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i nvention relates generally to integrated circuit pad i 18R ﬁ& and nore
particularly to controlling the slewrate of output drivers using
transistors with differi Background of the Invention

ng threshol d voltages. g/
10 Integrated ci rcuistsEWo‘%ﬁEﬁiQQNgR@lt-@% TRt RRIVERSYSING FETS W s.
In the digital world, a digi ta:g)lﬁ#@ﬁ"ﬁN éﬁSh@L@?dﬁl‘ﬁ&;??ural ity of
e a

predefined quantized states. cause di gi signal S are ansmtted using
an analog signal along a transmssion |ine, the predefined quantized
states of the digital signal are represented by different ranges of
voltages within the total 15 voltage € n nal . For exanple, a

typical digital. inte ' i | | R alo [ states
- zero and o%e. The d?.gﬁ% Efés?tngﬁgfe hpoﬁ Iééeiré%ég} i@%g&@ﬁ@&%&s@ﬁ‘g"ﬁgﬁe of
vol tages bet ween cirodits] andrmaoré pagticulafiy & dentwliingthediéw rakf oft detpnp A isal
vol tage range of the zja%n,atgrgnd a_éol,taﬁ_le Véé)/v that is lowrelative to the
total range of vdt$Bgrangiars vathdiferngfhrgshold veltages.of one is represented
by the range of voltages between a-voltage VH GH that is high relative to
the total range of voltages and a maxi num voltage VN (e.g., 1.5 volts) of

the potential voltage range of the Brgkapdund of thBilaverstionml e, the state of
the digital signal is unknown when the voltage |evel o the.sigpal S

bet ween VLOW and VHI Glnteghrated airpyits spmmusicate ydithuere anpthey using digitel sigoats.
of the signal fr | z - S LaVi Ge eLsa.
Because t ho.t r anamiis HRFELIEAd S b Sfal G ks BIEHER B F rodBhide.,
digital states dapmntioéd states. Becausy digitalsigials ziné transhiied R8RIY Sn af¥Rig @

period of tinme TTRANSI TI ON that i s_dependent on the physical conditions 30
present on the t along trangmission line. ke predefined quantizegratatesrefitbet i ons

due to" the par asigal el de repteberibn ByAaint RAMBSTT ABRER M0 B foial”
This del ay 18 ncr waltage vande dvhtbelsigreilh For example, tetyploal didftial irRégraitéd cicaitso
wel t-known that (IC) will communicate using two states - zero and one. The digital state of
zero is represented by the range of voltages between a minimum voltage
Vs (e.g., 0 volts) of the potential voltage range of the signal and a voltage
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 Vygy
that is high relative to the total range of voltages and a maximum voltage
VW (e.g., 1.5 volits) of the potential voltage range of the signal. In this
example, the state of the digital signal is unknown when the vo!tage level of
the signal is between Viow 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 tranﬁtion
between digital states does not occur instantaneously, but instead occurs
over a period of time TrransiTion that is dependent on the physical conditions

30 present on the transmission line. It is well known 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 addiﬁon, it is also well-known that
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1 .unl e5s the inpedance of the transmi ssion |line matches that of the load it
drives, the signal will degrade because the m smatch in inpedance |leads to
reflections fromthe | oad that are passed back to the driver circuit. The
driver circuit then re-reflects the reflection causing further signal
degradation. 5 Unfortunately, when the driver circuit drives nmultiple |oads
with differing URessdhedmpednace chthairapsmissiomine prichessthatlof il paskitibs

the Tuen or it POYEE e ora|auh SRHRE bl e R hRRaAtRR If Inpdansa oags e
ensuring proper gsfieeftibh8roph tisé Wl that aieeﬁaé@d@aa%tﬂw%'dr%?cﬁé&grTﬁé%?iv%?

the 10 signal. However, this conpetes with the trend towards ev
i ncreasi ng si gnaPircyit thaniecrefiects/ihieorflection causing futhertsignaldipgradation.

of si gnal’ 80 tr ansi TRl freRIRRIdNRL oibuf Aivas e sowty.  15°

Summary of the |dtf@ﬂmgqmpEﬂQn@é@,&ﬁé&rdri%YﬁQéibﬁﬂinb%eﬁuﬁ@é Hg,ﬂtiﬁa%u%é it for
controlling the slew rate of integrated circuit output drivers using

transi stors wi t hP@permateh eanheetibedoads duteg realtisiel aperation.c ploseever ahe

| t th | b f digj.tal si | .
W th the metnod B1S BREIUMR sEither Yerisafbsinilioly 1eiPys binelbev ot
devices such as éfsifrimpsfopendetsdtion ofeiyriil stated iid fc?é&molttﬂéé%gggkgge‘séoéﬁgge

are connected in parallel between a transmssion |ine no
out put pad1@nd aSigBak age source. Each conductive 25 device is controllable

at a respective switc LN conmmon dri.yi Si | . Accordingly, when
the driving signal t raﬁg'l%’ ?gﬁ@sﬁom%ﬁ@ Mﬁ*b{]hgéﬁ’ﬁ]&“@rﬂa eVeh sing gignal
conducti ve devi cesquéndiesamtich vsuIRn Higitd eddienrtad| ' | i9) of
the signal transition) in turn to @R'erl%te%dggepped%%lhp@b?ﬂ%?ég?%w
rate of the sigrfer adegbniguetfaec linggthezslewi rate DEsignapedgmtransitibes Withoiut g
sacrificing the signal frequency.
15

Summary of the Invention

The present invention is a method and circuit for controliing 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 parallel between a transmission
line node such as the output pad and a voltage source. Each conductive

25 device is controllable at a respective switch using a common driving signal.
Accordingly, when the driving signal transitions 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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The invention wll be better understood froma reading of the follow ng
detail ed description taken in conjunction with the drawing in which |ike
reference designators are used to designate |like elenments, and in which: 3
FIG 1A is an operational flowhart of a nmethod for adjusting-the anpunt
of current conducted to the output pad in order to 'slow down the edge
rate of the signal on the output PE2IRESCrpMoRGhMe rgWinNgr easi ng t he

anount of current con t: t !m | '
flomchart of a net hodﬁlr?%r"p“zlta ] @gt@iﬁé}%ﬁée&gf angs&ﬁ{:@gr]pil%grrﬁaéﬁﬁwﬁcgﬁgég{)lé@ﬂﬂg
the output pad bdetailedatesotiptiorytakearieashjupctibmevithrthe tirawingdnrwigish likenduct ed
to the output pad;, FIG 2 is a schematic diagramqof a slewrate controlled

output driver cl9feIANCS dRsignAAISAIe Useddoslasionate ke plamentsnaaddn whichk| G
3A | | VS -t ; : . T |
Sonal s FIGS 8 15 a Sy TR A ERBHonS AbALAI of thetblor i RBfig e

signal seen on afmuntbbotrrerttcomsiustedcioithe aftputipaddni ordegto'sibvegewsitheal  of
FIG 3A; FIG 4 is an alternatiye enbodi mantﬁg{wa slew rate controlled

output driver cPREBTFteiqhine anithe QUi @ad & inprementally ingeeasiaa theo
FIG 5 is an -ope ' FrENIC -enbodi nent  of a nethod
I n accordance w %ﬁ[o'ltuﬁgaf%@ent i ondpgfréfq%gpg)rée%t%aﬂa circuit for

control ling the sl ew FiGe1Bfis antgperativnal flowchgrt s angethoanfor sidfusting the
differing threshold voéqt:@?es to achieve, a steLEped-stage slew rate on the

edges of tHB si@mRuUNte gntsendugted todhe ot pad ininsrrsrantadl decreasingar t
of a method for ' j | Blef o nce with FIG 5. :
Det ai | ed Descri p@%ﬁkb%%ﬁ%ﬁﬁgﬁd%ngaééF@%P?@ﬁ?grgabont rolling the slew

rate of output 30 drFiGrXisussclematitdiagramofa sibwdiatd esntrgledoeipaotdver
voltages is described in detail herejnafter. Al though the invention is
descri bed in ter¢EPUSiMmplrBented injaccomtangeiwith thedaventioRss, such as specific

deseribed herein are byt ot Voie AR ALy ebT s R MM b tege

I nvention ks notsigmalended to be |limted thereby but

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 altemative embodiment of a slew rate controlled output
driver circuit implemented in accordance with the invention;

20 FIG. 5 is an operational flowchart of an eicemplary embodiment of a
method in accordance with the invention for implementing a circuit for
controlling the slew rate of output drivers by using transistors with differing
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 controlling 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 to be
understood that the embodiments described herein are by way of example
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s intended to extend to any enbodi nent incorporating any nunber of
transistors of any type with differing threshold voltages- that results in
st epped-stage slew rate on the edges of signal transitions. 5 Turning now
in detail to the drawing, FIGS. 1A and 1B illustrate an exenplary

enbodi nent of nethods in accordance with the invention for controlling the

slew rate of outqsly 2adit b%ﬁ§°lb? of fienventiar ispefistanded taike initad thereby M4 d
vol tages to aCthYrﬁ ﬁ& ol BN ﬁrﬁ%aﬁﬁé}t%érgsragﬁ@%gﬂum f' gnal
I Cul ar, S SW1CiTa uc

transitions. In par e 1nv I on e con ive 10

devi ces such as tfargdistorf dfearty typar\wtrsd:bﬁesmgﬁﬁ’éshoid \tditag@sythagre@ummol d
voltages. It is known in the art that FEIs ma edegé% ed wth varying’
speci ficati ons. stepped:siagesiewgteren thegdges ghaigRaltr " integrated

clrouits dug Lo thel irAlginolhln ABEIB M SaVIRKCFIOSM AR 15 Rlskase o

between 0.4-0.5 volt her power applications
typically 15 ha\eacemplanyeexhbbdlmeﬂttcégnethbds\maancm'rdanaedvrth thevinverstionors

ioﬁ?’oof f” rsi’gpf Satoliagdhe e raib ot pHaTY ':air*l% Goadstors WibidfiSrng
current COnduc&#gl%%ﬁ%@?%ﬁ?&i%%@%@%ﬁ #éggggﬁ%%iﬁgég%gra e of
e, 1 20, s emelons mgadode ommetty ooy e
vol tage, wi ch d@M%?PF(ﬁL@ht‘%e’p %ﬁﬁ%%ﬁ‘tgﬁnﬁ \szé?%)‘é’ghd@&'ngg“e?h@ldout put
Exal o vl t age LRI Eo ir Al HRPaMRaROETE R 08 dRslokER Wi LRy & 1"

conducti ve devi speciﬁﬁatimwl Edrexample the pET spadst cwnmlmhlyrmetbm integrate 14,
t he anobunt of current

Gte e pad is. ste u for exa Ie
from no current Crggizidue ?%ﬂ"qlﬁlo&’qf ivi ?g?ﬁﬁ’?mv%? BQ@[Y‘@WQE\WQP%

driving voltageg F’PP% r W
correspondi ng to ?ﬂ@% hi %%ét]éﬁﬁr esh é‘fﬁvrg t ade ?N%F}Iﬁggﬁa plcaelly
devi ces comspl ed havetdthrashqtdWOB@g@bdtwm 04 amdrDiYevbltsn Fhis2008300 eV anpunt

of current cond dtothe dIS ste 20. 10 a. higher, | evel. Steps
08 and' 50 oy bOMeISRGE Butses 1 aMATROR IT D16 BRsENt lveatioh & SohEXSE | cvel o

of additional Cgﬁﬂﬁéﬁ-é‘tﬁgg%\év??ﬁe GiPtHe éignéﬂaddé% AgiRthssherbinafter.
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
conducted 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 lowest threshold voltage of all conductive devices
25 - coupled to the output pad, as determined in step 14, the amount of current
conducted to the pad is stepped up 186, for example from no cun;rent
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 coupled 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.



FIG 1'Billustrates a nethod 30 for adjusting the amobunt of current
conducted to thé output pad in order to slow down the edge rate of the
signal on the output. pad by increnentally decreasing the amunt of current
conducted to the output pad. As shown in FIG 1 B, the driving voltage,
which 5 controls the anbunt of current to conduct-to the output pad, is
sensed 32. Wien the d7r|G/|‘1nglﬂU®ﬂr@t§§@ metineed0 forradjystingrthesarobunt CchnurBsnirrpI e

vol tage corresp t Q al | uctive

devi ces coupl ed%g,dtﬁ%tee t tcjwep%éj %Eﬁrﬁéf% %8\& GI‘*Y?@F&&%QF rqtﬁ g%ﬁﬁ nals
current conduct em the éitpuest by indrereetalyutredding ties ameumpbeclifrem maxi mum
1o current conduction to a smaller anount of conduction. Wen the driving

vol t age reaches &mdsd::tetdﬁpébﬂ&@utmad Asashsven iIndt G 8. dbe devipgneliaget whicte

out put - pad* as. SERuPls heceiiRudh of gk REHGAGE 17 0 S BAB. BorrrbetRe- o

the pad is SteerEledQN@dﬁ@mbma@tabé\ﬁeacﬁ&v@hrstﬂﬁr@@ﬁol&&cﬂﬂé&aﬁﬁbl&%l@@e
repeated for 15 additional |ower threshold voltage level s of additional

conducti ve devi c&9rrespapdiag te she highest fuieshald voltage\pf all cendustiveieviees i n

the d t t R
oper at o 1o dr i ve BBl QP Akt as Beheiiied h 389, 2 R Sulod St SRR e
enbodi nent, FI G cgnéested!ts the padds gwppeﬁwmss%kédamﬂé)ﬁbnﬂﬁiav(ﬁﬁuﬁi reuit
100 in accordance with the present invention. be described i n

detai | her eifnaf t eHIrepheonrdusiionde @ spalieramednt Qfmqmductnn vaNhenrtbeidrivirgp of
FIG 2 provides | ' ol th slew rate of t
signal driven on gﬁ?é]éé%gad {3%% '{3@36'@?4]3‘5’#’%%‘9@9 Bgec?BFFPPBPFQ'@QJBBEe
transition. 25 Ageknlowest thrésisoldvoltage of Bil @@hd@wvwe\ﬁtsesv@dumea ko HREE bRt at
| east an inverter 110 having an input coupled to receive a data signal and

an output coupl Padt as drtergiied By stept38a ke smeunhpbewrentsondustacbtathedpadis

Source. (c. 5. vOBPPPRY T 3038 ¥ IBel By Bisks €t DThel bR dhedfRl &F° o
a | ow vol t age sosdgditional lowed threyhcidofottﬂgeué\fals bpédd#tmwal%rfcﬂ&etu%laevfceead to
a low voltage level. In the illustrative embodi ment of

circuitry is i nprewRipfdatheputputipadd effect transistors (FETs)
Furthermore, the out pu i bygbmbUbgdihti%fie WeoripttHereirtief ot Ml St a0

S1 and drive | ow stage
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 controlied 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 controlling the
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., Vop)
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. In the
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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5 :As shown, drive high stage S1 includes a first inverter 110 which

recei ves data signal DATA. The output of the inverter is connected to the

gate of a | ow voltage p-channel FET (PFET) PLV and to the gate of a high-

vol tage PFET PHV. The sources of PFETs PLV and PHV are each connected 5 to

the circuit high-voltage source VDD, and their drains are each connected to
the pad node 150. Dri v¥ shawrstdiiye high strge,84 dncludes aifirst inverterct 1Q ahiethi ch

al so receives d S . inverter is conpected to
the gate of a Igéw%}?)(% Qééea ér@lﬁa%%tﬁ E’E"IFD%TP&W ﬁ%\)hgﬁﬁelf 5 qqg@e&gchgoo S
l'ow 10 vol tage Ngkle dFt/low-veltage bestarrie] NEFTRFRTY RRid MeSgRadf a high-
connected to the ci rcwt_l_ground and their drains are each connected™to

the pad node 15401288 EFEThgmnohhassdraes of REETS Riasad i areaghueennented
ith FIG 2, i i, A i T it f
Fow'to o i dh 158 SheMhighVBRabo SofifiAvas Sl BP L el ddd Srrsied to

| ow vol t age | evethe pad coddi1®@.y, a | ow voltage level is applied to the
gates of PFETs PLV ana, PHV, S%éjgrgnégg them both on, in a staged manner, to
source a hi gh-vol t ageriNgdow tiRclufes gaecepddnverter Biwhich alse vol t age

PFET PLV is char | I L | t. L.gh- val t.age
PFET PHV, 20 o pees St Mgt WA’Sggﬁi@“ﬁhﬁ%@ﬁwgk%gﬁ?ﬁ%ﬁ% at
PLy ON and PHV ophteroffd low-8ditads nohaRhEMFEPUMRETY NANArRPRY thbSyate df@sibpl-0r S
coupled in parallel, | tage | evel on the output pad, shown in FIG

the_ v
3B, transit'Pons Voliage NF%N duFhe §ourres i NioaTe Nuy iamd Ninearepeash cornectad

vol tage PFET is ; - ] LU . t | gh valt PEET turns on.
Accordingly, the 2 eﬁ‘?ﬁ%‘%@%‘%@ﬁ%‘%@@‘& %EQ%MWFP %?#@Paﬁ/i th
the lowvoltage BBET 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 gh-F6lardpg nopraise toF|GEndArand 3Biie senjuinction vith BIG 2yrial

AT 108 el s SpArEE8 e oML RDATR R B A RS 5, 170
132 of PFETs PL\waltadeRedel, mverters/010 agd 1204wl Both ositpintd RAEesiEge RRE].i ed to
the gates 122 anlgcclo%ingiy, gﬁg\xfsvol}ltlé\éeaig\gell}ly\a/pplied to the gates of PFETs Py and
Py, 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 sooner than PFET Py, as illustrated at PLy_onand
Puv_onin FIG. 3A. Since PFETSs Py and Pyy operate as resistors coupled in
parallel, the voltage level on the output pad, shown in FIG. 3B, transitions
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-voitage PFET Py in parallel with the low—voltagé PFET
P.v 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 Pyv and Puv.
Whenever the data signal DATA is high, resulting in a low voltage
30 level output by inverters 110 and 120 and the application of a low voltage
level to the gates 112 and 132 of PFETs P,y and Pyy, a low voltage level is
simultaneously applied to the gates 122 and 142 of NFETs Nyv and Nyy.
The application of the low voltage levels to the gates 122 and 142 of NFETs
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The application of the |low voltage levels to the gates 122 and 142 of NFETs
6 NLV and NHV turns off NFETs NLV and NHV to isolate the pad node 150 from
ground when the pad is being driven high. Because | ow voltage NFET PLV is
characterized by a | ower threshol d voltage than hi gh-voltage NFET PHV,

hi gh-vol tage NFET, NHV will turn off_ sooner than | ow voltage NFET NLV, as 5
illustrated at NLULWQMNWWNFEE!T@L\BW anttoa@ ate thedagredef 50 Hom

hi gh- | t PF

tloget h\e/(r) aggreey gor{ﬁggupﬁéwad I%p%ﬁgeqrmﬁcc r'd ﬁlé%l! é’j‘[&g" W’i‘@%@'ﬁf Ceyis
on the output padhér&&te(rded\byam\ﬁér%re"ﬁ)old V@f@dﬂh@ﬂﬁl@%@it@é NF‘EJTF*ﬁ (i ng
the period of ti b%ﬁ%ﬂﬁ - and | ow vol tage NFE NHV and NLV
are 10 on and m)rgggg‘r‘(ﬁ;ﬂ ‘é”'l WMQFJQQHWEYOMQGM:SHNW. as

Al dingly, s th h t T I
coordingly, s ! NSjsfal ik, A@éhd’ b 28 MG ToA kP a0 1 Ghedlbt fhe'fign. O

vol tage NFET NL a stepp age s e ra

transition, wher evaltage BFEVYS rquandmeldw-wHage NF&TsINaoind N;&@D’éfé}b' ed by

the sizing of the Igﬁs c?fg vol Eﬁqge NFETs NLV and NHv (together with
the sizing of theog ereﬁ&feﬂ?t IARarpietT Agoprdinghy, m»;olta@edave!m

dat | DATA 120
Wil both output Heranat £t 150 <?'“5V@?‘“'nvﬁt<%o tfiftons M RbEKE diing s

i s applied by inyeerod ofitifie wherhipothethe high- el?EEBW—WMg@FNFE?WNMﬁU N%bh
both off, in a starged manner, to isolate the hi voltallge 20 level from

the pad nod® 150.0Thgad MorESiwy When ool the dewwplageNF B s Nue isemc Aseodinglyy

I hr eshol TP i ||
ot 1 “sooner ¢ han PREPeRy. e Ll VoR RFET N alerelifyit elgh Yot VRS
edge transition a4 ygesults ima Steppedaftiage dledbratdiofihe éﬂg@%%hkélttohhﬂrh@i@ﬁ'o
vol tage |-evel out ﬁUt ré‘)t)‘;n%fnverter 120 1s 25 applied to the gates 122 and 142

of NFETs NLV and trangitiomstage is ﬁ@n’tﬁoiéﬁd bbtheagaxngenfdhetl@m and
Phe pad node. 150 184 o%:ﬁfd PRI ANVIESeu P At it ahd cnce
i n thresholts vol thiglevolidge BWETS|Rgend RRBT PLV and hi gh-vol t age NFET PHV.
ground more- qui ckl y whVASB 4 O é’uEnélFBAi%ﬁa“rFs%iﬁns%S?aaéifo piaDs VBl and. LV
are on and nmore fvaplers W8I0 WifodtA%utput a high voltage level. Accordingly, a
' high voltag_e level is applied by inverter 110 to the gates of PFETs Py and
Prv, turning them both off, in a staged manner, to isolate the high-voitage
20 level VDD from the pad node 150. Again, because low-voltage PFET Py is
characterized by a lower threshold voltage than high-voltage PFET Py,
PFET Puv will tumn off sooner than PFET Py, resulting in a stepped-stage
slew rate of the edge transition as shown in FIGS. 3A and 3B.
Simultaneously, the high voltage level output by inverter 120 is
25 applied to the gates 122 and 142 of NFETs Ny and Nuy. The application of
the high voltage level to the gates 122 and 142 of NFETs N,y and Nuy tums
on NFETs Niv and Ny to pull the pad node 150 to ground in a stepped-
stage manner due to the difference in threshold voltages of low-voltage
NFET Prv and high-voitage NFET Pyy. In particular, the voltage level on the
30 output pad 150 transitions to ground more quickly when both the high- and
low-voltage NFETs Nuyv and Nyv are on and more slowly when only the low-
voltage NFET Npy is on.



voltage NFET NLV is on. 7 FIG 3B shows the output signal PAD seen on pad
node 150 with and w thout the invention. As shown, in the prior art,

wi t hout the additional high- voltage transistors PHV and NHV of the

i nvention, the output signal edge transitioned fully once the threshold
vol tage of the respective_transistors was,K 5 reached (as limt

d by th
size (i.e., resistancE/Go?BshewstagauipsignaPAR S§6ERPN PR ”Pfjgn"sﬁdlwgheand
; " st S o | I : o
can e stoved doliipblttEERER. ASERONR, b 18 Pt WilioFHIE adkitBRal b
.appreci at ed t hat voitegenirabeistors Py angiMdioofstheiitvertionf tie ogtput Biggrtedde

vol t ages and connect ed ag sglown at 130 nghl40 in FIG 2 can be 14
i ncreased to addirppsitineed &ilypnae ioedfmshoihvoltags eiipedegpastivesiransisions was

f the edge t i - : ' - ik ' ' ' t
of a siew rate cororefitas MisstyPtriiice (78 Teshiaiofibrine HbSioit, BYAELT
i nvention. In thihe eatsitionmasing tramsistots With differ@0iCthrest cld esitages, therddee 210

whi ch receives data ,signal DATA. 15 The, output.,of the.inyverter is _connected
Lo the gate of ATReSHOBCARGE SiRKed o by Rabenfiallslelming e Hramsivont age

NFET N2HV. The source F ; t 0t he
circuit ground, and tﬁ(‘a’\?g bgrdéﬁesmg{rag\{hggghé\%@]‘ﬁgt?%@Q{ti%‘sﬁgQg@d&ﬁghgg250. A

pul | up resistor ?2éshacid voltages and corhected dshshawatah08@ and0i 40ith BIG. 2 can be
hi gh-vol t age source VDD. 20 |n operation, when the input si 8_n,a| DATA i s

low, the pdf is ineragseddpiadshfurtser siappediagey @i therefogmaddiiengheantsolt of be
driven high. W t ' s Sd undergoes a hi gh-to-1ow
transition, thquﬁt%%eiégﬁ#&%ﬁé%eer%?@émo transitions from| owto-high,

and accordingly, a | oRlG.ct I8 @haltérnatise entbodimeabof & slew ratelvontailied aﬁ?dmw
and hi gh-vol tage NFETs N2Lv and 25 N2HV, whereby both of them eventually

fully conduct arffivaiqircuit208 pageorsance the igvention. Ivbis embodipent. si gnal
DATA und L ¢ i1 Jdae s

Cransi t1 ons f v or 2P bffveh b imfit8'dr R0eroR216 Wit redeniciuatliignaDATA.

hi gh-vol t age NFEfse bdtput afithe\itWerter isheoraiactd tdithef gatb ahadoantoitddey NEET

o5t stor 220 o e N> BRGAIF oS A8y HBTEOBET Neavdbecrouaes of BF im,

and hi gh-vol t agens ! 20d R2RY Bré Bakh b3nhEctBd b I Eirt@Y §lound; and their drains are
each connected to 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 N2y, whereby both of them eventually fully conduct and pull the output pad
230 to ground. When the input signal 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,y 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 Vpp.
The use of parallel low- and high-voltage transistors results in a staged level
of conductance similar to the timing diagram of FIG. 3A and 3B.



of- conductance simlar to the timng diagramof FIG 3A and 3B. 8 FIG 5
I1lustrates an exenpl ary enbodi nent of a nmethod 50 in accordance with the
i nvention for inplementing a circuit for controlling the slewrate of

out put drivers by using transistors with differing threshold voltages to
achi eve a stepped-stage slew rate on the edges of the signal 5 transitions.
As illustrated, in acgﬁ@éihwéswi’ﬁﬁ anrxerepiaguembodimentafta melied AALNY

cvi toh control coNEONATPinA Bk Moefubh i inplERfd a CHEb A% A RN 2
out put pad node agiswaatool eutpulddiere g Wing'Passisiors withldiferinptiteshbide '

devi ce each characteri zed b%‘a different threshold voltage and 10 having a
swi tch control cd‘rﬂsfégf-"ﬁ('ﬂo sghieye @jiepped-siapse IJewdgte pr the ages of theysignal

parallel with th | SW C NS ' -Qut put pad
node and a sgc:urcg'fédiﬁt?rqs\'/%\%m\t}o %eaégéﬂrs Cgﬁ%@%&?%ﬁ%@e?ﬁétﬁﬁ%%%?ﬁrg contr ol
swi tches of the fswitthablylconeiuatice devigerohasadtédzetbby adivstthedshold doitage aind
FIG 6 illustrates a nethod 60 ofoeratti nof a circuit built in 15 -
accordance with ng;a sudtch copipl eennected i adriyinggvaligoedg eoanrested P2 he

switch control } e;.gﬂé ' ﬁ%]-@ N

devices is noni '(tygrt‘;é’%é%;hé %ﬁ@?ﬁg ri \%r%a\ggpf‘c%\éﬁisr%g?@{j t$|r0n5 @’#%ggly
first direction tonduethehdédce each icharactdrizethpy d différeatthresaid Voltage and
swi tchably conductiye device is rned the driving voltage

u 0 . Wen :
reachﬁsbro 1°nedn Ving %ﬁ\é’!‘m'ﬂ ﬁpﬂgﬂtﬁ‘ﬂ"ﬁﬁtﬁgﬁ?i‘bg‘%gmﬂﬂﬁV&E@Q%&E’O'W%Cte In
Vol tage 13 ¢ urnod bt (FE MESHHCEBE Hiduckive deligt'oeediing LERRRA

swi t chabl y conduabdeantka soarce\WhArdrivireg doltagenig comhtetpel 56 tcaeach obtise control

second direction tqQ reach,74_the second,or highest threshold, & voltage, the
second or associ §W§8F'§§\A° H}%ﬁfﬁgaeﬁﬁaaﬁe@q’ QE M swdtchably gongyctive dewices. \wen

the driving voltage cenb!guRfstiated AnStREATD oF SRkl oPALIEERENEI 78 L he

first or next |owest thresho tage, the rst or assocla SW t chabl y
conduct i ve 18evi cascordaace withulr i 6. oAs ilRBtratid; tise dfviagdotfge deivirepitet siitdler

h additi I ' dugct i device. Wi le illustratiye and,
SRR e TR WU TR SANRY: 2 AR T
detail herein, idnitoféd Bg. FeAliNg ltddectrandiichy 62 h &SRB

ot herwi se variously enbodi ed and enpl OYEd an
reach 66 the first threshold voltage, the first switchably conductive device is

tumed 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 tumed 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 {o 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 pfior art.

9



that the appended clains are intended to be construed to include such

vari ations except insofar as limted by the prior art. 9 WHAT IS CLAI MED
IS: 1. A nethod for reducing the slewrate of transition edges of a digital
signal (PAD) on a node (150, 250) of an integrated circuit, conprising:
connecting (52) a first switchably conductive device (NLV, PLV)
characterized bYVHAT ISSCLAMEBHS! d voltage (VN LV TH, VF LV m) between said
5 node (150, 250) and a voltage source (VDD, ground), said first switchably
conductive device (NLV, PLV) responsive to a first input signal (DATA ) to

al I ow current conducHi gQnfethod f@lrdduahgmswmeoﬂfaﬁbntnaﬁ edges of a digital
node (150, 250) when said first input signal (DATA') is offset fromsaid

vol tage sour ceSignpah(RAP} ana rades(158 2ap) of %rqu‘é@gratedﬁtrcgmegmpnﬁm sai d

first threshold 10 ( d ‘current
conducti on when sai d‘?*"&gﬁ%ﬂ (égll Lﬁg sﬁffbpék%gn%ﬂgt&fg%éﬁém d vol t age
source by a vol chg@cterized tyhafirst thréshokisioita WRQ{/G}HWML@%) betweet $aidg
(54) a second switchably conductive device (NHV characterized by a

second t hr dshol Bode(15Q,e250)and\a voltage seunce Y igseund)ssain firskswitchabh

swi tohabl y conabartUeNEERER MenPRpTRsaRis Na HRP Rt MebglL pATRY 137 "
signal (DATA") hnbwlohﬂwm:u@mm:onqmiﬁ@hldwoifdf@rsmei(wdﬂ gedilihd) A0 s hede
sai d node when said second input signal is effset fromsaid voltage source

by a Ivo| tage subtRth@60hmWhenasgidfirst npt signah {ATA] is, offsetdrama saidivekages hol d
20 N V
when_ sard Secomterk n vbliagd Sydktantdly Uil kP eleritian SBla b fiEshald

vol t age | egs thataw(\m SesV_Uhnpand kel disalibwsald ambmmdubnmméﬁ)sa@d
driving signal {_DATA as said_first _input signal of said first svmtch and

as sai d second Tirshinpulisignal (PATAY;ig oFfselfromSald voitage squrge by Giveltage less

accordance with onnecting (54) between said node and
sai d vol tage sobrﬁggé%gm&ﬂ%ka@ agtélgt%r onal . swi tchably conductive devices

(130, 140) each char sohmedtingd54ps second suiithatsly condudtiveddevide @Nig), Py
di fferent than sald first threshold s volta e said secaond threshol d

vol tage, and eaehargciasizeddlyreesond thieshald vattage (Vi v i, V_nv ) different

15 than said first threshold yoltage between said node and said voltage source,
said second switchably conductive device (Nuv, Phv) responsive to a second
input signal (DATA’) to allow current conduction from said voltage source to
said node when said second input signal is offset from said voltage source
by a voltage substantially equal to or greater than said second threshold

20 voltage (Vn_nv_ 1, VP_nv i) and to disallow said current conduction when
said second input signal is offset from said voltage source by a voltage less
than said second threshold voltage; and

connecting (56) a driving signal {DATA") as said first input signal of
said first switch and as said second input signal of said second sv\_ritch.

2. A method in accordance with claim 1, comprising:
connecting (54) between said node and said voltage source one or
more additidnal switchably conductive devices (130, 140) each characterized
by a respective threshold voltage (V) different than said first threshold
5 voltage, said second threshold voltage, and each other respective threshold
voltage, each said one or more additional switchably conductive devices

A




vol tage, each said one or nore additional swtchably conductive devices 10
CL 14 S responsive to a respective input signal to allow current
conduction fromsaid voltage source to said node when said respective

i nput signal is offset from said voltage source by a voltage substantially
equal to or greater than said 10 respective threshold voltage and to

di sal | ow sai d cuf@spensiveite @respectivednputsignal te aflewcuirent apnductiogfaomisaid

Phr echol o vor t agUigeRRrEEl SR hodR Wik S48 ot b RS EagSt o
respective inputsgsitaoithge sourei bl £ volEsde yebstintisdly equabPRLOr greatstitHan said

respective one or nore additional 15 sw tchably conductive devices. 3. An
appar at us fl8r r ctRSPEREVe Hreshaldveltage and tq disallow saideuieant sonductiprywhen

Fi st si tohably e natReetys g Rlar® redbicHh Bavohebs Sobir Y alagE  °
t hreshol d vol tagleséWﬂ.éhiﬂlhbsﬁé%ﬁhéf_tﬁiﬁbho@a}dkagéréﬁd swi tchably conductive
device 5 connected between said node and a vol tage source (VDD, ground)

and responsive to a €PMNEcHAg {3&)Raid diying: sjgnadas isaislrespeetive inpuhaigsal oh

f i d | ! ' ' i Vi ' " f
fromeaid vol 1 od 2EkfIchvE Swieh Of BAOR of 838 dhebtf el bRy Blotingl | o7
than said fisrst switchablyotshduetivedeviesesl t o disal | ow said current conduction

when said driving 10 signal is offset fromsaid voltage source by a voltage
| ess than said first threshold voltage; and a second sw tchably conductive

devi NHV, P h ' I ; Nk VI
T (oo« S oA PrrpaBR R SRS A MABR BB T
conductive devi adigitalrsigred] ¢ADY oh et nieden (150, 250p dfan imlegatst dﬂdiﬁ%mwiﬁ@
and responsive to said _driving signal to allow current conduction from

said vol tage source tfiEhpwitehrRly capdurtivaidevige (NuigPis) gharacterizer kyea firstom
221 Youond o BRI ol Ay 5008, Y 1 0 cBERRAY o, .
said driving si gomnectedibétwmeenfsaidmede dnd@@ woitagegeussef\Vip, Yroundy@lridage | ess
tC |h2in ms g' d c zﬁg? ,n grptﬁgér?ssnrr]eo to'a Yi%lvxlng Fignal ?DA%')% "allow ctirrent cgggt%t(ijo%\hfcrgmws;ig
voltage source to said node when said driving signal is offset from said
voltage source by a voltage substantially equal to or greater than said first
threshold voltage and to disallow said current conduction when said driving
10 signal is offset from said voltage source by a voltage less than said first
threshold voltage; and
a second switchably conductive device (Nuv, Puy) characterized by a
second threshold voltage (Vin_v_t, Vr_nv_H) different than said first
threshold voltage, said second switchably conductive device connected
15 between said node and said voltage source and responsive to said driving -
signal to allow current conduction from said voltage source to said node
when said driving signal is offset from said voltage source by a voltage
substantially equal to or greater than said second threshold voltage and to
. disallow said current conduction when said driving signal is offset from said
20 voltage source by a voltage less than said second threshold voltage.

4. An apparatus in accordance with claim 3, comprising:

—_—

-
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~~ Lreriaitrrrerrr~ereri~trrrrrrlr * C L one or nore additional swtchably
conductive devices (130, 140) each characterized by a respective threshold
voltage different than said first threshold voltage, said second threshold
vol tage, and each other respective 5 threshold voltage, each said one or
nore additional sw tchably conductive devices connected between said node

and said vol tage souone'oambremiﬁltmmal switdtlmtﬂ)acdndimtiwer@vmesr(a(%ﬂl $40) eaoh
current conduction froms | d driving

voIt our to sai g node mhen
signal is offse€h ?ﬁa&Fﬁr@&F@y Y BSPRS e@ﬁgy%a%m tstﬂﬁgtsé &FI y equal

to or greater t Shf S8 ta?ﬂeﬁfd?f[jo
sai d current co{]ﬁucr?&gﬁovﬁ%é salg%ﬂé Wé\g Sl gﬁﬁégls of T se tbrggfn%szﬂcﬁé"
vol tage sowsrce thresholdvbliage, esch samhonemlmbreeandmuna&switbmmnobdducﬁ\teage

5. An apparat n accorda h claim 3 or en ai d frt
2wi t chabl y coﬁﬁﬁéwp%ce@w%egp%eww Redle and seidackage saicerans

ducti d T 6. A
(r:rg?hgg :‘\(;(ra cg\n!t feaﬁplQ’l ng tﬁlgmsq ew r%b§ﬁapoﬁ@r‘{§§?¢gﬁ e %?%ﬁl ﬁ%:'gu '[S)a|
si gnal ( PAD) onvdtagadmn{rd:ém saitiodef when saiierynmgasignahsmfﬁset frandsaidet hod
th f t t chabl
conduct | ve deS. g Spuiros bya yoliagk substantall eafatioft arealr AN A vol t age’
(Y N LM, LiespEkti threS1R0II GE1AGE BRY 15 ARG SATPEGER bohdUlibR WhetPU! CO

( VDD, ground) Irst swtc y con uctlve vice responsive to said
driving signal saidalriving s:gnalrleoffsetﬁmmcsaldmoftagmswcel byd vaitagesiess thart o

sai d node when sai,d drivj nq hgrda |s offset fromsaid voltage source by a
vol tage subst anSdITESPEAYE thies A9Feater than said first threshold

vol tage and to disallow said current conduct i on when said driving signal-
is offset fromsaid voltage source by a voltage | ess than said first

t hreshol d vol tage; drivi ng, Aniappasafus imacoondgnsegmﬂd claim S8erdhavhereincsaith| v

(VN VT v TSEstichanY ohg itk e (i B0 Braa petofi Sniiabiic an

connected bet viegehditile Ba9RN P CORIBRBTiCIOWIE: ramlistoRe(FETFL) SW t chabl y

conductive device responsi veN?'o sal' d dr| ving signal to al fsew cur)rent
conduction from said

6. A method for controlling the slew rate of transition edges of a
digital signal (PAD) on a node (150, 250) of an integrated circuit, said
method comprising the steps of: |

driving, with a driving signal, a first switchably conductive device (N, v,

5 Pwv) characterized by a first threshold voltage (Vn_v i, Ve_1v ) and
connected between said node and a voltage source (Vpp, ground), said first
switchably conductive device responsive to said driving signal to aliow
current conduction from said voltage source to said node when said driving
signal is offset from said voltage source by a voltage substantially equal to or

10 greater than said first threshold voltage and to disallow said current
conduction when said driving signal-is offset from said voltage source by a
voltage less than said first threshold voltage;

driving, with said driving signal, a second switchably conductive
device (Nuv, Puv) characterized by a second threshold voltage (Vn_hv tH, Ve_

15 wv_tn) different than said first threshold voltage an connected between said
node and said voltage source, said second switchably conductive device

responsive to said driving signal to allow current conduction from said
\—.
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21 0 frr it rr 1t 1l voltage source to said
node when said driving signal is offset fromsaid voltage source by a

vol tage substantially equal to or greater than said 20 second threshol d
voltage and to disallow said current conducti on when said driving signal
is offset fromsaid voltage source by a voltage |ess than said second

t hreshol d vol t ageltage spurpe: tosaid bede whensaid daving signakis offaet fiom saithsi ti on

conpri oi ng ¢ he. Yoftaqs s§liRe e fRiEs Mo SRa ol crér Ghithan S8l age: 5
when (14) said lsewshd tireehsid valthge ahditd desliosaid curest cotiduiRtibi Svheh s#idl6)
conduction of current to said node; V\hen@éaw) said | evel reaches a next

‘predefi ned t hr eskiving signaldg offsetfrarp sritjvelinaespures iy @ctaltegedess thancsaidt o
said node. 8. A ' ce with claim?7, conprising: repeating
sai d second steﬁgﬁhgag%ﬂeg{@gg@?ggg‘for one or nore additional next
predefined threshold voltages. 9. A nethod for controlling the slew rate of

transition edges of a digital signal_ on node of an integrated circuit,
sai d nethod conpri si g Amethed &iscoatm"wsrtﬁ@@%%@teﬁfraasmegadggﬁ of &ri vi ng
vol t age; when (34): | I ; b oSt i e I : | ng
down (36) condéﬁdlaz%bg‘]a i gﬁ%r%él 0 s'glfecér%o e?l%éﬁagﬁmggm%%}@%ches
a next predefinetegswefeshol d voltage, stepping down (40) conduction of

Fepeating sai d- seconaHEEBONIZLe RYeLols AR WWAdBne or nore’ addltional
next pr edefg ned thr el | 149khiaIERe! rddoHebld fitst trbddi Vbitdbe Jtbhpinl ug- 111
(16) conduction of current to said node;
when (18) said level reaches a next predefined threshold voltage,
stepping up (20) conduction of current to said node.

8. A method in accordance with claim 7, comprising:
repeating said second stepping up step (18) for one or more
additional next predefined threshold voltages.

9. A method for controlling the slew rate of transition edges of a
digital signal on a node of an integrated circuit, said method comprising the
steps of:

monitoring (32) a level of a driving voltage;

5 when (34) said level reaches a first threshold voltage, stepping down
(36) conduction of current to said node; -
when (38) said level reaches a next predefined threshold voltage,
stepping down (40) conduction of current to said node.

10. A method in accordance with claim 9, comprising:
repeating said second stepping down step (40) for one or more
additional next predefined threshold voltages.

13 ) AR L



