFET Puy,
PFET Puy will turn off sooner than PFET Py, resulting in a stepped-stage
slew rate of the edge transition as shown in FIGS. 3A and 3B.

Simultaneouély, the high voltage level output by inverter 120 is
25 “applied to the gates 122 and 142 of NFETs Nyv and Nyy. The application of
the high voltage level to the gates 122 and 142 of NFETs Niv and Nuy turns
on NFETs Niy and Nuy to pull the pad node 150 to ground in a stepped-
stage manner due to the difference in threshoid voltages of low-voltage
‘NFET Pry and high-voltage NFET Pyy. In particular, the voltage ievel on the
30 output pad 150 transitions to ground more quickly when both the high- énd

low-voitage NFETs Nyy and Ny are on and more slowly when only the low-
 voltage NFET Ny is on.




wi t hout the invention. As shown, in the prior art, w thout the additional
hi gh- voltage transistors PHV and NHV of the invention, the outpgt/1si gpelos
edge .transitioned fully once the threshold voltage of the respective
transistors was 5 reached (as limted by the size (i.e., resistance) of
the transistor). By kiGgdhghowsdhe rarsittsigma! PADGekhass sl eodeWisdowith and

different thres vol t.age the edge transition can be slowed down by

essentially del Q@*%Jgt tﬁﬁég\?‘?ﬂstiont r%ﬁgg‘?‘i‘lﬁnm t%fa Rilariarp avikiopit e addiioralhighhe
nunber of transidtagesrandistosd PLekl resh I : ed as
shown at 130 and ttf?io irn FI gc Zpgggagqewtél?otﬁiéMégjgisv?gdw%sg@?g@t%ﬂég&étepped
stages, and t hdftsiicnestiillyicheslthe dmesbbld wdltagehsf thdgespeativel trarmyistonsf whbe
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si gnal DATA. 15 The out put the inverter is connected to e”of a

| owvol t age NFERNSNER\Cahbe séwark dgandyotssentiagn detslyirmtheNl Tranaiidn. The

and thei r drains ar 3 VIH 0B REEE R Re FERD Hdmrtin’s Wb st st or
1220 is connect @ttesheitivestagebereiasbired s ] ' u -

20 In operatiop, when thegi nput si gnal DAg_ﬁﬁP?nfagmiﬂ?%ﬁé@ggggﬁﬁﬁbﬁ%gn\{%

driven | oW, antictersed grrdd futhargiepparesiages and thérefahei adsditidvial tontbEwft he

I nput si gnal Lgh-to-|ow transition, the output of the

I nverter 210 Bﬁ%ﬁ%@gég&ﬁgggo?% ?'gnﬁl'gh, and accordingly, a lowto-high

g‘.‘é?ansi tion is appl iEhG.t@isIdinﬁ?aﬁéﬁr%?tiv@ferhWinﬁ?’@ o?b%&e%%%%%&%%’%&%@%y and

N2HV, wher ecgy bot h of them eventually tully conduct ut put
pad 230 to gréied CirgribR00HE aosprdanseguitih tHanRentider dgo@ss @rmisvditnenhi gh
transition, t ; inverter 210 ansi tions fraom hi gh-to-| ow,
whi ch is appl @JB%@I{T\%%C%OQ E}?l S %wnvgﬁgr Rﬁéwﬂwp {eeRIVEF-ERE SR BAGAN2HY,
wher eby bot h ofhd betpue vetha thveytepiCodiHdresy leS i pad
230 30 fromground, allow ng pull-up resist ggr{hzetzgafteo&p%h% {vﬁ@a% puT pad
230 to Vac. vighd terthpagaielafia highevoliage INRFET Wil 4,adkhd samsestafNFE RS Ul t S

" 35711 B arBINE RO A RalhEb ol S b St SfePannon
' :(5:gnit pm ﬁ:ﬁgr ?Ezcb conhbcidaetd thegiid asdd 2501 MPpEIR FditoR 280§ BbhndGkd
| etween the pad node 250 and 1 high-voltage source Vpp.

20 In operation, when the input signal DATA is low, the pad is to be
driven low, and the signal is high, the pad-is to be driven high. When the
input signal DATA undergoes a high-to-low transition, the output of the

: %:_) : . inverter 210 transitions from low-to-high, and accordingly, a low-to-high

' transition is applied to the gates of low- and high-voltage NFETs N2,y and

25 N2uy, whereby both of them eventually fully conduct and pull the output pad
230 to ground. When the input signa! DATA undergoes a low-to-high
transition, the output of the inverter 210 transitions from high-to-low, which is
applied to the gates of low- and high-voltage NFETs N2;v and .NZHV,
whereby both of them eventually are turned off to isolate the output pad 230

30 from ground, allowing pull-up resistor 220 to pull the output pad 230 to Vbo.
The use of paralle] low- and high-voltage transistors reéuits in a staged level
of conductance similar to the timing diagram of FIG. 3A and 3B.




: : : : : : Ld
slew rate of output drivers by using transistors with differing thresho

vol tages to achieve a stepped-stage slew rate on the edges of theg/Alipnaloos
transitions. As illustrated, in accordance with the nethod 50, a first

swi tchably conductive device characterized by a first threshold vol tage and

having a switch cont Fib. &dlusératexdat examgidry ishtbodiffedd of BmeRASE pd 52
bet ween the output pad nodtflaignd a source, second or_nore switchably

A
conduct i ve devi BEXHERCL KANJEEARYSBIPNSor iniierreastivgta Gifﬁ'-éfsﬁ%lcénv_@lﬁﬂadbeggged
[ | VNN 0 | onn
10 having a swigigly aebf thﬁ@ﬂﬂ@é&gﬂi %g%ﬁrg&%ﬁt&%’vgxwgtﬁ\éﬂbéﬁagegﬁ%{

in. parallel with the first swtch ( Ve device he out put
pad node and a/Qii&gesdo aghiveva steppetitsigee skeve mteent e dfydswianekigialt he

i A , d e switchably conductive
PR P L S e BT A O TR
15 accordance wwitthBb& cdnduidivk ldeyide! @if8ctetibed @ 'avﬁﬁgtrﬁﬁéﬁéiﬂ%g%pwd}ﬂi the
switch control of the first and second or nor e vmtcha_ I'y conductive
“devices is nohavBidkd seiich\wesirol penieated m@amlvlarg;geolltawmdc:trﬁms;@%? n a
i i recti first threshold, voltage, the firs
ot Ehgh[iciéﬁg’ﬁi‘@%@ 2 9nit a8 dddedind giscaace vharon GmoEngvidiaige
reaches 70 t hecordtictivegtievicé kaeh kakehcidrizal waﬁ:ﬁﬁéretn"ﬂﬁkreeﬁbﬁ%ﬁ%tragg%oqdd

i tchably conductive device associated with the next higher ol
\S/\(/)V: tggz1 i'Q t ur ABYNGR $YitclscepliolepnnestehS4ite thegdvngdolthge ie achneatddtin onal

econd di tect | op s e St SEREbNT Mo chyg btietikuenb e s (e

g&sﬁcond or assonodé eddasowidabl § drviedItagR idRenPRcicy 56/1089cR tl‘?esc%rgrr?lxﬁen ,

e driving voltage continues in the second di rection and r_eache:s _
first or ngxt %\Pﬁﬁs ¢iihedifs! and secensbor roee Sivtshably cosslactive ddvisest chabl y

cach add t1onal - owi t ShablosuEle A ribodBy SoPemian ol pchouibiit € ana
present | y5 pr efagcoedassdwith FIGL §. s Hibetr3Rdi ﬂ'}éeﬂﬁ_\ifiﬁg \A&ﬁlége l?:‘gignﬁw il ?Wrﬁﬁcqﬂdbg”
detail herein, it is to be understood that the 'InvVentiVe ept's nmay |
ot herwi se var i%@q%oémﬁﬁsééﬂaﬁcgﬁﬁl%m\?ﬂzm Cm?edppwsrnbglsm are:
_ : Pﬁﬁ??ggdbgot E?%@%Hﬁ_\ﬂ@eé?%ﬁ%n@%ﬂage transitions gi( e R Eon S
N reach 66 the first threshold voltage, the first switchably conductive device is
_ turned on 68. When the driving voltage reaches 70 the next higher threshold
20 voltage of the devices, the switchably conductive device associated with the
next higher threshold voltage is turned on 72. Steps 70 and 72 are repeated
for each additional switchably conductive device. When the driving voltage
= - | transitions in a second direction to reach 74 the second or highest threshold
' voltage, the second or associated switchably conductive device is turned off
© 25 76. When the driving voltage continues in the second direction and reaches
78 the first or next lowest threshold voltage, the first or associated switchably
~conductive devices is also turned off 80. Steps 78 and 80 are repeated for
each additional switchably conductive device.
While illustrative and presently preferred embodiments of the
.30 ~invention have been described in detail herein, it is to be understood that the
inventive concepts may be otherwise variously embodied and employed and
that the appended claims are intended to be construed to include such
variations except insofar as limited by the pr}or art. |
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W Caim 1. A nethod for reducing the slewrate of transition edges of a
digital signal on an output pad of an integrated circuit, €9 NN s20B:
connecting a first switchably conductive device characterized by a first
threshold voltage: of a given polarity between said output pad of said
integrated circuit and a voltage sou‘r({e, said first switchably conductive
devi ce having a control input connected to a first input signal, to allow
current conduction fromsaid voltage source to said output pad of said

i nt e\g{re&e_d circuit when a voltage level of said first input signal is equal
to af8C¥Mater than said first threshold voltage and to disallow said

current  Gopditel fsHtediiely thaiskw/iatd GFarinkiBye bdgds ¢Tal digital kighal dnaridutpitgnal i s
| ess than said first threshold voltage; connecting a second sw tchably

conchadtof 9B indearpted cratle BRRIBING from sai d first switchably conductive device
and char ehfickidf D fiét IwhBIA chitiueMeob&idd lchadBteRfed B% & GirstARresh@bari ty

greater than said first threshold voltage between said output pad of said
i nt vgitagecef 2 giver pplarityhetwegnysaid outpyt Pad of said iRlggrateseaient andia voliagey
con L, Vi -,(fi?gqi cﬁ?dﬁi' Ealall(y Waput
si g%a t'oQa 'ovﬁ'q@ur r en'tga‘c_on ucr:Htei"ig% h?*’@@ngggﬁ{d?&\?@lﬁ%gg%ﬁegtggr%%qﬁf‘gnﬁsgi d out put
pad sighalstei allawh cugentt earductiopufremvieich valtags! sewyee |tevasid utpahiradsefceaid i nput
Si | _ _ ; )i S Pals and to
| Ofifegrated cﬁgﬂl ?‘h‘reb %n\{%ﬂg%&feﬁé}fo%m& RAY '"E’a{sﬂ?'?\,@‘fo E{E';afth ﬁg,@g%ﬁ%r}é%ﬁ S48

di sal T"ow sa onduct i on whe : age sal d second

i npfinst tregheld vollagecand tordisaliowisaidsaurenticonduciianhuhen said veltpge lewelioteaithecti ng a
S dri ¥ i ; ' | | Lgnal of said first sw tchably

co %@?‘lﬁ\f}gw eﬁ%ﬁgﬁ}afgsﬁ@atpﬁg@%%gﬁ%%?hput signal of said second

;\31 t chatsiopneding i@ t $egend eswitshabiwhenndietiveatievies rindepengient hispmy saigntistt i ve

0V iR Corib e SRERRrt Rl 69 Mo Shrd ol Vg O aEGaPET at € tO

cont sal d out put “si gna Iven onto said output pad of

sai pplariy ggeter dhancsaid first threshald ¥oltage hebwerry 8aid outnad gad ©of ekl infegratedy net hod

| GEGOLARISE Vilbdb Shited duid SORR! Sifaniy QOARICHIE deREd WaRRg SPedhit Put pad
of sard integrated circuit and said voltage source one or Tore additional

i ndené pernecteg\tp aseeond inpdrianel toaliowareatcangdurtionfram seid voliage spuree

res \ £S5 ' | rd ' t han said
{1 RE Pl STl SO B s AGE R el Mgl SORIE ot e

r esgealt fovand (greaterothan, said agreond dbresheld; voligae @nd e rdisaleni $aidfa¥TeBl t chabl y
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respective I nput signal to allow current conduction from said voltage
g8 @dut put pad of said integrated circuit when a voltage |evel

SO
of sai ds_;drﬁé&ﬁﬁtd Afing ' Blhal Hs W3R firsSinp@igal bf s&8 dirdl 'SRALIRIbIY BoHbused
respective 'threshold Voltage and to disallow said current 17 NOV
device and as said second input signal of said second switchably conductive device:
. wherein said first switchably conductive device and said second switchably conductive
_ ~) device together operate to controi the slew rate of said output signal driven onto said output

- pad of said integrated circuit using a step-controlled edge transition.

2. A method in accordance with claim 1, comprising:
connecting between said output pad of said integrated circuit and said voltage source
one or more additional independent switchably conductive devices each characterized by a
respective threshold voltage of said given polarity but different than said first threshold
voltage, said second threshold voltage, and each other respective threshold voltage, each
said one or more additional switchably conductive devices having a respective control input
connected to a respective input signal to allow current conduction from said voltage source to
| said output pad of said integrated circuit when a voltage level of said respective input signal is
equal to and greater than said respective threshold voliage and to disallow said current




Il conduction when said voltage | evel of said respective input signal is

| ess than said respective threshold voltage; and connecti ng qpydﬂgyiaggg
signal as said respective input signal of said respective switch of 'eath
of said respective one or nore additional sw tchably conductive devices:
wherein said first swtchably conductlilve device, said second swi tchably
conductive device, and said respective one or nore additional independent
swi t chabl y conductive devices together operate to control the slew rate of

sai d_oyt i_gnal lve sai d W RN circuit
usi ncé’n U%#é@@ﬁﬁ?ﬂdgﬂté%e Ig‘éég@r ? ?'ggéssta &%Qﬁ’@n B@ﬂa@étlepséﬁﬁ agl’réld\';&ef&i)ﬁgﬁgdri ves an

out ghiesboldnaitagendral an out put pad of an integrated 3 circuit, conprising: a
first swi tchahly conductive device chatac ' fi . old

Vol tage. GPIOELI sfid AaviRa,siofel e SaffreppRtie L Sty oy ReehBbnb Ry ¢

COURK egcHisftsakiaBsRetivk one gruhorp additidnab switthablp cegduatiesideicesui t and a vol t age
source angd havin confrol, input connected.to a driving., Si . to allow
current Wgﬁmﬁ?’grﬁ'ﬂrﬁ#‘%ﬁﬁ"ﬁ cgﬁ#l{cgbee%g\g&?,cséalcﬁ 395%”413%'{1;?%% cﬁg‘g&l\%%n a
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irs reshol d vo a sal lgw, said current cqonducti en sai
vol foggther goerpte o %"aiféqﬁ? ﬁ[;?r“’n@?%&gﬁ?&ll °‘ﬁ§”‘| sé%’??f’ﬁ‘éff{‘ %’ﬂ? aai?ﬁ“gq& "gﬁ Pﬁlfs]hm d.

vol b4 fitegtited Bir@MARING SNbp-ebatiyd edgedtraiisition. devi ce i ndependent from said
first swtchably conductive device characterized by a second threshol d

vol tage of said given polarity greater than said first threshold voltage,

sai g secan@duipot BERRThat @edumt dutputdsytial SnioHP | cetbud Plade oh andaiegrated put pad -
g}?s_ai_d i nt ggra_t ed circuit and said voltage source and having a control
i rptiifeult, COARERPSd to said driving signal to allow current conduction from

sai d vold merswitehshecoriutetievice eharattepasd byhefirstthveshbligelthgevefla giters ai d
driving signal is_.e | to, and greater th aid secon threshold vol t age
ancPolE ] Pt SWERPOB, PPENENEO BRI FOYSHH BEMERD FF0 PU PRAVAICY <ai o
dr ijMipoted dreat anda VeIt ddarte It hating ardnirbiiasi cbshectditagatrivingsigeah sai d
first sw tchably, cgondyctive dﬁ{\éi ce and tsai a/qi’ﬁ:lgnd S\@{I t Ch‘?"% ieQ@FUCt I ve
de P GO GHTER SpAdsislion fram, saic. yokapg Soie 16 e pas Wieh & Yelteds Vel g na
dr igy esid SRjnel I8 Wgntl to FIdgredtestiad sald first thtestiol voltage and tondisallow
step-control |l ed edge, transition., 4- An optput driver .in [ e wth
o1 Shehcumenh eandbptcnaven BRa voliged letshfhpoBb ffie FobHi ot BS STHEE ",
Si fgeshold Witdg&fanact transi stor (FET) and single second switchably
conduct | ve, dei CochaB’ bositicve dades hiighehaahi im t&AP It GunbeEBl - 1
~ conductive device characterized by a second threshold voltage of said given polarity greater
than said first threshold voltage, said second switchably conductive device coupled between
said output pad of said integrated circuit and said voltage source and having a control input
e connected to said driving signal to allow current conduction from said voltage source to said
| output pad when a voltage level of said driving signal is equal to and greater than said second
threshoid voltage and to disallow said current conduction when said voltage level of said
driving signal is less than said second threshold voliage:
wherein said first switchably conductive device and said second switchably conductive
device together operate to control the slew rate of said output signal driven onto said output

pad of said integrated circuit using a step-controlled edge transition.

4. An output driver in accordance with claim 3, wherein said first switchably conductive
‘device comprises a single field effect transistor (FET) and single second switchably

conductive device comprises a single field effect transistor (FET).




5. An output driver in accordance with claim3, conprising: one or nore

addi ti onal independent sw tchably conductive devices each chan]af ‘ﬁ z%ﬁ by

a respective threshold voltage of said given polarity but differe

said first threshold voltage, said cond threshol d vol tage, and each

ot her respective threshold voltage, éach said one or nore additional

I ndependent swi tchably conductive devices connected between said output

pad and said voltage source and having a respective control input connected
said driving signal to all ur ent conduction fromsaid voltage

sour%e td&rgoaqtautgig 3’93?&? ar\%yﬁﬂ’gé YVEMPEGEY evel of said driving signal
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. 7. - A method for controlling the slew rate of transition edges of a digital signal on a an
output pad of an integrated circuit, said method comprising the steps of:

driving, with a driving signal, a first switchably conductive device characterized by a

.' first threshold voltage of a given polarity and connected between said output pad of said

integrated circuit and a voltage source, said first switchably conductive device haying a control

- input connected to said driving sigﬁal o allow current conduction from said voltage source to

said output pad of said integrated circuit when a volitage level of said driving signal is equal to

" and greater than said first threshold voltage and to disallow said current conduction when said

" driving signal is less than said first threshold voltage;
driving, with said driving signal, a second switchably condu;:tive device independent
from said first switchably conductive device characterized by a second threshold voltage of
said given polarity greater than said first threshold voltage and connected between said output
pad of said integrated circuit and said voltage source, said second switchably conductive




device having a control input connected to said driving signal to allow
current conduction from said voltage source to said output pad of said
integrated circuit when said voltage |evel of said driving S|q INO¥52&ﬁhal
to and greater than said second threghold voltage and to disal 'ow said
current conduction when said voltage level of said driving signal is |ess
than said second threshold voltage. [Previous clains 8 --11 deleted] 8. A
met hod for reducing the slew rate of transition edges of a digital signal

on a an output pad of an integrated. circuit, I sing: connecting a
fir dlevisaihawn@a |09nttqb mub@qnoedafégq said diving,sigeality @'EOr‘T'gs}"ae"F E?’Eﬁ’dp ol d
vol ts%ﬂﬁvoﬂé cmukeéqa sQiG'o%{dlﬁ ya@sﬁwmteg?atéh SirduR WheRadidaoltagd Kvéiiof egdat ed

circult a voltage source, said tirst switchably Cﬁnd% ‘ve devi ce
hawdnynastgoaltw gqual tmand greaies thansaidsecond tiyeshaid veltage apd dp 9sglayy $3 current
congyg %A Wu&iﬂh %fHeﬁ éé%' L3Be SR OF <bid éﬁvw@ SighalUb 1RRChaA sari Secohart egr at ed
circui en a voltage | eve saild first input signal is equal to and

| es thresteld woitage. fir st threshol d voltage and to disallow said current
conduction when said voltage |level of said first input signal is greater
than said first threshold voltage; connecting a second sw tchably

c onfiRreviouseclais Beel 1 daddedndent from said first sw tchably conductive device
characterized by a second threshold voltage of said given polarity |ess
than said first threshold voltage between said output pad of said
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and said voltage source, said second switchably conductive device having a control input
connected to a second input signal to allow current conduction from said voltage source to

ach

: said output pad of said integrated circuit when a voltage level of said second input signal is
" equal to and less than said second threshold voltage and to disallow said current conduction
when said voltage level of said second input signat is greater than said second threshold
voltage; and

connecting a driving signal as said first input signal of said first switchably conductive

.device and as said second input signal of said second switchably conductive device;
 wherein said first switchably conductive device and said second switchably conductive
device together operate to control the slew rate of said output signal driven onto said output

‘pad of said integrated circuit using a step-controlled edge transition.

9. A method in accordance with claim 12, comprising:
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polarity, said first switchably conductive device connected between said output pad of said
__ integrated circuit and voltage source and having a control input connected to a driving signal
' 'Oto allow current conduction from said voltage source to said output pad of said integrated. -
ccrcwt when a voltage level of said driving signal is equal to and less than said first threshold
voltage and to disallow said current conduction when said voltage level of said driving signal is
greater than said first threshold voltage; and
a second switchably conductive device independent from said first switchably
conductive device characterized by a second threshold voltage of said giveh polarity less than
- said first threshoﬁ voltage, said second switchably cqnductiVe device connected between éaid
'output pad of said 'integrated circuit and said voltage source and having a control input
connected to said driving signal to allow current conduction from said voltage source to said
oulput pad of said integrated circuit when a voltage level of said driving signal is equal to and
less than said second threshold voltage and to disallow said current conduction when said
voltage level of said driving signal is greater than said second threshold voltage;




wherein said first switchably conductive device and said second switchably
conductive device together operate to control the slew rate of said output
signal driven onto said output pad of said integrated ci rc%@q HEYNBITS
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13.  An output driver in accordance with claim 16, wherein said first switchably conductive
device comprises a single field effect transistor (FET) and second switchably conductive
device comprises a single field effect transistor (FET), and said one or more additional

| switchably conductive devices each comprises a single field effect transistor (FET).

14. A method for controlling the slew rate of transition edges of a digital signal on an
output pad of an integrated circutt, said method comprising the steps of:

driving, with a driving signal, a first switchably conductive device characterized by a first

threshold voltage of a given polarity and connected between said output pad of said integrated

| d@ﬂ and a voltage source, said first switchably conductive device having a controt input

connected to said driving signal to allow current conduction from said voitage source to said




signal is greater than said first threshold voltage; driving, with said
driving signal, a second sw tchably conductive device i ndependent from
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given polarity, said first FET device having a source connected to a voltage source, a drain
" connected to said output pad of said integrated circuit, and a gate coupled to a driving signal;

and

a second FET device characterized by a second threshold voltage of said given

polanty and different than said first threshold voltage, said second FET device having a
source connected to said voltage source, a drain connected to said output pad of said

integrated circuit, and a gate coupled to said driving signal.

16. A method for reducing the slew rate of transition edges of a digital signal on an output

pad of an integrated circuit, comprising:

connecting a source of a first field effect transistor (FET) device to a voliage source, a
drain of said first FET to said output pad of said integrated circuit, and a gate of said first FET
to a driving signal, said first FET characterized by a first threshold voltage of a given polarity;

and




wherein said first field effect transistor (FET) and said second field
effect transistor (FET) together operate to control the slewrate of said

out put signal driven onto said output pad of said integrated L&M m{gng
a step-controlled edge transition. 17_ A nethod for controlli né“ L10

rate of transition edges of a digitali7zsignal on a an joutput pad of an
Integrated circuit, said nmethod conprising the steps of: driving a gate of
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driving a gate.of a second field effect transistor (FET) device with a driving signal, said

FET device characterized by a second threshold voltage of said given polarity and
ge source
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" different than said first threshold voltage and having a source connected to volta

and a drain connected to said output pad of said integrated circuit;
B wherein said first field effect transistor (FET) and said second field effect transistor

. (FET) together operate to control the slew rate of said output signal driven onto said output
pad of said integrated circuit using a step-controlied edge transition.






