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24/ 01/ 2006 SLEW RATE CONTROL OF CQUTPUT DRI VERS USI NG PVT CON IR%E?%G
RATES AND DELAYS Field of the Invention 5 The present invention<“rél’
generally to integrated circuit pad circuits, and nore partlcq! arly to _
controlling the slew rate of output drivers wusing external resistance and
programed del ays. BACEW ﬁﬁﬁn‘lﬁE GIONHTEOLDVD@POLWPLIP DRIR/;EQ!?E}.EQ@F?Q’: t\?vorl 4
communi cate with one anot her ' | gi.tal _signals. n e digital ,
a digital signal may be i ng&ﬁ%aﬁwﬁbﬁﬁfgﬁsﬁméﬁ%ﬁ quanti zed
states. Because digital signals are transmtted using an anal og signal

along a transm ssion line, the predefined quantized states of the digital
signal are represented by different Ficdthgétheinveatibmges within the total 15

vol tage range of the signal., .For exanple, a typical. digital integrated

Ci rcuigt Cl %) based%gﬁ P%?%?%HPYF%@&Q @?Wslge’%%ﬁ%ﬁ at?éJ HErdiwerdt at es -
zero ("0") angirQie, anl merelpartidLidirkab cﬁ%ﬁin@fthe%ze\h?afeecgﬁv&ﬁ?m?ﬂf ¥ the
range of voltages between a m ninumvoltage VM N (e.g., vol'ts) of ‘the
potential vol t 4gBgExiRaal wsistance agdgirograinmedalalaye VLOw that is | ow

relative to the total range of 20 voltage, whereas the digital state of "1"
I's represented by the range of voltages between a voltage VHIGH that is

high relative to the total rangepgtkgre@nbagehe f\ErioRExi mum vol tage VmAx

(e.g., 1.5 volts) of the potential voltage range of the signal. In binary -

system ex@inpl e, t hdntagiatedogirauiis eungnu a{c/:fte M@hg)n;sanml_llllhhnummgydiﬁh?lts@éagf.l ,
I | evel pf .S . .S, n an | ]
om0 el s W R, BB S b R A S Bescded.
the "1" stat e’cmanﬁ'z@@smé§.aBeBQQ§é$ﬁ%ige%?%igtﬁa@§f§ ﬁéhQﬂitﬁéogzﬁ‘ﬁhgla% adibg! 1y
|

anal og, the transition between dig states does not occu
i nst ant aneous BigNabaloncs treagmission dinevthe predefined quantized sEFSANSHE ON t hat

Tine Tt s woldel S Bl RnrBoaeb LTl Rase pr fotackm EE Br Blale
wi | | su_qu;er' avorhgey remuof B ﬁg:ﬁ’él?ﬂ&ﬂaéﬂah?bltdﬁga?’;i)iﬁééﬁigrﬁ?l thde rgl%rdaéichitc
resi St ance, | ﬂ%"f%tagggeo’n g rt])?nacr$ %?fg’}etn? r\}\?ﬂ(la cgmmunicate uéing two 'statesX zero (“0")
| |  and one (“1 ). The digitél state of “0” is represented by the range of voftages
between a minimum voltage Vivin (e.g., 0 volts) of the potential voltage range
of the signal and a voltage V\ow that ié low relative to the total rahge of
20 voltage, whereas the digital state of “1” is represented by the range of
voitages between a voltage Viien that is high relative to the total range of
voltages and a maximum voltage Vuax (€.g., 1.5 volts) of the potential
voltage range of the signal. In binary system example, the rstate of the digital
signal is unknown when the voltage level of the signal is bétween V;_ow and
25 Viieh, Which typically only occurs during transitions of the signal from either
| the “0” state to the “1” state or vice versa. '

Because the transmission signal is actually analog, the transition
between digital states does not occur instantaneously, but instead occurs
over a period of time TTRANS,TDN that is dependent on the physical conditions

30 present on the transmission fine. It is well known that signal transitions over
- atransmission line will suffer a detay 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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increases with the length of the line. In addition, it i‘s al so I ) - kr

that | 24/01/ 2006 15 unl ess the inpedance of the transm ssion |W%ﬁ?§%sﬁ
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 cir gridss thBiigipetByice bhéie bensmissiei leet mdtchmeshagof thetibed itsi gnal
degradation. Furthernmore, when the drjver ci F‘cui,t drives, nueHg:nBl Ié)afis

wi th differi ngdrivepdhasienal wifi degrageshgciisgine imjsmatefuin gy ?E‘F% % bs
to properly ma 4 ' f ' RRREAEIAN, WM MRy

t he use of mul i%céi%ﬁghqgét@%@rﬁﬁ@%ﬁ?%@?ﬁl%&p tgrfrﬁgflectilons.' One wa;y of
ensuring propetherdet estréfiectefl caugingl fughat gignaldegradaimm.ol t he edge rates of

th [ |, Ho t hi t ith the trend t | '
Si'gnal T equenci o FURRPERORS SIS e e REFULARRes SHEES KAtk with gl g™
need exists f pé‘dél?&-:@”itliﬁ%'ﬁ’aﬁ%is%%ﬁ i Hc{ﬂ&ﬂ‘fe%hﬁulﬁb%%t[:@é ® Bfoﬁr?ﬂ?%&ﬂge

transitions without sacrificing the signa requency. Summary of t
I nvention The paelsenthd ivaeistduwingi realinmebpertiand Raweert theossecohmuiple ng t he

slew rate of integrated circuit qut rivers by controll.in h
resi stance of ﬁtu%g[mealgie}r,lgfat@ﬁm@ﬁpfeﬁ%ﬁ@%er@@%}élthcg'tqjﬁu\l;llgggblféﬁéq . In
particular, th&at%lbﬁéﬁ%ff s?hﬁ@fdt@@iﬁo'c%ﬂﬁro‘lﬂ%gﬁé}éwsfoﬁh@ﬁgnbhe sl ew 20

rate of the signal on the output pad by contr ing the current flow
t hrough ao set. of pHemrv'e_r/,dhisl-‘cEJTspeﬂeatWItﬂTﬁhedrenm@\n@IdpWeémww signgh a

preferred enbodinment, this, is conpl,ished usin rogr | e resi.stance
pre- driver cif?%q}i'?“ﬁ'%s’cwh'?'?@ r?ﬂggso'ﬂt. el era‘iﬁsgt %%B@B@ym%?\e%gree’aﬁtﬁe
sl ope of the "fral’r%rf@'[:heﬁgbe&bﬂ&&ktr&ﬁhgtﬁé%lbﬂerawbpsfgnér@&ﬁ fritsitiods without
controll able by varying the 25 sourtce resistance of the pre-driver FETs. In
addi tion to cosaarificingrifetdignallfaguency. of the out put signal, the use of the

programmabl e resi stance pre-driver circuit nay al so be advant ageous to
overcomnme chip-to-chip paranmeter differences due to variations in voltage,

15 Summary of the Invention

The present invention is a method and circuit for controlling the slew
rate of integrated circuit output drivers by controlling the resistance of a pre-
driver circuit that generates the drive signal.

In particular, the present invention allows the ability to vary the slew

20 rate of thé signal on the output pad by controlling the current flow through a
set of pre-driver FETs that driver the output stage FETs. In a preferred
embodimeht, this is accomplished using a programmable resistance pre-
driver circuit to drive the output stage of the output driver. The slope of the
pre-driver signal driving the output stage FETs is conirollable by varying the

25  source resistance of the pre-driver FETs.

" In addition to controlling the slew rate of the output signal, the use of
the programmable resistance pre-driver circuit may also be advantageous to
overcome chip-to-chip parameter differences due to variations in voltage,
temperature, and manufacturing process.

30 For even slower slew rate requirements, the invention may also
implement a staged turn-on of the output driver legs. This gives a slower
possible output slew rate than possible with edge rate control of a single

output driver leg alone.




tenperature, and manufacturing process. 30 For even slower slew,r
requi rements, the invention may also inplenent a staged turn-oa‘g%(ﬁt‘{'ugOOG
output driver legs. This gives a slower possible output slew rate than
possible with edge rate control of a single output driver |leg alone. 2
24/ 01/ 2006 Brief Description of giBepesaMbtith dh@id DRAREon Wi I |1 be better
understood froma readi ng of the TolTow ng etarle escription taken in
conj unction with thd&heriavemiipn wilMibe batter wederstsfast Bpaea deadins &f e falowinged
to designate |ike.elepents,. and in which: FIG.| s L ock . di.agr.am of a
sl ew rate cont PS%\"QQ %%FBBP%@%P&'“c‘“r%‘dﬁ%“oniVH‘*%E*&%P@%‘“%E@%W&E&?@% present
invention; Fl Gefédrdriceadefi@eitord arRaliséd @\E8aighaef ik aehitifls| sharorhidance
with the invention;, FIG 3 is a schematic diagramof a slewrate

control | ed out put dFiGet is adlesk digoram mhleestewtrate canteliast aullet divemciEqudt

I nvention; FI 4A i Le- vl - -fimng diagramillustrating a
pre-drive si a?a?&c?&ia[?%@%grtﬁ ip%%@%}t‘fl?%eer{‘tilo vention of the first enbodi nent
of the invention sPER idafloperdiorfd FowdRarftof a matisod P dagedasce Withithg

diagramillustrating the output 15 signal corresponding to the pre-drive
signal of FIG IN¥@aN{ing the first :enbodiment of the invention shown in

river circuit | mpl et B FREEgr dndahet 4 sRHE IR el R

gat e- vol tiage- vigrotiitiimpgmeh &gl mnaddordeicealvith sha invedtidnt ve 20 signal due to
operation of the invention of the second enbodi nent of the invention shown
in FIG 5; and FI G Fl§B4Aisaa gatevolrgenye-sing diggryndiusiiaiingia Pieserve i ng

e SuLbul SRR ESIORRI e DR R B aer b U510
invention shown in FIG. 3;

FIG. 4B is a gate-voltage-vs.-timing diagram illustrating the output
15 .~ ..signal corresponding to the pre-drive signal of FIG. 4A using the first
- .embodiment of the invention shown in FIG. 3;
_ FIG. 5 an alternative embodiment of a slew rate controlled output
- driver circuit implemented in accordance with the invention;
| FIG.BAis a gate-voltage-vs.-timing diagram illustrating a pre-drive
20 signal due to operation of the invention of the second embodiment of the
invention shown in FIG. 5; and '
FIG.6Bis a gate-voltage-vs.-timing diagram illustrating the output

signal corresponding to the pre-drive signal of FIG. 4A using the second

embodiment of the invention shown in FIG. 5.

25
Detailed Description
A novel method and circuits for controlling the slew rate of an output
| signal by an output driver is described in detail hereinafter. Althoughthe
‘invention is described in terms of specific il[ustrat‘ive embodiments, such as
30 specific output driver designs, it is to be undgersfood that the embodiments

~ described herein are by way of example only and that the scope of the
invention is not intended to be limited thereby but is intended to extend to




25 If)et ail ed Description A novel method and circuits for con '
_ trol
slew rate of an output signal by an output driver is described :m?g
hereinafter. Although the invention is described in ternms of specific
{ngstraglve enbodi ments, such as 30 specific output driver designs, it is
to be understoad, LhdlosileFHRAYARRISholaREUt Hgfahaig rmatabe ddjusiay toe
xanple only a t"t1he scope of the invention is not intended. to b
ltlh g1t t gg Ehelr ebit;ehsbswancs it Iti’aepcbadriv&zrocimxﬂtéﬂ@Oﬂb’oizﬂﬁ)@?’%@étweé‘?Fb"@d?'H@ﬁﬁ
ntrols e output signal edge rate | "'n%. t hi [
El_he pre-driver circdinipg "Eg}ﬁ?q Blgegﬁ@lﬁr%%gyeg?%éégpre-t’d!?tl%%ief g?%tﬁgf@ce -
Cgr?l nlgl now t o, 0eRE BhtieNied st RivePdirtmnt0 ifpl@meintde i eceordanee &ikty at e
ntrolled output driver circuit 10 inplenmented in cor.dapce . w he
plresent i Bvent trenpresenhirvertiondds avik bedassribed 47 Fie‘@g r‘?\‘&?ﬁ%‘?’ thy tﬁ'eéw'?at%
slewrate control e ut pu r ' bt ' petrotinal
_ I
for controlli nﬁo‘ﬁﬁﬁ%l?ecgpﬂ&uﬁgﬁge'\'(;%?ﬁ{e{(gPgénvé dﬁ%ﬂgﬁqﬁﬁfﬁ;%ﬁrﬁﬂl gptggyby
cont rol |ing t hgicsPHite &f the SigHatifgembnidihepsetpdt pae b eehtreling Ake RAYHH® i n
the arl~ a typical output driver will include a pull-up circuit 1 0 S1 and
Srguglﬂ-\o’lom ;’JI reaisétgnse.Oflﬂa@ﬁl’%-ﬂfl&@lidﬁVﬁﬁsand S2 will typically include a
-driver stage t,yplc I ol ' IAVi - ircui
conprising a pair %&%’f%ﬁt%ﬁ@%&a@u&%@g@r w&%gmgﬁdalgﬂl,l ag girout
respectivgly) 83vdrtfadullidiw crouipbad Bachr eioriihe1 andai%wﬂiifgﬁi&mfm}:i'%? The

pre-driver st 28 d - _ . :
gg used to 15§£d[iv@psrfggg%(ﬂ%éé@ﬁ%&ﬁggéwgﬂgﬁ IB{/%B%H 27\,2? %%gﬁﬁ%in ﬁd
20 i an out pul stage oM Sllaf) ENRSS LRSI 1 5ieAd 26 Sacepstitielpol tage

[I_ev_el, a low 9HES F'/p6 ssibly a tri-state vol tage |evel.
ypi cal l'y the guyiRytarsinpee codflegitplroysiva andata signal GHTA td nt e P 9ANES
devices 16 and 26 each having a gate conpected ta receiye E've
[S)(r)e; drive si gnaﬂggEQB le,dlé\?eér%lal”nu@éng@hﬁ %pf%dflﬁ%s%n?gstﬁlﬁp%%agg& c<551nd a

urce connected to al int ] i ’
V0D) “or 21 o et bl PR AN Shg gl Jtin BeliceS 10RAERTEan . 0.
accordance W t&agae2gd mhisH tigves theeouipet pad v 8rtost hige voltage level, a low

voltage level, or possibly a tri-state voltage level. Typically the output stage

29 employs a pair of complementary CMOS devices 16 and 26 each having:

iOIO 6

a gate connected to receive a respective pre-drive signal 13, 23, a drain

20 connected to the output pad 18, and a source connected to aiternate ones of
either a high voltage source (e.g., Vpp) oOf a low voltagé source (e.g., Vss or
ground), as shown. In accordance with the invention, the pre-driver stage
28 is responsive to a pre-driver resistance control circuit 20 which adjusts
the source resistance of the pre-driver stage devices 14, 135, and 24, 2510

25  speed up or slow down fhe rate of current flow through the pre-driver stage
devices 14, 15, and 24, 25, respectively, in order to adjust the slew rate of
‘the respective pull-up and pull-down pre-drive sigjna!s 13 and 23. Thisin
turn directly affects the slew rate of the signal on the output pad 18.

FIG. 2 is an operational flowchart of the general method of the

30 invention. In accordance with the method, shown generally at 30, inastep

32, the source resistance of the pre-driver device(s) is varied to adjust the

rate of current flowing through the pre-drive device(s) to achieve a desired




28 is responsive to a pre-driver resistance control circuit 20 ?%bq? /200
adjusts the source resistance of the pre-driver stage devices ! %, an
24, 25 to 25 speed up or slow down the rate of current flow through the
pre-driver stage devices 14, 15, and 24, 25, respectively, in order to

adjust the sl e"%lg%_ﬂr?r%té’f)fthrer@dg" SPEChVSrePitive signais). PHd sidawatpeentivilee sig
|

nais 13 and 23. sin turndirectly affects the-siew rate of the signal
on the output pae-didre sigaal(9) are then ciseddoidsival 34 thevriHakt diberdayicaddkr al :

met hod of the .30 inyention. ln_accordan ] Iy
at 30, in a step 32, Ui ot iR e Sl’%%%'@?agﬁ]%@wgb Q?i%ﬁ%ﬁﬁ%%hm?ﬁwﬁ S
vari ed to adj ustod feplehtirBe@in Setaraahcé Wo the drincinlkghof the presedt invention.

device(s) to achieve a desired 24/01/ 2006 slew rate of the edge(s) of the
pre-drive %i gnag dipstratest, theauirat driveni PeIindedesiveq siagess ﬁ@{ggéﬁn’@b@ t hen

used to drive 34 u ri | )4aoTULRI cific
enbodi nent, FI éur%nﬁg%%c?esli%ﬂ %é%ﬂﬁ%ﬂr%\gé? 13%055?%:%?%%@%& %a%gi@nﬁgsgcor dance
with the principl es OfitpuietayeesIindiutieantiipot divédevicks$P7aretl128 he out put
driver 100 includes three stages; a programmble curre sour@l% a
pre-driver stagenmegtediespraatily patwesn gdighnyoltagssoicesyradd oW VRt#9Ries

out put drive deyi r | '

Vol tage sour ce U S oLBR V3t FAsuERIFEL THe: TTRGTACHEMOBENRER BI
pre- a1 Ver” Staug 133 5 G106 OULDUL 103 118 -ailch | 5 caanees B9 1 3 | oad
117 having a chédlielisperigcied Fﬁ)@é‘gﬁﬁé%fhaﬂﬂg aphafpciensis i@pﬁﬁf"‘\”@ﬁt‘%&r ce
131 determ nes P%gg{em%bieecéﬁéﬁto%ﬂour{;%gggraciﬁgrrﬁmgsi@rﬁgggﬁg gy@rcestage 132.

The conposite sol I fpedance rrve ces can be separated
into a val ue Rgppétiancs furrthe ptd-driest stagrect32iHeecarhpogitengpuraadmpedainge dRSD

fesi rabl ¢ ¢ hat 8 BragEvRESYES RINS PEPaakih 0 ROrILS FeR UG HEScan’
LS, et o e RERSTERnac AU AT bl Maddhepyice them
herei nafter, t disshaeginghéenarplly speaking ot ispuesiable thatiRsqand Rsbberegualde
i32. 't Rscl ngaicrsl' oiﬂ?egrr, %ﬁﬁgﬁl@h E}Qg csamﬁleag?r];e %hhaei tﬁgrtepnl%}ght be special
circumstances that would require them to be different. Rsc and Rsp may be
varied, as described in detail hereinafter, to alter the siope of the output on
20 the pre-driver stage 132. If Rsc/Rsp is increaséd, the slope of the output
118, 126 of the predriver stage 132 decreases and therefore the trarisitior;
time of the pre-drive signal 116, 126 increases. Conversely, if Rsc/Rsp is
decreased, the slope of the output 118, 126 of the predriver stage 132
increases and therefore the transition time of the pre-drive signal 116, 126
25 decreases.
| In the puli-up portion of the circuit, the pre-driver circuit 132 comprises
four CMOS devices 112-115 in series. Devices 113 and 114 act as switches
to respectively pull up (charge to Vpp) and pull down (discharge to ground)
the pre-drive signal on line 116 that drives the puil-up device 127 of the
30 ' outpu't stage. It will be understood that switching devices 113 and 114 are
driven on and off in suitable alternation in accordance with the desired
output waveform (which represents the bit pattern of the data being output), -

and that afthough both devices 113 and 114 may be off to tri-state pre-drive
. _ ]




116, 126 of the predriver stage 132 decreases and therefore the . tr AN
time of the pre-drive signal 116, 126 increases. Conversely, ifzm%pﬁ%

decreased, the slope of the output 116, 126 of the predriver stage 132
i ncreases and therefore the transition time of the pre-drive signal 116,.

126 25 decr easgignallon lifee1 P8l BotH Rieiydsi will refvet be opil dtabé santeme! Bettidever
circuit 132 conprises four CMOS devices 112-115 in series. Devices 113 and

114 act as swi tCHeaCtstas § Eagiiancs of prodremngpie valdege QQS“QID@)WiHhH‘SpYFFW down

" (discharge to D i g [ | Nex; hat,.dx i e
g)ul | -up devi Ce%@%%esﬁ%ﬁg%&ﬁﬂ p'Eéf(qs?? atggﬁ b??&whﬁ?'e‘%'éﬁ @F\Ig’e%\{fg%ﬂ? ﬁaac%@

swi tchi ng devi @@sa iiés?standeeaiéa@ramrgaibfeemlmmtcamrﬂnDME Witi}’ema' rceﬂﬂ\&lwow on-

alternation in accordance \ M e desjre out put wavef or i

represent s t he "BFIEIaRgEIQ4 devine ﬁ@%a&#%ﬁﬁ@- ﬁﬁiﬁﬁatsﬁano&rfa‘ra ite iﬂ%hough

“both devices 1 ﬁ.@d% i [ e elf & Vi

signal on |i neiﬂ%i{& ﬁa%ég@@g%ﬁ*ﬂﬁgéﬂgpég?sgdn&g%ff %1%&%&1%#I%’b§%@€l ce

112 acts as a wehiestfdheevoitbge FieAaETEHN, evhilel insimitardashiondheiresistdneevaf y

e St o By s Db R B NSO el o o
5 resistance of devti i T, | 0 ' 2,
havi ng generally eqHglﬁ]l&%iﬁ?@%&%ﬁgjﬁ%b&eeeﬁggﬁ?@@ggébét@ﬁ%?%?'%% t he
val ue of he vdD2aydeP@EIEoaUpp binid wliagesdivideaincfuadtg two tésdstiwsdeviesse of

devi 115 i i by th | f th |t GAT i
R = 0 1L R AR R o B e
from VDD by a yehhagy di“thééteﬁnl/)d a&libgd @cﬁasééngi%aa% fAE%INESSof slagg ﬁ@ 104,

that are connetied Ih series befween VDD an ) geomet ry- ese
two devices isadresohttoVproduce, for a VDD of say, 3,3V, a VREF O 1.8 V.

extornal source of ABIBILA BoBEAIE OS5 TeERe LIS COBRSHEGRAMEED by
Vol tage VYPROG arf BietRallRfifcd/BRAG, bRdR R¥HGe4l 100 & the ARATharAREriokY %9
-voltage Vproe. The voltage Verog is produced by a feedback controlied
voltage divider formed by the external programming resistor Reroe 107 and
an N-type device 108 having a drain connected to terminal 109 and a source
connected to ground. Veroe and Vger are applied to an error amplifier 106
20 . (an operational amplifier of suitable gain) whose output is the signal NGATE
119. NGATE is applied to the gate of n-type device 108.
in operation,'VpROG equals Vger, within the error limits of the feedback
loop. A gain of forty in the error amplifier 106 is a reasonable gain and will
keep Vpros 109 within, say, 50 mv of Vger. Second, the characteriétics of
25 device 108 are included in the feedback loop. This means that the gate
- voltage Vasn (which is also NGATE 119) varies as needed to
advantageously null variations in Vprog that are due parameter shifts in
‘device 108 arising from temperature and process variations. Thus, NGATE
varies in a way that can be used to supply compensation to other devices
"0 that experience generally identical parameter shifts for those same process
and temperature excursions.
So, for exampile, if device 108 is considered “fast" (i.e., the current

through the device is relatively large for a given Vgsn) compared to a
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vol tage divider forned by the external progranm ng resistor
an N-type device 108 having a drain connected to termnal 109 Eﬁ/wfi/awa

source connected to ground. VPROG and VREF are applied to an error
anplifier 106 20 (an operational anplifier of suitable gain) whose out put

is th [ I t f

(ot "% Shanal MR aPuedERTEn S oAl otk BiddevARLeuRl chshUBe koo

f e_edbacléI ! ﬁ)p than gat\flagédégtrgegg\nse ba (wheches set atpdd by WSE%@Ggask a%crpe)?ﬁonabl e
n-and wi ee Wi . econ e

Characterls (i (SR MEATELI6E a6 1 Reivliches PR st PUED SBRSTHEIE 1 s

nmeans that theegaig de é@&?v%’f@@%‘f&ﬁ’ﬁk&ﬁnﬁ%sﬁ' %ldﬂ%]ﬁd%%%b o i§wedeSr, if

needed to advant ageous variations in VPROG that are due paraneter
shifts ins devNeeoddécmalsesrh@icﬁw@haet dhpeara:trtanepié"ned \Apl# deeemsedhe avaluens,

Thus, NGATE vayd I n t hat . can be, used uppl y _cogpens

ot her devi ces’ 64 TENGIAEA troesigaaran! S ice 4p Jaiash Upere BRFFIR 1 or
those same propgapVANASHIMRY Sbat RiciSadint mevafﬁe offwemmﬁe}éase*sfthéew ce
108 is considered ' Fast (1.e., the curren hrough the device is

relatively lar g@ﬁtanceo’gdewnems&)ambﬁrwr"ﬁds usnwaaﬁlsmmzem@eﬁppmemt i cal
desi gn center VI, he volta tend to be | ower
AT S PR Mo 7 LSRR B oA STerwise

woul d ot herw s@’es

(Presunabby, dginoResthdbfNepdrbte Wit'h'& %s%laﬁ’@e |dvstthan WelsrBdC8itsiRs them to

exhi bit decreased val ues flor Rsc and D, which is undesirable.) However,
i f 5 VPROG decexamppiestse ohiaired for Fﬁéow devrcesmaa welkkasvipr shifte predisesd by

val ue of NGAT, nd raise the resistance of device 108 to increase VPROG
back to near tgﬂ%_eraﬁgeﬁxpprsb%nsseen decreasi ng the val ue of NGATE

increases the resiasgdamgy, @ﬁﬁcmaﬁngld&le@doelﬁthe%édwa%kw@@é forsvyant ed,

since they are also "fast™, having been fabricated in the sanme process,
and woul d ot hearagiens N%Tﬁraéem@mc;e@beﬁaaehmwsechforre@nmmmmher t han

desired. Sim|l exa r ai ned ,for ' dev as well as for
shifts plj%duce V@PO %gfrg?n Sgrggﬁlrpglle @!ueo+source lmpe%ahc

Returning now to the novel aspects of the invention, Rprog may be
varied to adjust the source resistances Rsc and Rsp affecting the rate of
current flow by pre-drive drive devices 113 and 114. The slew rate of the .
pre-drive signal 116 can be adjusted by brogramming the source resistance
20 Rsc and Rgp of the pre-drive devices 113, 114 which affects the rate of
 charge/discharge of the pre-drive signal 116. By slowing down the
charge/discharge rate of the pre-drive signal 116, it takes longer to
charge/discharge the gates of the output signal drive device 127, and
therefore increases the amount of time over which the output signal drive
25 device 127 conducts in the linear region before reaching saturation/pinch-off,
As known in the art, the range of the gate-to-source voltage Vgs defining the
linear region of a FET device is small, and the drain current increases
linearly with the drain-to-source voltage Vps up to a saturation voltage Vpgsay
at which point the FET becomes a current source. The slope in the linear
30 region, lp/Vps, is proportional to Vgg - V1. Accordingly, the longer the drive

device 127, 128 remains in the linear region, the slower the _
charge/discharge rates will be on the output pad, and therefore the slower
.. the edge rates of the output signal.




Accordi ngly, by including device 108 in the feedback |oop for ngrl?
variations in NGATE are produced that can be used for conpensatt %}/29596
devi ation away from a programred val ue of source inpedance. Returning now
to the novel aspects of the invention, RPROG nay be varied to adjust the

source resistances Rpige pal-ddPk poftioatdfi8e tReuit A0 iPEImikH L6 e phll-Qy guftion
pre-drive drive devices 113 and 114. The slew rate of the . pre-drive

si gnal 116 can ¥dhadjrayitcachyding padsivai deviee® 183ubecorvmiciedifcee® Rsc and
Rsc of the pre-dri | whi e

char ge/ di schar g%%%gpﬁnza%-ﬁgﬁﬁé%gguéqééfn% é,‘ﬂ‘gﬁg%&c éﬁ%@gﬁalrag%&né)%eedrwe

char ge/ di schar gignisiti@Goihichedrives-tHe igate of gad dddibe 1i28. tHkepull-dogerpdrtion
char ge/ di scharg ates of - the output signal drive device 127,

t he ga e | \ ; d
therefore ¥ncr Shdes cir @t gRBTRIES SMiariyeodhe PUlHRPOTiIRE qf&b%&tm%'t,gﬁa@ggamate
25 device 127 GROUHGEckibel 198 UisLRBds ML SRR MLt GRUAINI

of f. K e art,

saturati on/ pi nch- nown i nt range of the gate-to-source
vol tage Vcs defi ni nFlGEe 4A anddB aredimimgafiagrabisTilidetrating tre sffedtiof and the

drain current increase linearly with the drain-to-source voltage Vcs up
to a saturati oWW%?%’H@Z“@/EQP%S S'%?"%Pﬁﬁedﬁierﬁ”‘t%@e‘#ﬁqs BB&B‘%@ggﬁ rgtd Plent

~source. The sl ' I N@ar; i | tianatl,L o VOS -
VT Accor di ngl 3 PREY SRyl ARG ES ihod g Tate Sy Ri B e 2
| i near regi on, sighal &hower by ke deblaed) brelisElRr4fs) switcresiglitklperesoltingdnout put
pad, and therefore the slower the ed rates of the output signal, 7

24/ 01/ 2006 TheSPRIP e%ﬁa%’ PN t@fsl@%as 10 Fham edem trBSYORSIR e GuipH
pul | -up portio hah O ) DE kA rasir i ' -125
connected in sgeigpgfs(%gglt%%ﬁﬁagﬂé\}glqé;ggglgéuﬁ%'e i(‘/ﬁ?ng%\étgﬁg’lun and
generating a pingediiove slew gatel car2®| whitehpdrdrves sighal (adieatsfd bly theesalieMinee

Ul -up porti of 9B i edilt sbigwfrdibried S R oAl e
di scharggs t hermdifidhs RRffe shwiyound. FIGS. 4A and 4B are tim ng diagrans
illustrating the effect o? ngr easi ng the source resistance of the
pre-drive devi ces oreturingdagain &b E1Gf 3, the programmable current source 131 is
implemented such that devices 108 and 110 comprise a 1:1 current mirror.
Device 110 is operated in a region where it tends to behave as a constant
current source, where the value df the current is a function of Vgsy (i.e., of
20 NGATE). That is, the current through device 110 (and 111, too) will be lpreog, -
but as adjusted (for compensation) by any movement in Vggn produced by
the error amplifier 6 as it servos Vprog 10 track Viree. Device 111 also
operates in a constant current region, and owing to symmetry of
construction, it will have the same magnitude gate voltage at a given current -
25 as does device 110. Since devices 110 and 111 are connected in series, as
constant current sources they produce and share exactly the same current.
Thus, the current through device 110 produces, or is accompanied by, gate
voltage Vggp (PGATE) for device 111 that, when referenced to Vbp,
corresponds in magnitude and direction of change to Vgsy referenced to
30 'DGND. In other words, devices 110 and 111 operate as a gate voltage
mirror. The results are signals NGATE 119 and PGATE 120 whose values

are determined in a major fashion according to the value selected for Rprog




the' output signal. As illustrated, without slewrate control, t? 2 AV
10 signal (shown by the dashed line in FIG 4A) sw tches qui ckl %/ﬁaﬁégﬁﬂé

in sharp edge transitions. This |leads to sharp edge transitions in the
out put signal (shown by the dashed |line in FIG 4B). In contrast, with the

i nvention's sl exnd 8@ v@enin @imindr 1R8I0 Sccdrding 8 vaRatiodd Pobeabesiahy the
solid line in FIG 4A), the output signal (indicated by the solid line in

FIG 4B) 15 trdfgmerahéenore slowmy. Returning again to FIG 3, the

prooramabl o cur entysousy Kidte 11T S U bt gep 100

110 conprise a 1:1 curr Vi Ce

where it tends wiidtteasignalsPGATENS2GUivethy @it of hes peshanhel PETTe{ v al ue of
the current is a function of VGSN (i.e., of 20 NGATE). That is, the current

N (i.e. . | .
through de¥i ce 19\c¢%Al0 8¢, T t3@fpowonstifte prarOENt miter wih aupureerdatio or .
ti ‘ : tooki r I er as
"t ervos viRo PECHioRa) RBR et oy RLRORCHTE o defeck! FAF sRABRIS o
current regi onsuppdsethatdhe gepymataes gelebtecCionFETUCH S ganetdtewial 1:30amierdrhe

i tud t |t t ' nt 25 as does device 110. Since
dovi ces 110" and Terduri Bk BuShal B 616 (e allaued iy denisohid beinges

t hey produce a 4 t . t through
devi ce 110 progﬂgz?;&”gyrﬁﬁﬁgggh%ghn@r{ﬁgjg%gﬁgﬁfgg%mg\;ié%e&%ﬁ%%g?ﬁfor
devi ce 11®m t hatn thMenameartbagedmsmriééng d@ﬂg%@ﬁ%?gdﬁnm ﬁﬁgcﬁhds&lﬁtoaélgo _

di rection of chan 0 VGSN referenced to . I n other words, devices
110 and 111 op&PR urf%aa: PSR MERRE. HENE.ORerROTRE drralst whighendughal s

NGATE 119 and RS, } Red | « (1R f i on
according to tﬁ@%&gﬁnﬁ&sdé‘%‘géﬁ:g or Iﬁ’%{%\%ﬁf@% 5*1?566‘%%53’65?@? a\i@r n a
minor fashi on Weoevitent1&.0 variations in process and tenperature. The

si gnal NGATE 119 drjves the gate of the n-channel FET 115, while the

si gnal. PGATE 120 dr {RRMERPPYEEWONS: ferxampipdiises thethavea venpeloiealewios
and 115 35S0 CeAs tedidinéniCAld/6 hatl FluPipiiddstot tid B¢ ddifidhal measures

-~ for slowing the slew rates is needed. FIG. 5 is an alternative embodiment of
* a-slew rate controlled output driver circuit 200 in accordance with the
¢ invention that employs multiple staged-turn-on/off output driver drive devices
1227, 2273, and 228, 228a to pull up or pull down the output pad 218 of the
20 driver. In this embodiment, output driver 200 includes a programmabie
current source 231, a pre-driver stage 232, and an output stage 233. The
output stage 233 includes a plurality of pull-up devices 227, 227a, connected
between a high voltage source Vpp and the output pad 218, and a plurality of
‘puil-down devices 228, 228a, connected between a low voltage source
25 (ground) and output pad 118. The output drive devices 227, 227a, 228,
228a, are each controllable via respective corresponding pre-drive circuits
which belong to the pre-driver stage 232 whose respective source
impedances Rsc and Rsp are programmable via the programmable current
source 231 according to the principles discussed above with respect to the
30 embodiment of FIG. 3. As in the embodiment of FIG. 3, by setting up'known
| ratios between the current mirrored devices (i.e, the ratios between devices
208 and 210, 208 and 211, 208 and 213, and 208 and 212, a single
programmable resistor Rprog may be used to control the slew rate of each of

9




proportional to the ratio of the geonetries of the devices. For .g e,
suppose that the geonetries selected for FET 115 generates a 1:%@?(?906
The current that flows through FET 115 (when all owed by device 114 being

on) is thirty tinmes the anount of current flow ng through device.108 OPROG

10 In this 'exarfﬁéq){eld?ﬁ/egé?@@&r2i1_6,529%a9226,0%%g%£%t%%ﬁ@m§%§ 0

al so constitute a 1:30 current mrror. Henc_e, sets
turn prograns 447d 22760 and@pén22B8asutrhentodl inesstepesuamer. devi ce 112 and

RSD for device 115., ] | i ions, for exanple buses that ve a
very siow ol ew 151t W57 BRertnieRthar e Pt Ab B T SeUEc R0 T Hebus,
addi ti onal nmeaserasto de aﬁh%@ﬁwéfrﬂ%iﬂl’ﬁ‘%?ﬁb@ﬁade‘hsﬁﬁ@ﬁ,etﬂe drvé level S an
alternative enbodiment of a slewrate conirolled output driver circuit 200

in accordahce WheWceH@pedanenk loan arkitrannplusslity ofi buipsit drivengtagesengoribof f

tput dri ' ' . d.228,,. 228a to pul | or | |
dounthe. out putT S o R it e sPReG RN BRes e R ras B s e ver
200 incl udes aapbitrgnapiediites ofwutwttdmrﬁﬁgé’éwtmeé&rﬁs@&vmtﬁmé%v@? and
an out put stage 233. The outﬁut stage 233 1ncludes a plurality of pull-up

devi ces 227, 289Wcedpmpsanes thakispdependrnily canticdigd byan sesatitesnd t he
t put d 218 j Il - devi ces 228, 228a, connected
out UL Pa0, 210coBating oRldtERh N Uil o

between a | ow voltage’s d output pad 118. The out put

drive devibces 227, PB38, 6A2fHhd 6B28e tinsihg diagrantolluseaimpie Mféct'gispective
correspondi ng pr e-dr_igl/g] circuits _which belong to the pre-driver stage 232

~ whose respect i VETRRINT e $opyeadpeistanescolihe multystaged progrizmdayicesomthehe
programabl e c : ordi 4 he..pringi pl discussed
DL od e € g€ Rl e SBATLiAROT Qe GiRRLOSILES: ShREHRE. o
FIG 3, by setprendrivepsignalfshonat iotheeasmanlind i EIG rétswitdHed QelcrigVi ces
(Le, the ratios bﬁlmeen devices 208 and 210, 208 and 211, 208 and 213, and
208 and 212, d°eSH{igOdn shamrdantiansitions; Rasingiorelm pesdgsctragsitions ircthet r ol
the slewate, f / 0 pre-drive.signals 216 ..216a, 226,
068 sucl? & hatﬁfga;ﬁgﬁ?nglr(isag% e%he%sggsﬁerbeh@é i B 685 1 W ntrast Quitt? s
‘invention’s slew rate control of the pre-drive signal with staged turn-on
(indicated by the solid line in FIG. 6A), the output signal (indicated by the
-solid line in FIG. 6B) transitions more slowly.
While illustrative and presently preferred embodiments of the
20 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 prior art.
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227, 227a, and 228, 228a turn on/off in a staged manner. It wll
appreci ated that one progranmabl e current source 231 may serveztlﬁfg%{,zo%
al so nmai ntain through conpensatd on, the drive level 5 (source inpedance) of
an arbitrary plurality of output driver stages; e.g., for an entire bus.
It wll further be appreciated that there could easily be multiple
arbitrary pl uralThe €limis out put driver stages, with each such nultiple
having a source inpedance that is independently controlled by an

associ at ed separate programuabl.e current source. 10 FIGS. 6A and 6B are

timng diagrams illustrating the effect of increasing the source
resi stance of tHe maAntapsdra@RdoPEenRbiliNG tHE SIehE PatB bf itRfsitRAINEIdEY 6f Of the
output signal. As illustrated, without slew rate control, the ~pre-drive

si gnal (shown by tha digitHsignal ae a node of as Ktegrated piscilggbuipiniging: r esul ti ng
in sharp edge transitions, |leading to sharp edge transitions in the 15

out put signal (shown byat first deretirivel dewicenfd?l Genémlingl a fimshtprasdrivewi t h t he
invention's slew rate c&af‘rlol of the pre-drive signal with staged turn-on
(indicated by the solid fe in FIG 6A), the output signal (indicated by

the solidline in FIG ?%tr&)r@ic}ions nore sl ow é VWhile illustrative and
presently preferred ent®difeRbPUbrdriveedovce rantialighlen by esaid difsla@eri bed in

detail herein, it is toflR siBRSSLE Q8 il i s may be
ot herwi se variously enbodi edganfeﬁpﬁ%ﬁfgggasrﬁgﬁdlgﬁgyﬁ hée!\bg]p%ée?ﬁglggkbl ains are
Jd-ntended to be construed,to include such variations except insofar as
l;ljn*ited by the prior art. 10 24/01/2006 The Clains 1. An apparatus for

\controllingthe sle tg. ransition edges.af a digital,signal on a
node of an integrat \é%[)&'ﬁrd\?é fj,év'%r‘ﬁgpirgﬁ?fg‘f PRSIPg @ prg'%ﬂ?'in@@?%l_evi ce for
generating a figdiircdfesisthh® coffr@Rdwhich Cohbls@ iRt todick\Bsidtificee
control |l able by said first pre- drive signal for generating said digital
signal on sai d 9f@aéd first pre-drive device to adjust a slope of said first pre-drive

signal to vary the slew rate of said transition edges of said digital |
signal on said node of said integrated circuit, said programmable
source resistance controller comprising a programmable current
source that is adjustable via an external resistor and which controls

said first source resistance of said first pre-drive device.

2. An apparatus in accordance with claim 1 further comprising:

one or more additional pre-drive devices each of which is
for generating a corresponding one or more additional pre-

drive signais;

one or more additional output drive devices each
controllable by at least one of said one or more additional
pre-drive signalsfor generating said digital signal on said

node; and wherein

11




; and a pre-drive device controller corrpri'si ng a prograrfmabl e 3%;1/@:@ 006
resi stance controller which controls a first source resistance (&

first pre-drive device to adjust a slope of said first pre-drive signal to
vary the slew rate of said transition edges of said digital signal on said
node of said integrated circuit, said progranmable source resistance
controll er conprising asgidopreadniwdldeving centrollesdsrfoe domiolling edéumt abl e vi a
an external resistor and which contrqQls said first, source resistance of
said first pre-drive dello€@. CPITERROBAING: [ IMRSRRINPIMNL A t NYEai m 1
further conprising: ongd@ﬁoﬁggﬁnggbqumgk_pre-drive devi ces each of which
is for generating a corresponding one or nore additional pre- drive
signals; one or nore additional output drive devices each controllable by
at | east one of said one or nore additional pre-drive signaicfor
generating said digital signal on said node; and wherein 11 24/01/ 2006
said pre-drive device controller is for controlling one or nore
correspondi ng sgi d rgspective one, or re additional pre-drivye devices. 3.
An appar at us asg'cl ai ‘ﬁﬁ@ﬁpﬁraiw a@rféa'me%&"a‘?%c’ﬂe Pk)c ,'mﬁhﬁ%&nw\‘?é‘?‘ﬂ

cor r espondi ng. seaid Ceorf@foRRRE SuRle TaLGiaRERGH iR RipeRfive B G#ddi i onal
pre-drive devices are each different than a source resistance of said
first pre-driven@eyiadditionalnpreagiive sleviceasarel eachedifferentrthaona sdurceai s 1, 2
and 3, further i SiNg.anfir ut put . transi stor having a first output
‘transistor sourrg%%g%ﬁ? (%frog%bcgﬁr 58%%'«5@"%6%3”% rst driving voltage source, a
i;)rst out put transistor drain coupled to said node, and a first output
transi stor gate.

4 An apparatus as claimed in any one of claims 1, 2 and 3,
further comprising a first output transistor having a first output
transistor source able to be coupled to a first driving voltage source,
a first output transistor drain coupled to said node, and a first output

transistor gate.

5 An apparatus as claimed in claim 4, wherein a first pre-drive
device comprises a first pre-drive device input coupled for receiving a
data signal, a first pre-drive device output coupled to said first output
transistor gate on which a first pre-drive output signal is able to be

generated, and a first pre-drive device control input.

6 Apparatus as claimed in claim 5, wherein said first pre-drive

transistor has a first pre-drive transistor source.

7. An apparatus in accordance with claim 2, or any one of claims
3 to 6 when appended to claim 2, wherein said source resistance
.controller comprises a programmable current source for controling
said first source resistance associated with said first pre-drive device,

12




5 An apparatus as clainmed in claim4, wherein a first pre-drive |
conprises a first pre-drive device input coupled for receiving 35&123006
signal, a first pre-drive device output coupled- to said first  output
transi stor gate on which a first pre-drive output signal is able to be
generated, and a first pre-drive device control input. 6 Apparatus as

clai med in clai rar@, saideore or sade additionalr soutce wesistarmesasdoniatbd swith f i r st
pre-drive transistor source. 7..An aratug i.n accordance with claim?2, or
any one of cl ai r@!fgn?gr@qm@[nglaﬂgﬂﬁédd@\@ a?‘é{f;‘?ﬁﬂ, wherei n said source
resi stance controller conprises a programmuable current source for
controling said first source resistance associated with. said first
pre-drive device, 12 24/01/2006 and said one or nore additional source

resi stance assoé at ed\RRAIFUS AF daed ét clamne2,serdany enalof piaims 3\e Gevi ces.

8. Apparatus as i ] |l r n f cl aj . en
appended to cl ai“srﬁeg', g\?ﬂ%b@?‘?} tga%%i?'symsgéﬁﬁcga' egf%?%@gé 'E?%Eﬁ%%%]er
conpri ses; an opentbller@mmigalsi fier having a first input coupled for
receiving a reference signal, a second input coupled for receiving said

programmed signal, agf @peﬁﬁ:@h@ti@ﬁ?ﬁﬁeﬁmﬁb%ge% TSP WPRN couble@n fér
difference signal representing a difference between said reference signal
and sai d progr afffSIVIRg ghagferencghpignab aeecgbd dnpulegoupledifostreceiyingi st or

source, a 111 st SHRRtoREHorRatisthl fud b Srefal PR il bfy | 7
{optput, and a fwhich &r difeerericer signal nep@sehtilg 4 aiffdriefict | hstveenpeaidof said

operational anmplifier for receiving said reference signal; a second
transi stor haviiRergnsacsianal r and; saier egraramesl signal e ablepltedbeo said

first voltage SG&H&rited? second transistor gate

a first transistor having a first transistor source able to be
coupled to a first voltage source, a first transistor gate coupled to
said operational amplifier output, and a first fransistor drain coupled
to said first input of said operational amplifier for receiving said

reference signal;

a second transistor having a second transistor source able to
be coupled to said first voltage source, a second transistor gate
{D coupled to said operational amplifier output, and a second transistor

drain;

a third transistor having a third transistor source able to be
coupled to a second voltage source, a third transistor drain coupled

to said second transistor drain, and a third transistor gate;

a fourth transistor having a source able to be coupled to said
first voltage source, a fourth transistor source, and a fourth transistor
gate coupled to said operationa! amplifier output and said second

transistor gate; and

a fifth transistor having a source able to be coupled to said
second voltage source, a fifth transistor drain coupled to said second

" 13




coupl ed to said operational anplifier output, and a second tran
draPn; a third transistor having a third transi stor source aM(;iéyﬁi/zoos
coupled to a second voltage source, a third transistor drain coupled to
said second transistor drain, and a third transistor gate; a fourth

transi stor having a source able to be coupled to said first voltage
source, a fourt prercdrivei taansistepsouree, and aofiftotranbistor yyadé sbopleddatsaidoupl ed
to said operatiqﬁaé anBJ'fier out put and said second transistor gate; and
a fifth transi stordHzp ﬁgﬁéﬁg%urce able to be coupled to said second

vol tage source, a fifth transistor drain coupled to said second 13

24/ 01/ 2006 pre-drive transistor source, and a fifth transistor gate coupl ed
to said third transistor gate. 9 An apparatus in accordance with claim8,
further conprisihg: A arRaalsdoBseerdangayvith dairn Sy fuithes coswmsisingsut put

transi stor source able to be coupled to a second driving voltage source, a
second out put transi $tsecandaputped psinststarohaving ansdeondiodipat dearmistor out put

transi stor gate; e d -driv vi ce having a second pre-drive device
nput coupl ad f SPORECEPE it b8 publach i) Sapod, Buon o BPse: Sevi co
out put coupl ed tecomd GugRR ARFhsHbPBEaih 'ANPIST B sERE Bod@nNshd a 866
pre-drive device control input; and a second progranmabl e source resistance
control | er coupPetput frgnsigfar gad&ond pre-drive device control input which is

for determning a second pre-drive device source resistance of, said second
ﬁe-dri ve device basesboondsprieedveodedoadthving masecarte pei-drigaidévioecond pr e-
‘d

I ve device copprises: a third pre-drive transistor having a third
pre-drive t rans{ﬁgf’k)rco bt "%Cf%[}wr'ﬁdsﬁ'ﬂedah Vel ’aﬁsﬁg??ﬁ‘?cﬂrﬁl' V€oupl ed to
said second device output coupled to said second output transistor gate, and a

second pre-drive device control input; and

a second programmable source resistance controller coupled
to said second pre-drive device control input which is for determining
a second pre-drive device source resistance of said second pre-drive
device based on said programmed signal, wherein said second pre-

drive device comprises:

a third pre-drive transistor having a third pre-drive transistor

source, a third pre-drive transistor drain coupled to said second

&

output transistor gate, and a third pre-drive transistor gate coupled to
receive said data signal; and

a fourth pre-drive transistor having a fourth pre-drive transistor
source, a fourth pre-drive transistor drain coupled to said second
output transistor gate, and a fourth pre-drive transistor gate coupled

for receiving said data signal, wherein said third pre-drive transistor
and said fourth pre-drive transistor comprise opposite ones of an n-

type transistor and a p-type transistor; and
said second source resistance controller comprises:

a sixth transistor having a source able to be coupled to said
first voltage source, a sixth transistor drain coupled to said third pre-

4




output transistor gate, and a third pré-drive transi stor gate co# Qil ?3%
receive said data signal; and a fourth pre-drive transistor havi 1/ (W]

pre-drive transistor source, a fourth pre-drive transistor drain coupled
to said second output transistor gate, and a fourth pre-drive transistor
gate coupled for receiving said data signal, wherein said third pre-drive
transi stor and dipdransgiston spurcedrande at siaths transistor gyte i eptarb ts isail ones of

‘an n- type transj p-type transistor; gnd said second, source
resi stance cont %8%}%[0“%8%@"@%[‘83&8U£?1}q ﬁa'{jr%QP@g!@PS[%Qﬁ Qﬂjeaa'%%ur ce able to
be coupled to said first \{glta e source, a sixth transistor drain coupled

to said third pre 14%3¢¥NBd toy fayingna; squsee ablp de beysaualed to h
transi stor gatesgRUBbSShd Yotabd! sovR, 34 iéé@@htf?%h%its{o?rdr%m BHEPl%Hdtosai d

second transistor gate;, and a seventh transistor having a source able to be
coupl ed to sai §aisifeurtl preldring drassistorsowcsevent h transi stor drain coupl ed
to said fourth pre-drive transistor source, and a seventh transistor gate
coupl ed to said thirdndrassvaithrirgaistor Hate doupiphadoadais thind aceeistance with
claim9, wherein_said second driving voltage source is substantially equal
to said first dg?tsﬁ'ng vol tage source. 11. An apparatus in accordance with
claim8 or claim9, further conprising an external progranmm ng resistor
having a first termnal able to be coupled to an external voltage source
and a second termnal coupled to said first input of a said operational

_ ﬁml ifier and %@ dAniapparatuaniniascordamcaiwith ¢lim 9, wherein said second

driving voltage source is substantially equal to said first driving
voltage source,

11.  An apparatus in accordance with claim 8 or claim 9, further
comprising an external programming resistor having a first terminal
able to be coupled to an external voitage source and a second
terminal coupled to said first input of a said operational amplifier and
- said first transistor drain.
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