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generally to integrated circuit pad circuits, and nore particular § 05
controlling the slewrate of output drivers wusing transistors with
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guanti zed states. Because digital. signals are transmtted using an anal og
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vol tage, whereas the digital 20 sta one IS represented by the range of
vol tages between a voltage VHHGH that is high relative to the total range
of voltages and a maxi nrum vol tage, VM e, x .g.. 1.5 volts) of the
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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
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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
wel | -known thayiC) will communicate 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 Trransmmion that is dependent on the physical conditions

30 present on the transmission line. lt. 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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threshol dyvol t gga,pre connected in parallel between a transmssion [ine
node suchoas t g ?mt put pad and a vol tage source. Each conductive 25 device

I's control |l able at Howge’qmw@rﬁﬁéﬁe‘éﬂ”ﬁmsgtr@n&?c?UrVQFasdé\}e‘fgﬁcgfaﬁgﬁBﬁi% aé O

dingly, -when the driving signal transitions om one !
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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 transiﬁorjs 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 fo generate a stepped control of the

slew rate of the signal edge on the node.
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2 17/ 11/ 2005 Brief Description of the Drawi ng The |nv§nt|on w il be bet_ter
understoodfromareadlng of the following detailed description_t !
conjunction with the drawing in which |ike reference desi gnatoﬂg a]r:b?QQé)cﬁ
to designate like elenents, and in which: -s FIG 1A is an operational

flowmchart of a nethod for adjus 'rn he . o rcurre_nt conducted to the
out put pad in order to'slow dowﬁ—@%ﬁ—@ﬁ@ﬁ—&i&—e@%ﬂy gnal on the out put
pad by incremental | ymmmvenﬁmwmb@beﬁepume@tocfdlfréﬁrﬁr Hg%ﬁ 1otmhﬁ$

output pad; FIG:1 B is an operational flowhart of a rret or a jUSt ng

the 10 amount &et@ind eascridian iekenin eonjwectiam with ﬁtmdramngmménmmleély

pad;,. FI G s a
Schemat1 o di agr oo oo oS gflort e SRRTHTHERohRe B TRl " pion
i npl eneng edd i n accorfd@nds iwiahhogdratiomydpiichat dflGnelfod ﬁar%diustmg the

ol tage-vs.-tinin ramillustratin adr|V|n vol tage 5 signal; FIG -
\?iB |sga vol tag@m\/‘g"”qtq?%iiﬁ'éntj? Lated FCP epUhpa ﬁéOEﬂﬁfﬁgtSlQ;Mgi@aMn ﬂ'@een on

f FIG 3 FI G
41 an al  ornanpgaalraihl siind B e gl L DO B SRR e aene e ver
circuit inpl enan‘to&mloﬁcan'enir@tamm tdhthelsutpovgad;i on; 20 FIG 5 is an

operational flowchar of a,n exenpl ary enbodl ment of a nethod in accordance
Wlpt h the invention th R @ReoR rﬁBO’&a'(ﬂqVYﬁhaﬁ 9fa medlod fer adjugtingithes| ew

‘rate of qut pUt%ﬁ\bh}ﬁ%\scmﬂ)‘eMsd ULt ALYl Al B e %@%ﬂltq} yhcﬁ%cgeaémgnm

vol tages to -achieve a ste -stage slewr

transitions; athe bo@hi@f cfilrresnt@Dnd@@t@dttoqmbufﬁmga@grt DgI a?l rergt ng(:]; :)ert o

fDhovel et hod and B At ST RarATIE 2 slewsés coatoliag outppariveso
det ai 1 hor el nat o IRl et i LDl P e e P torme of
specific FIG. 3A is a voltage-vs.-timing diagram illustrating a driving voltage
15 SIgnaI; _
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 operatlonal flowchart of an exemplary embodiment ofa
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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il lustrative enbodi ments, such as specific output driver designs, it is to
be understood that the enbodi ments described herein are by way10f/ EX20RI(S
3 17/11/2005 -only and the scope. of the invention is not intended to be

limted thereby but is intended to extend to any enbodi nment incorporating

any nunber of anaasd shessopé cathe inveeativh idndi ihtaTdgrid be Beiteli dhareblaags

that results in .ste -stade slew rate on the edges of signal
transitions. 5'%[5&%”%5 ER)Wdie dde@v emBogdmeriagpRgratnoGsy numbgnel 1 B

il lustrate an texerghar ﬁ{p)gé aferi b, '! h the
I nvention for control I?fng t g giﬁgw ?%{[gsgﬁ%P%YQ%gﬁgFﬁefwﬁmg :
transi stors w Stepfiedrsiegaglew natestiothe edyesagbsighal mahsityes.a st epped- st age

Chvent ; on Senpl oys. s ARSI Eoedudp 1b6 Semior ELsS s fafanes Bilkisirat Aot
transistors (F&lsmpry @nﬁt@cﬁd’ih@tb’ﬁh@e‘%ﬂ@ﬁ@'in'é&%érﬁgﬁée with qg% iKW on et he art

that FETs may be designed with varying specifications For e>_<am:_)l e, t he
FETs nost commBeiijoliirgthe alewtaigodvatputanivens by uding trangisiers withwiffenrey t age

[ ,4-0. lts. FETs desi d for
iae 1 higher WERREAStaYSt 1 AERTE K SRrpousians sl e cnibE s algbe
~between 0.6 asignd) transHidris. fﬁbérti%@%’r,%@hiﬁ%nﬁﬁﬁ é@?@ﬁ%&gyi&@y%@%ucﬁv

advant age in the.pr esent | n_vent lon to Q.C I eve a L€ C ew rate on
the signadl eddiayices siatas field electtrarsistors (FETs)Mith Vanying threshaidmet hod 10

' ' ¢t ed .out put, d in order
Lo P Soun  lolgBIe i kou B8 art i Pt Sy et desiopad Wittasying
.{;‘?renent al |'y speeffieatibAsl Fae xRN, 1AL FRTY | Crt]EBHﬁH@ﬁlqusteB ihﬁ'ﬁtggtﬁnt@&t pad.

shown in FIG 1A the driving voltage, control's The anmgunt  of
current to coftigytts dyetthdhainiguer yeithge miings fede Ethreshsd voltage bietwesh

vol t age reaches Lrst t shold. fqr exanp|le voltage .corresponding to
Uhe | onest ¢ heakRet WOk t%ﬁs grsGneodonaRer bonetppacs applicaingIscaPIally he
output pad, anadetehrestasld vaitaseeldech D% AR vBlts CHHiCOb0-pAMYCt ed to
the pad is st e;#)ed up 1.6, for exanple fromno curr ent conduction to a
first incremefiffesgnesisdused thadviniage tie this ptésamﬂ'rmam:gattormflé\@saa next
' t
threshold, fog exanplig dUdd9s et ¥hee581893i gggésoas cleaed hereinafter.
FIG. 1A illustrates a method 10 for adjusting the amount of current
conducted to the outpdt 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
éo 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. '




hi ghest threshold voltage of all conductive devices coupled to the output
30 pad, as deternmined in step 18, the anount of current conduct @.CWPIVQS)OS
pad is stepped up 20 to a higher level. Steps 18 and 20 nay be repeate
for additional higher threshold voltage | evels of addit.ional conductive

devi ces coupl ed. to Fi‘@ tBtiustrageda mdihod 2P adhlstngthe b it lbr baS et

thod 30 form adj n he amount of current conducted to the output pad

[Tﬁ o(r)der to sl ow ‘?E@E@j@@mﬁlépédé‘? qu%’tglséj?YaldOW@rihEI@Q@UEfﬁuhgﬂ@?t I;%?al
tall
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of current to cadlucted to theeoutptippad p@slsho\ﬁnsmﬂ(em B2the (Wf\ﬁ;ﬁ]g UBgagh 'vVh|BH
for exanple volta correspondi n

Yﬁlet ﬁ?ghéi CP ﬁfc&?ﬁa*%%%%@% %Clé”?”tc,IBrf@lﬁ‘@ﬂ-’Pt/@ f@@\ntg@@t P%d)d%IS@GSQd)Sgh
Optput (pad. as Wieantib idd R Aenbs RITNoiflla SF ERALpICOIE! € 1o

the pad is stepped down for exanple from maXi num nducti on
to a smaller ar&@tﬁrﬂsp@ﬂdmﬁodbelmhemeshbﬂ hliagerd ali\/cfdrtdalgﬂvé gaviees a next

hol d, fi | t age, corres ond| t.o the next |owest threshold
E/glr te ;gg of aIOIr C@éﬁﬁcﬁ’ %O %@3%@%‘5 t@ﬂ’” dinsteR ehutne Faaunkes @Hg@itm ng
in step 38, theongneey #Bfthe wa@qafstér‘@@aé&éﬁﬁ 360 6r3.§$a e I@’m SASRREH, dovn 40

to a lower level. Steps 38 and repea | ower

t hr eshol d'Ovol t agaenbom@cs:ronetdca snnaﬂan amoudtiof coreiudtiohc e¥hete! mﬁmﬁ?h; htewo

the d tion hereinafter
oot hots 10" and"StPde FaaEs A ABRUBSsholkh o BarDbler Volteos aarrspendingioshanal
w
e eontrol 2%@%*3?%%?* Hfre St aLliage BB ROMRNLIE ddhiods MR T tnd Buftuf

invention. As pad) aS)de’tEB’medJH?dstep IBetize hmmbﬂaiutréﬁt carftRicie ¥ Rl Sad js
| G _2 provides the functionality

o cont o {riBbhed Al etk sl o lmes evepaatsttrpe by
R R e M e e S T
i nput coupl ed aovpled & the aufgat padi gnal and an out put
As will become 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
slew rate of the signal driven onto the output pad by performing a step-
controlled edge transition.

: :‘fi':-r,o '

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

illustrative 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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'coupled to the gate of a transistor whose drain is ‘coupled to an out put
pad 150 and whose source is coupled to either a high voltage squrtel(eqhs
VDD) for driving the output pad to a high voltage level, or a | ow voltage
source 30 (e.g., VS3 or ground) for driving the output pad to a | ow vol t age
level . In the illusfsahowsn, enibedigrestagefS Firgiudss & fiestdhvartdrt 190 Wwhich

I npl ement ed usi fiel effe nsi stors (FETs). Furthernore, the out put
driver 100 i ncl %%ggvets taﬂ%&’g@ﬁi ?Qeiﬂﬁﬁuk?féﬁé IRMerigids genpecieg\todhage
S2. 5 17/ 11/ 200&atAofshiewn eV, | h el [ ' 21t er
110 which recgi@\l/es da?a ‘s'?iglgﬁ ﬁgﬂgﬁ{qe%\%\ggﬁtﬁgﬂrpﬁé‘f’lé?'ﬁzoiatﬁé ra?éeP%lg\sf%ﬁ"

connected to thHe&ltagatRFiBT Fawl dbevaturage of PEEIrmB| v &0 PLPEES eabh\Coandatey t he
f PEETs PLV and PHV are each

gate of a high- - T . The squrces )
connected B to P \#gé t@ﬁ?@ﬁ ﬁr&ﬁh}"g@/&%ﬂ%{aﬁ By ?Eg?’%'é?r%!ﬁﬂ (% 8PFN ¢PRNAStestte
each connect ed the padheodedismode 150. Drive | ow stage S2 includes a second

inverter 120 which also receives data signal DATA The output of the
inverter is connect dff¥eloMhetaggaizinsiudes ageonnd ayerter dBAvIELH D ( NFET) .

NL dtoth : - | t NEE .. Th f NFETs NLV
an\é %&V a(r)e egéﬁééég%ér)\é%%e%fgw?%ﬂ@ g"c eBl" p"grog%!”"gﬁt&??%u‘réq?&‘s %@F&tﬁe
each connect edgate bhe igedoftage n-dhthndRERar (NFETN eéhé‘?o s 5?}%05%3 nd 3B

i n conjunction q\%t h FIG 2, In operation, when.t ata si
transiti ofs fr¥aage BREToNav-hiTha sDarees oblEETeW]y, and Nay bee sathGoandcier

wi ||l both outp oWVl e .level.. , Accordingly, a low.voltage |evel is
applied to the{%%h%e(lé'&\gft E%EE?@ ﬁq?}/th%drqml_ﬁ/?rq 91"'85' ﬁan’f'ﬁ@ﬁgﬁeﬂﬁe@ d nogley
stypged manner, 15®, source a high-voltage level VDD onto the pad node 150.

cause | owvoltage PFET PLv is characterized by a | ower threshold voltage
t han hi gh-vol t age PREferppy nopoales s FIGS. WA and GEninaorgurmiion witkaFIGFE inPHY,

operat e as resraiet it He ota ghinalPATA wRasiions ket pdowitoaiche out put
e onty.the LouSar 2ge SRl 1o SriTED AP UELS S0 Solige et €17
Accordingly, a low voltage level is applied to the gates of PFETs P,y and
Phv, turning them both on, in a staged manner, to source a high-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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and mare qui ckly when the high-voltage PFET turns on. Accordingly, the 25

addition of the high-voltage PFET PHV in parallel with the | ow yqAppe2BoET
PLv all ows a stepped-stage slew rate of the edge transition, where the slew
rate of each stage is controlled by the sizing of the | ow and hi gh-vol t age

PFETs PLv and PMu antidwevtierns b NFEEBs & gaatl NQATA isslatd Bl paeabbé 18O fHdma
rs 110 and 120 andpt he application

of a1 ow vol t aga o Beeh 8% ral s Beloidivesiion s Bespupe kne- o LiowanF BT Fuy &
NEErs N o N i BT ARSRe R Sl Lo BR BRBE N PR 2 o
122 and 142 of Nebwltegeid Eﬁmmﬂytanuoﬂﬂetfonwmndbw\m@e NERT NG, AV to
Because | ow vol 1AGE Rt et % Rhkoadiaey dd b@séééﬁﬁté‘gaé’ééﬁ%%d%guage
than 1ow vol tage NEET NLv.. &L po e asese Nkl By nd NP Fr o

3A. Just as in PE@”’@&% resistare aeugled Mqaralie. AREDsAiRYlY, thedvdltdge lboskorpl t age
NFETs NLV and . 8 stors, coupled in parallel.
Accordingly, t he voI a?aﬁ 'é%"é?se%’r‘ﬁ El%fﬁ%ﬂaqﬂ@ ore ALY Q‘WF’-’]EGJ’!EBB)

. -transitions noperigdicfkinye deinsbthige h ; and
| ow vol ta&e NFETs NHV and NLV are 10 @{ﬁfﬁg\’r%&s gwgﬂv\g%ﬁ* Nt‘hgp

| ow: vol t alfe NFET &Q9/mose slpwippdwrdomiyltiye iow-eltage NGE T Nev Is gt ﬂ@b@ IWFET
NHV i |1 ] NLV |t t e
Slew rate of e uER e M NBEEBMIERE Nindh nérali witretnerlowaaceaNEET, on
stpge is contrhiy mktb& ih Restepgeaste SR% lla‘PeY‘*ofﬂ‘{Ejeq@é E’gn%ﬁ ﬁﬁ@g@f e NV

d NHV (together wth the sizing of the | ow and Ts PLV

and PHV). WenS ?Weratepéegc@ ﬁ@ns@am/stagausmntmﬂedmy thel gizing Qftthe fow-exed |
Accordingly, a

inverters 110 g Qut h vol tage. | evel .

hi gh vol t age | egel gyd‘b’&?ggw&v ﬁiag*r'\t &?gqt%gr Yt ttﬁg sizdn@ of the brERadPLY and
PHV, turn$ng tHngm\AmﬂtabefﬁFfETs Pl_\?flaﬁﬁﬁﬁ, manner, to isolate the high-voltage
20 |l evel VDD fromthe pad node 150 %in, because | ow vol tage PFET PLV is

characterized by a VVhgartherlasa signal MT&gensihansltm afowolditage |EGET PHV,

‘ inverters 110 and 120 will both output a high voltage level. Accordingly, a
high voltage level is applied by inverter 110 to the gates of PFETs Pry and
Piv, 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 Nyy turns
on NFETs Niy and Nuy to pull the pad node 150 to ground in a stepbed-
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- end

| low-voitage NFETs Nyy and NLV are on and more sfowly when only the low-
voltage NFET N,y is on.




PFET PHV will turn off sooner than PFET PLV, resulting in a stepped-stage

slewrate of the edge transition as shown in FIGS. 3A and 3B. 17/11/2005
Si mul t aneously, the high voltage |l evel output by inverter 120 is 25 applied
to the gates 122 and 142 of NFETs NLV and NHV. The application of the high
vol-tage | evel to theF{at33 shewsdhd oltafighFERsD Ne¥nasrtdpAitotisr 159 wih aNGETS
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| owvol t age NFETSHanashiylIxoncerthe diveshdidrolmgel afithy rebpectivel tyaridigtolOWas

| t NFET N i [,11/.2005 FI.G 3B. sh th t put i | PAD
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the ‘i nvention, the output signal edge .transitioned fu
threshol d vol t #G8SBion ¢an be siwed dewnranesssnbingy delayirty theaiuiliddinsiton i m t ed
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It will be appreciated that the nunmber of transistors wth
t hr eshol d®ol t H§Ea2 ocasith Egthar séeppatbeiagas, and therefdrétadditidiabooRtrohmfbe

skt
10 increased tgg %H%bgiﬁépgitoﬁﬂgeegpst ges, and therefore additional

control, of the e MBhe signal. FIG 4 is an alternative

g‘?)odi ment of a sl efiG.a4 & é@@ltéﬁ'ldti@é_é?ﬁ%cﬁﬂimﬁr@roif‘éeéieﬁi réfé“g&gf&%d @Bat

accordance with the invention. In this enb ment, outpu Iver
i ncl udes an i riféfer sircait @0Rhinsecoedanogayithi theninviegtiah. DATHS ehfbddismentit put  of

the i t ' t f | 1ol t NFET, N2L dt
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connected to the pad node 250. A pullup resistor 0 i's conne
the pad node 2Avand i@ theglateof edjehswitage NFET N2y, The sources of NFETs

N2,y and N2y are each connected to the circuit ground, and their drains are
each connected fo the pad node 250. A pullup resistor 220 is connected
between the pad node 250 and a 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.




20 I n*operation, when the input signal DATA is low, the pad is to be
driven Ioow, and the signal is high, the pad-is to be driven high7AheA200s5
i nput signal DATA undergoes a high-to-low transition, the output of the
inverter 210 transitions fromlowto-high, and accordingly, a |owto-high
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thod 50, a first swtchably conductive device charact _ y aftl rst
{nﬁr eshol d'%ol t Ag¥NgRISWitel Pﬁ@%l/'ﬁl epiinestec b4 te the divingotoltdge ds aonunesteddn

' . d d ource. A second
or more svit onBEErwRA e PRISHIChABL Mot RE ReliRehdugen i aumitansht
t By eshol d vol t agge and alSolraei NG drivirvd T6IR RO o eSRNSE 18 dalh of gﬁ gﬁntrol

iving voltage is connected in parallel”with the first swtch oy’
conduct i ve deviWkchss gldbp firsleandispeenthatmone switahably comductive Aediceyi ng

' t.he ntrol switches of the first and
Vol Lage |9 comnect ofE RsTaR & B SR Hermit bFDSESk el b b, s
60 of opesati cacootdandd WitHiFIGhEi | As mnstléteacwéﬁﬁﬁﬁ \)H!:tgg?fd'gl n&athepﬁrviph_

Il lustrated, the driving voltage dr|V|ngthe_sw|'tc t i th_e I'rst |
la_ndu:econd or Gastiel 'TQ%W&E)Ia?dé"&ﬁ:@l]@tqr\iléoréeﬁmmbil)scomm:utwerdmn& isWen the -

R GRS i\ PoRtaB s Mhehind ol (Pbay R A AT RS
C 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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turned on 68. Wien the driving voltage reaches 70 the next higher threshold
20 voltage of the devices, the swi tchably conductive devicq qsﬁgViﬁMEd wth
t he next higher threshold voltage is turned on 72. Steps 70 and 72 are
repeated for each additional swtchably conductive device. \Wen the
driving voltage transitions in a secddhd direction to reach 74 the second
or highest threshold voltage, the second or associ ated sw tchably
conductive device is turned off 25 76. Wien the driving voltage continues
in the %epqnd direction and reaches 78 the first or next |owest threshold
vol tW§&1aIMe first or associated switchably conductive devices is al so

turngd off mBfhod RraBSuciy RBSIROrafty 6 traRBian B8ydsdf a GGt sigHAlidni n@htpawi t chabl y
conductive _device. Wiile illustrative and presently preferred enmbodi ments

of tW%G"?ﬂ%ﬁﬁﬂ-M@WﬂM:descri bed in detail herein, it is to be
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and enpl oyed and that the appended clains are intended to be construed to
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by ' iF o o t UG i dubMt WrSherthhifls gyt put pad
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confinstthresholdavpitage and tordisaliow saidraurenheandugtionwhencenid yoliagpileved of saklit
- Si gRal; ; : £ | m sai d voltage source to said output
g?jmg{fm%%?g%_ii'ﬁ}#ggy%{ne EdC|.rcﬂ}i‘!}tgi:“{’/{/tqgcr}'ll&{%\;@i/oI tage |evel of said first input
st’'gnal iconbemting @ osesoud gyvitshally canductiyei deviee rindependenthipm aidt gk and to
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i nput signal 1s |less than sal I rst threshol d vol tage; connecling a second
swi palaniihgfpates thancsaid Srst diveshold veltage rivebmeert sajdhoutiul pa @ﬁaldgmegaﬁ%fgl y
CONGUGE Lif s&8 W ' it %Sﬁélﬁ:ﬂ ¢ REGSL Abdiny @ Egyel of said
given gh)?c{)fgﬁat ?ﬁgﬁﬁggﬁaﬁagﬁggﬁng%ﬁ'r s?b:':{ hres (_)Yd vo?ét]_agen%et ween said
ouftllf!m! conngcier ie a'iSG@nﬂ ’égi#tgﬁimﬂl t%albwmuneah@pr@amwfmm &did vollagersouresi d second
swiz chid BlipuCaRAGIGhid iRtedRMeF BirdlR Wil Adhageé Ikl of said second input signal is
. equal to and greater than said second threshold voitage and to disallow said cumrent
~ conduction when said voltage level of said second input signal is less 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 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




I nput connected to a second input signal to allow current conduction from
said voltage source to said output pad of said integrated cirfciKg a
voltage | evel of said second input signal is equal to and greater tha

said second threshold voltage and to disallow said current conduction when
said voltage | evel of said second inpgdt signal is |less than said second
threshol d voltage; and connecting a driving signal as said first input
signal of said first switchably conductive device and as said second i nput
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devithreshald etitage; ager ate to control the slew rate of said output signal
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second threshol d vol tage, and, each.pther, respective thres age, eac
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I €S p&g tritetated diréuit usinga étep-contrAied edyd warditibaspect i ve input signal to allow
current conduction fromsaid voltage source to said output pad of said

integrated circuit when a voltage |level of said respective input signal is
equgl t oamdiptt 8Ne? 'thathd@ives aindotpRtNAgrdl \vato b roetp pdd v of taagategrated o :
dipal | ow sai.d current 17 NOV Il conduction when said voltage |evel of said
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and connewrbi shatchabifichdukiivedievics Rdraterizel Isy 4 rspibtdshuld voltgget ofs givert  of sai d
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dewreshokhvitagé;aidzed by a first threshold voltage of a given .
a second éwitchably conductive device independent from said first switchably
~ conductive device characterized by a second threshold voltage of said given polarity greater
than said first t!weshbld voltage, said second switchably conductive device coupled between
said output pad of said integrated circuit and said voltage source and having a control input
: J 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 voitage level of said
~ driving signal is less 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 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).




polarity, said first swtchably conductive device coupl ed between said

out put pad of said integrated circuit and a voltage source aqd-éqﬁw r%@ﬂ@
control input connected to a driving: signal to allow current uctron

from said vol tage source to said outpyt pad when a voltage |level of said
driving signal is equal to and greater than said first threshold voltage
and to disallow said current conduction when said voltage |evel of said
driving signal is less than said first threshold voltage; and a second
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respecti ve threshol d”voltage, each  said one or nore additional independent
swi tchably conductive devices connected between said output pad and said
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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




wherein said first switchably conductive device, said second sw tchably
conductive device, and said respective one or nore additional independent
swi t chabl y conductive devices together operate to control the s?ng 5085 of
sai d output signal driven onto said gytput pad of said int egréte circuit
using a step-controll ed edge transition. 6. An output driver in accordance
wth claimb5, wherein said first switchably conductive device conprises a
single field effect transistor (FET) and second sw tchably conductive
device conprises a single field effect transistor (FET), and.sai d one or
nor eieaiéaihﬁY'mlalcmt&MﬂPEa%‘ﬂW%Hbfﬁé‘ﬁ%‘ﬂ’ﬂg 88 ﬁ%?f%&ﬂ@/"i 8@@8&%&%@“ ses a
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rate of transition edges of a digital signal on a an ut putv{)ad .gf an
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out phresholtbivallbgesai d integrated circuit and a voltage source, said first

swi tchably conductive device having a control input connected to said
driving signal o allow current conductien fromsaid voltage source to said
out frbvimescclanins 8ai th deletedr at ed circuit when a voltage | evel of said driving
signal is equal to .and greater than said first threshold voltage and to

di sal |l ow said current conduction when said driving signal is |ess than
sai 8l fi rAtmethodefon sedbcingl thagiew date\df rteansitipn iedges @f ardigitah §igepyeRI2 2% second

- sw tchabl | X i ' pendent fromsaid first switchably

co ‘ﬂ'ﬁ%“?i%@éog%?ﬁ (@}%ﬁ}:’g‘% ’e(?b?nz%rgg@y a second threshold voltage of  said
gi*ven padoanéding gr &iest ewitchably sahdudtive dlevich rdherasterized| hyagelighdreshthect ed
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r editst input sigral is| greaterthen said firg Hiypshokhvaliéges of a digital signal on a an
out put  path-OfnAR IsBLSHI Shichably Cohducti® "ivice! idlependent from said first
switchably conductive device characterized by a second threshold voltage of said given
polarity less than said first threshold voltage between said output pad of said integrated circuit
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

: 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:




connecting a first switchably conductive device characterized by a first
threshold voltage of a given polarity between said output pad %f 3@%
integrated circuit and a voltage source, said first sw tchably: é% ctive
device having a control input connected to a first input signal to allow
current conduction fromsaid voltage source to said output pad of said
integrated circuit when a voltage |level of said first input signal is equal
to and less than said first threshold voltage and to disallow said current
conducti on when said voltage | evel of. s nal is greater
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conductive device having a control input connected to a second input
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a first switchably conductive device characterized by a first threshold voltage of a given
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 given polarity less than
- said first threshotd 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;
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wherein said first switchably conductive device, said second switchably conductive
devsce and said respective one or more additional independent switchably conductive devices -
together operate to control the slew rate of said output signal driven onto said output pad of
said integrated circuit using a step-controiled edge transition.

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




device conprises a single field effect transistor (FET) and second

swi tchably conductive device conprises a single field effect transistor
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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




said first switchably conductive device characterized by a second threshol d
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| 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.




wherein said first field effect transistor (FET) and said second field
effect transistor (FET) together operate to control the slew rat bf/200b
out put signal driven onto said output pad of said integrated circuit using
a step-controlled edge transition. 17_ A nethod for controlling the slew
rate of transition edges of a digital signal on a an joutput pad of an
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presented for reducing the slewrate of transition edges of a digital
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