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CONTROLLED QUTPUT DRI VERS Field of the Invention 5 The present Udyamgigmz~
pertains generally to variable inpedance output drivers in integrate
circuits, and nore particularly to a binary weighted thernoneter code for
controlling the output inpedance of integrated circuit ouégut drivers due

to variations i nBiNARYAMEIGHKED THERMOMBTERLLODENGOR BYE LANTROLLEBDBack
around of the Invention |Integrated %Qmpgygg nly packaged as chi ps.
n

An integrated circuit within a chip with the world outside
the chip through netalization |layers on the outside of the chip known as
signal pads. In order for an integrated circuit within the chip package to
send signals outside of 15 the chipfﬂﬂﬁﬁiﬂﬁlﬂﬂﬁﬂﬁﬂmts" drive signals onto

t he signal _pads on t ' : [ i '
chips are 8onnect ed ?@%@ﬁ%ﬁ%eﬂil?%hgﬁa@gi%r?eg@es \%r?\i%\kg}w a s%’r?éladl{tggges,
t hereby al | owi ngrivisrsini integratethcircuits s mate iplaetiotdriyctol dbinafhwelgtded! pads
on a chip are connected to the packa ingg;f the_cq%f 20 (e.g., a pin) '
which is then crfEemeder epde for gaairolling &e ewpyt impedanseafinteorated cafichituni ch
runs to anot her i d i it U | [
el ectrical conn%‘?:tp Pgﬁﬁ\g%rgt “%t{s’ﬁ’éhéf'&@a@ @épougﬁ'&{rﬁg& r%g.%{%.éllb ﬁag%'%%e chip
to the signal temgperatdecharacterized by parasitic resistance, inductance,
and capacitance which interferei wi,.th the iiagsni%sion of the signal from
the 26 sidhal pad. The transm ssi cs of the printed
circuit board sign &t di ' ﬁﬁwﬂi a&ﬁﬁa d Ehib€Si ﬁ?ﬁﬁ
capaci tance, and i ﬁb&écq ance%"tcgﬁgfgr? E? r erhl/ggevl thrt éeé gﬁ’gﬁ f‘;’t 0 ﬁteed
transm ssi on ofcitcuit withimal chipp communicateg with thedvorll dutsidetthe chip hyougly add
to the | oad inpedance.whjich nust be driven by.the output driver circuit.
50 Due to the PRPELEAtoN layers P RieSlteiklsafie, fhip KipwR pR siarich REge. i oFiers
present on chi ' ' buit Gf ' 3 ahdi ' ' t hat
D ver" hase. s EhSn EBrRREEALN AERENMEL bRl s il el 1
excessivet1s  the chip, “driver circuits” drive signals onto the signal pads on the exterior of
the chip. The signal pads of various cHips are connected together by
transmission lines known as signal traces, thereby allowing communications
between different chips.
The signal pads on a chip are connected to the packaging of the chip
20 (e.g., a pin) which is then connected to a signal trace on a printed circuit
board which runs to another integrated circuit chip or electronic device. The
electrical connection of the signal pad through the packaging of the chip to
the signal trace is characterized by parasitic resistance, inductance, and
capacitance which interferes with the transmission of the signal from the
25 signal pad. The transmission line characteristics of the printed circuit board
signal trace itseff, including parasitic resistance, capacitance, and
inductance, also interfere with the quality of the transmission of the signal
from the signal pad. All of the foregoing add to the load impedance which
must be driven by the output driver circuit.
30 Due to the parasitic resistance, capacitance, and inductance which is
present on chip-to-chip signal interconnections, the driver circuits that drive
those signal interconnections are preferably designed to avoid excessive

voltage swings when switching occurs (particularly for high speed or low
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vol tége swi ngs when sw tching occurs (particularly for high speed or |ow 1.
power 1/0) . Excessive voltage swings are known as ringing. R nging nust be
avoi ded while still switching as fast as possible to neet the high speed
performance requirenents of nodern integrated circuits. As known by those
skilled in the art, it is inportant to match the output -s inpedance of a
gi ven signal dr power{/O)t r&wbavaabhagsswmgsrmedmmaﬁrimgiag Rlagmg\muston

[ it dri d | flect |
i L chi ng. ot nbeamdas i S wRiNG s tet LA boiiads b tlE higttspeed™
Mat chi ng the i m@aﬁgﬁﬁén@é rétfhn@rﬁé}% oFHdb%rrn‘irﬁeéifﬁe&Bﬁ‘élﬂt%t eristic i rrpedance

of the signal mssion [ine is problematic for several reasons.

First, process vari afisdtmowmbythase skilledno theraott xias mnpmprmt@ma;sh&m output

|ntegrated CII‘CUItS such. as.the.transi stor | ant,i n ev t he

el f oot ve. gt HBpoatiElr A BvePaiand ivet B el el BRsBnes T e 'he

thickness of therap8hfission e itideives Iiraamestt@bsmdaéaghélheﬂé&tfohsswértormﬂagéance

can cause the output |nmpedance of two sup osemf/ dentical circuits'to
eisirg

di ffer. In part ievel awitchingiomthepad, nndrtper@foreeu bletsignal segeadationes s

e Tuncti on to be Mtk BSEEHE, 5 art itk iiver 18R SRRl o1 1y
words, two supp@figéd a’ndéi@lfﬂwb@#nallﬂfaﬁﬁﬁﬁé@@h fihé fsbbrb’élé?ﬁa‘tlcféﬁéévéﬂal peBsoRis. al |
of the process ararreters hese paraneters approach the fast case, the

resi st ancetfof nEif§t, PHRgRISMANAtiaNs mheranfdn ithe manufacturrg grocess|of integrated

DheCT teal Ssase. Erpds, slieh BE1E SanBRIA TpRinting ddbind vk, te BiEeNE efflh of [ O™
resistance of tbhanmels irethepfeld effectiransistord (FETE)ptHesthidkness.of the daiesoxide
situation is referred to as the "slow' case. In addition, variations in

vol tage and t enfréiteansisorsaand4be diffugiqnutesistance sancause theoptautimpedanee of
a given chip. SBf’&H é&%&rs?égtlﬁ i&%nﬂ&él‘&ﬁﬁuﬁé’i&’&ﬁfsr' m)ééjfﬁ?ﬁﬁr SAMialighy i in any or

significantly between lons 1n e operatin even w
smal | opersmt i ngall of thegabove pmess paeargeteré. oannausmdifﬁxmtphtegrateﬁeﬂrcuhe

tonper at ur o, 1 hiPRRCRLARAOT the AMBAFBHRIIA Dasiassied a8 pannnomical,
'bgg ;eases ' ” VbPHasF, MBI Wetds Vo ﬁfﬁp%sé&ﬂfﬂéﬁ{fc%l Ritégrated birdt fifsedipV ©
vary in any or all of the process parameters. As these parameters approach
the fast case, the resistance of many components within a chip is decreased.
20 In the opposite extreme, as the process parameters stray further and further
from the ideal case, the performance of the chip is degraded, specifically, the
resistance of the many components within the chip is increased. This
situation is referred to as the “slow” case.
In addition, variations in voltage and temperature can cause variations
25 in the output impedance of a given chip. Specifically, the driver output
impedance can vary significantly between variations in the operating voltage
even within a small operating voltage tolerance range. In another example,
when the temperature of an integrated circuit approaches its maximum
operating temperature, the resistance of the integrated circuit components
30 increases.
In view of the above, variable impedance output drivers have been
developed to allow adjustment of the driver output impedance due to

variations in manufacturing process, voltage, and temperature.
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devefoped to all ow adj ustnent of the driver output inpedance due to
variations in manufacturing process, voltage, and tenperature. 2 , i . One
prior art technique for acconplishing inpedance matchi ng of output pads
for integrated circuits is described in U S. Patent 6,118,310 to Esch, Jr.
and assigned to the sane assignee of interest, entitled "Digitally

Control | ed CQutput DrOnerpraorcart\H:hmquédor acqoenplishingvimpedange, matehéinghob

i ncor porated by ref

doscr i bed ¢ her BHIPUE Bﬁg?”a iated bt ntbselberim -8 Paot Bl 4 A1 g,
programmably engRhhn g%@gg ﬂwm&éarﬁEE%sqnbérw%eréstpéﬁmIéde'Duymrye
ose t he

combi ned i npedance c es the characteristic |npedance 0

transm ssion |i Sentmnetsmm;npirmm:erand Methodfor Impedatoecdatohingit hereiner s

control | ndor aeeBtiRd Sy (EFELRR 0ATinaR i thathasn o R BHlidd BRscisy

control. code i thepgimabathut uﬁvernﬂfﬁedeubématbhmgl:srﬁeemﬂpﬁsmiwrks i mpl ement
a therrmneter code whereby when an nth-order_signal is activated (set

to "1 ") all of pragsammakly enabling@ combination QKfE'Fﬁ ewang%# & paraliebwhpset ed.

act f‘vgi”eﬁ and 1 RAToaiect it bR EERARNAR TR Y A BafdktbreticTnberkheRet €7, o

out put i npedancgahsémissidh ieed. Accordingly, at |east one leg is al ways
activated to ensure that during the switching of FET |egs on or off, the
FET |l egs dPe never sﬁ“@ﬁlﬁ’é’@f ag verighledmpegence gutput dGHe@rtYPiCéEY\%P%PUWm ch

woul d tesul t | iydrspikdlel Bodd'or 840 PYAT i REARAT ol cortrch W URIIABSE,

pure 11-bit thefrnone wher ein
represents an itherchargedh mnbuttlmedanee whendhe PO% cEmBi!E:oUe\M upuam V‘B\ Wl

V\BV\B\N/V\BV\D\MOAmtanceI = 1/2) (£) 10000000000
111100 0 opartigularthg "Ilpeﬂa" &@f&s &nelems?t@ @W@e’fﬂ ¢odeg33

whereby when an nth-order signal W, is activated (set to “1”) all of the lower-
15 order signals W to W,,.1 are also activated. In a pure thermometer code
impedance matching circuit, a first FET leg is activated and then each
subsequent FET leg is activated until the desired output impedance is
achieved. Accordingly, at least one leg is always activated to ensure that
during the switching of FET legs on or off, the FET legs are never switched
20 from all off to all on or vice versa, which wouid result in a spike in the output
impedance. Table 1 illustrates a pure 11-bit thermometer code, wherein
each bit 0::10 in the code word W represents an incremental admittance step

of 10%.
TABLE 1
Wo Wy W, W3 W, Ws W W; Wi Wy Wyg | Admittance |  Impedance
(Y=1/2) 74

1 0 000 00O O O 0 011 1

11 0 0 0 00 O O O O|1+1 .909
111 0 00 0 0 0 0 0/{1+2 .833
111 1000 00 0 0}1+3 .769
11 11 1t 00 00 0 0)1+4 J14
11111 10000 0]|1+5 667
1111111100 0}1+6 625
1111111110 0{1+7 .588
1111111111 0;1+8 555
111111111 1 111+9 526
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.769 1111100000

1 11110001+.6 .6
1 101+8 .555 11111 :
526 25 39" " Inillustrated in the exanple thernoneter code of TABLE 1,
the controll able range of sensitivity of output inpedance is limted to

between 1 and . 526,InWustrated intheaxample thermameieacgde o WABLE 4 the0% f or
h st As al illustrated by.TAB th de .

Fequi res one bigenoHeBed3EAS of Sereic g EinRsdEnge ¢ [iBteH npetheend o

pure ther nonet gndc @96 Wﬁeréiﬁ‘%é aaman@srchaﬁ?@a by O £0f 10%efcr fedich step! roI

lines) required to a I'low a | ar range of put “i npedance. The nunber of

control lines |A&:a|§asllh5’traée¢bmg'ﬁtalaﬂ lya pure thermemater oode wpuirescons bis for

aam ¢t ance ol PREToRh, APy R ofthe sralBiuds o B f8lErdatde T

the PVT cont rolthgilgrgeiduniset of bitt(ehd theréfoke controblings) fﬂ@éunréﬁtdﬂlﬁv@bdaﬁd@;e
nunber of lines reqU|red for adjusting it to the nearest 10%

Al ternativel y, range of auipat ueeed%ru:ec oThenaue&@éof gentrellpesdncreasesist abl e

changi ng The. adkPPRaallgh fe:ieareS of A ERTHeR sehall Pofsdies £l ™

l'ines) woul d bexaasple itH wolrkd be diesirhble tolsté tihadwmittanceaste 4% noider to t y
range for adjusting the PVT.out put |rrpedance i s desirable, the nunpber of

bits r ﬁq uld ed tiRcrease thasensitivily ‘%flﬂj’ﬂ‘fﬁ eRrthe P soptrolaireyitwauld yequire g ah
Poal corate req it fingl o SoaRs g mBerIfes Feglih it By sty el P

probl ems i nher ;glaredtt10%. Ntematlvbm iﬂimewd@simd tosintriease tiee ednge pir e bi nary

wei ght ed code wher eby each t he control circuit co ses
r e3|gst i ve devi @gf Inputput i |m %dance from to 0.25, in the example of ‘FRBLE 1 w?th

each step changing the admittance by 10%, an additional twenty bits (control

1
0

PRk

6
1
1

15 lines) would be required.
' Accordingly, although an increased sensitivity range for adjusting the
PVT out‘pﬁt impedance is desirable, the number of bits required to implement
any significant range of sensitivity using a pure thermometer code is
- outweighed by the added design complexity and chip real estate required to
20 implement it.

An alternative solution to the problems inherent with a pure
thermometer code is the use of a pure binary weighted code whereby each
leg of the PVT control circuit comprises a resistive device having an
admittance corresponding to a combination of its binary weighted bit

25 position. In other words, each leg has an admittance of 26t Pestonly where Y
is a predefined minimum admittance appropriate to the design. In
accordance with the binary weighted code, if bit 0 of the calibration word
controls a FET with admittance Y, bit 1 of the calibration word controis aFET
with admittance 2*Y, bit 2 of the calibration word controls a FET with

30 admittance 4*Y, and so on. In effect, as the calibration word binary count
increments, more resistors are added in parallel in the driver FET array, and
the output impedance Zoyr drops. TABLE 2 illustrates an example binary
weighted code.



adnittance corresponding to a conbination of its binary weighted bit 25
position. In other words, each | eg has an adm ttance of 2(b't pos't'on)y,
where Y is a predefined mninmum adm ttance appropriate to the design. In
accordance with the binary weighted code, if bit 0 of the calibration word
controls a FET with admttance Y, bit | of the calibration word controls a

FET W th admi ttanceAgéofdingly, @2nedd éxistsdfol aP\AT b@ﬂr&ﬁr@oﬁb@t@@hﬁnqﬁneﬁﬁ&w th-
30 adm ttance 4*Y, and so on. In effect, as the calibration word binar

count i ncr emenglOws:fara highes putput &F@Qﬂ!@@d ange with-fawee controllinesawhiler * FET

array, and the &%}lg % ates an exanpl e
bi nary wei ghte Qﬂhgﬁgﬁgcorgfen ,ta necd e s 8%'%’@?“@% control

encodi ng techni que that allows for a higher output inpedance range with
fewer control lines, while preventing spikes in the output inpedance on
the signal Spads. 5 Summary of thei‘iﬂ&ﬂebﬁ‘ﬁl&fﬁﬁ&b invention is a
novel variabl e | Tpedefe prevsrbiivetibh & a 608t Vdhlabfd ifptidar8butBlIAdiC"

progranmm ng the sane enpl oys a binary wel er nomne e when
adj usting the ocontrol clmpmaadmtbbddcr pmgrqmmmg theaamathatleenploys)aamnawnt

variations in PraL volta an erat nctiopal ly

i dentical chi psW 'Qﬁlieft "ﬁﬁ%ﬁ%‘ﬁ’g? ﬁt?og#é‘? 8H pé’g @%%%" {' range
of sensitivity o8 preventing
spi kes in the o%“t’ btallwrraprgggak;cee on ﬁ%@l@h@lowmdﬂﬁwéé??g?%néc@wth one
enbodi mentio of tﬂemperamne iagrassfubctionally identisabithipsl Thecmmgsehemedﬁ the

enpl oyed in a vari edan e ou

adj ust the out gliYe? ot \ée%? "BSlﬂfS%hlﬁeler : %%Wm [m@'hi? éé%l 2oy

i mpedance out pudorfifdl Yisés Wh'ilérﬁ?évéi'itihg@pikésﬁn tﬁéaﬁtpwhﬁsea&ﬁéé@nwég 'fy of
resi stive devices each programmably™ el ectri cal connectabl e in parall el

between a firstPathl tage source and the 20 si gnal pad The plurality of
et of the reststivandgpiAricE it oh BrfhdliteRt ot he SariBhya Bl a ol
manner t o1gl ectweightdd/theshbAritercdtleds efiploysd :ﬁ@eanétﬁélnﬁbéusné@uuw in the
first set bet ween the first voltage source and
driver control circuit to vanably adjust the output impedance of an output
driver circuit. The variable impedance output driver control circuit is
configured with a plurality of resistive devices each programmably
electrically connectable in parallel between a first voltage source and the
20 signal pad. The plurality of resistive devices are partitioned into a plurality of
sets whereby a first set of the resistive devices may be programmed in a
binary incremental manner to electrically connect one or more of the
resistive devices in the first set between the first voltage source and the
~ signal pad. Only after all of the resistive devices in the first set have been
25 electrically connected between the first voltage source and the signal pad
may a second set of the resistive devices be programmed in a binary
incremental manner to electrically connect one or more of the resistive
devices in the second set between the first voltage source and the signal
pad. Additional sets of the resistive devices may be likewise programmed
30 whereby only after all of the resistive devices in the previously programmed
sets have been electrically connected between the first voltage source and
the signal pad may an additional set of the resistive devices be programmed
in a binary incremental manner to electrically connect one or more of the
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signal pad. Only after all of the resistive devices in the first set have
been 25 electrically connected between the first voltage source and the
signal pad nmay a second set of the resistive devices be programed in a
binary increnmental manner to electrically connect one or nore of the

resistive devices in the second set betwegn the f t @ tage source and
the signal padresisiiiedeyices in dhe additiongl set Pﬁ’@%ﬂﬁ’eﬂf% QHCP| se

B Ty SP oclE eI WY Prefenf, at R f@ﬁeb?ﬁﬁr%%téﬁv&%\é%%é it BiddAfeally

previously pro s have en e ectr connect ed between

first voltage sestirseted Betviden thedirst vqmgerm)arwamldlghabpadl atall tm‘festﬂme

resistive devices be programmed .in a nary I ngc nne
el ectrical |y cobfe¥ept ameutput ippedance $pi %OFég?ﬂgr\?geﬂévNQ iqr@ IY'h%aCh

addi ti onal set g@ﬁ% i tt?é]ﬁce%gjb’r%

Pr ef er abl y, {;&g one &?3 th%zér%ig)l stive evf%gg&ﬁg] %g?ﬂrslgﬁ;gi,llré;%ary
connect ed bet wewalghtm todes to incteasgdhe outmd impedanemedngeawithin the Irespeativet o
prevent an output inmpedance spike on the signal pad. Additionally, each 5
respective set $#L t he resi stlve devices preferably inplenents a pure binary
wei ght ed code to incy QWi BhofheP SFHmEAn GRthiiikvrtioh) & dcﬁﬁWCt'Ve
set. In accordance vm a er embodi ment of the invention, a control
circuit for a varowttfoeal\nanabmmpedanpenutput‘delwat:cww includes afst setrofr st set

st vol fhge sBertie deicBREHa TRty PGl anhebbiy bofah ATStcy: Ces
pr ogr ammabl y e'\ﬂﬂfagecélidré’e ﬁﬁﬂm?ékahh%é&tmﬁd&tfdﬂréélsm dégeesour ce and

the signal pad, a controller rograms in a binary increnental

manner el ectri cmogwnnabty elnctﬂcatly\eomme@ableehetweee theifiist voltage, soureei anss

ohary "+ nor ordhe ol et S0 BRUTBURF Bk d0BbeRR T R naresialy " °

resistive deviggpnbeépesital Snridotish of the AE sEDON Sid AdsistiiedddVicasBetivden
when all of the resistive devices in the first set are electrically

connect ed 1bet welbe firslvaliagetsoures ang sighel pad and wvhich REagramg. in enkinabht r ol
ot ogr armmbly. o BEETPERE| (lanfRf SlecticAlthindthBh of fie seoddserr klistify "2

si gnal pad, *whedéives betweentthe Iﬂrﬁwoltagegbam and sighalnpad onlyawtesreall of thranner

| ectrical t f h
electrical con nr%(élsltt\c;g d%vncgg%n the first set are electrically connected between the first

voltage source and signal pad. The control circuit may include one or more

20 additional sets of resistive devices programmably electrically connectable
between the first voltage source and signal pad, whereby the controller
programs in a binary incremental manner electrical connection of each of the
additional sets of resistive devices between the first voltage source and
signal pad only when all of the resistive devices in all of the previously

25 programrned sets are electrically connected between the first voltage source
and signal pad. The control circuit preferably includes at least one resistive
device electrically connected between the first voltage source and signal pad
at all times. [n the preferred embodiment, the resistive devices are
implemented with field effect transistors (FETs) and each set of resistive

30 devices implements a resistive binary weighted code.



addi t'i onal sets of resistive devices between the first voltage source and
signal pad only when all of the resistive devices in all of the previously
25 progranmed sets are electrically connected between the first voltage
source and signal pad. The control circuit preferably includes at |east
one resistive device electrically connected between the.frst voltage
source and signal pad at all tiBrefDdsceriptien pf thecDrawdngnbodi nent, the

i stive devi i npl enent ith field effect t . st T d
e e RS B End Yoo sl o ook RHEroocE bt 4 %50 B thel GAgng”
code. 7 Brief Daéﬁiléagfeearsa;oﬁ %Reﬁ"i@&b%ﬂnﬂi& Wit @R HRwing il whrsHae er |

ng of the follo

under stood froma readi ng detailed desCription taken in
conj unction wi t tefetencerdesignatons atkiused|to designetelikeelements, gngt iprwhighe used

to designate like el ngs, and in.which. .5 FIG, 1] lLc k
di agr am of %a vari abl EEN{)@Q%ﬁE‘%e'Bﬁ?%*OGQ@qQ@W g X%'??bﬁe %ﬁgga%gc}esogip%
schemati ¢ di agr gayeér ciriti mpedance network inplemented in accordance with
the invention for the variable i npedance output driver of FIG 1; 10 FIG

3 is a flowhart of FK3. 2Zistaschematiodiagram ofiagimpedance netwerk dmplemented

i ththe  nvont INAFCoRRC R tE phfon, fThE Gatifie)FReBARE BlipiR afigRore
of a variable Fppepance output driver; 15 FIG 6 is a schematic di agram of

the variabl e i npedance output driver of FIG 5; and FIG 7 is a schematic
bl ock di agbam of an Fipedisne Bowehaw ok thecwmethasl ofdheriventiont r ol i ng t he

| npedance of the varhﬁ.lhﬁg %g@q%ﬁéﬁ%ﬁq@g?&%{gﬁ* fn W\Q%aﬁbe%e BrIPet ail ed

Description A novel Creasl ng € sensitivity range

of a variable gomtesiienanplemented v agcordancs with the imsentions described in
detail hereinafter. Al though the_ invention i s described in terns of
specific illustratiFiS.risoablaskdiagram of an @Bemtlvmee&ﬁ%en&%ﬁ varigble

iITustrative  pnedance output driver;
15 FIG. 6 is a schematic diagram of the variable impedance output driver
of FIG. 5; and
FIG. 7 is a schematic block diagram of an impedance network
controller for controlling the impedance of the varia_ble impedance output
driver of FIG. 6.
20 Detailed Description
A novel method and system for increasing the sensitivity range of a
variable impedance output driver control circuit is described in detail
hereinafter. Although the invention is described in terms of specific
illustrative embodiments, it is to be understood that the illustrative
25 embodiments are shown by way of example only and the scope of the
invention is not intended to be limited thereby.
~ Turning now to FIG. 1, there is shown a block diagram illustrating a
driver circuit having a controllably variable output impedance. More
specifically, the driver circuit includes a pull-up predriver circuit 132 and a
30 pull-down predriver circuit 134. As is known, the pull-up predriver circuit 132
operates to drive an output value from a low state to a high state (e.g., logic
zero to logic one), and the pull-down predriver circuit 134 operates to drive
an output value from a high state to a low state. NFETs 114 and 115 are
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25 ehbodi nents are shown by way of exanple only and the scope of the

I nvention is not intended to be limted thereby. Turning nowto FIG 1,
there is shown a block diagramillustrating a driver circuit having a
controll ably variabl e out put inpedance. More specifically, the driver
circuit includes a pull-up predriver circuit 132 and a 30 pul|-down
predriver ci rCUdhvériiﬂy the output bbthe pulkep paedrive circeiti1 32 anddhe puill:dove?

oo LD O Vet 48 bt AR ool L P o

to d tfeen nldddeand
125 ;Ir \ées 3p| \C/’ghﬂgil/\etflﬂzjgvr{léﬁ’@tﬁ?@I%gnﬁf%_ﬂﬂ%&ﬁ! ebéf‘m(sa? ci rcttilﬁlil 7?132 an%nt he

pul | - down predof MFETcT 14 ant thesouncesyoelet GANFET THSe Aswill be furtheudesasingslit

is that value seen on. line ich is, the electr nt
bet ween t hé dr aimcwwafmmﬁé% P\i\h nJApedanc §6‘&kv¥ Wsﬁt%ﬁﬁ%ﬁdﬁ%ﬁé%p

wi ||l be further 08 TH Smpbedashite Hagaante0 net wor k
100 is |nterpose'ﬂi'eIé)ig'g.'a/eplglfréa %%gng?gwngﬁ%ﬁlbedmlw and n'BF?hee drlever pad 106. The

i npedance net vvopkoﬁms agontrolirbly ¥atahle impedance. which sewes g vanhthe ovlput h

boar d trace | ryrp‘gﬁﬁﬁ e iERRRIC G DR Parf e thpsdafBeThd IV 100
is control |l ed Et Jﬁéﬁ prefided sithe iﬁ'ﬂdédaﬂibé netiverkt100f isfcbﬁtrbﬂwdyrwﬂtrol
e

network 100 is ro to the dri'ver '‘pad 106 via conductor 104. To npre
particul ardoy desireiiibd10.Ehe output of thesimpesiaacemeswors 18tis roptadtothedriver wor k

100, reference is 2, which illustrates this circuitry in

made t0 F
nore detail. Sp@@fj%a‘f'?fonfjﬂ%m (@gdance network 100 is 15 shown in

relation to the signglg hbfé‘péﬁéulaﬂ?ﬁeseﬁ@b thenétredture ardioperktion ofithe
i npedance network includes | ura

resistive devices 11
el ectrically coimpedarce e npe feé%"leﬂé@r*ﬁ paw madg to BIG. %d‘vmlpé@i’[-'fg'&“eq n

the preferred t. [ o gent ed
with field eff gﬁ?%ﬂ#‘gﬁgi'g ér}g dﬁ—@rg‘%‘%@ut ’otﬁﬁanéé&aﬂgé)grrentﬂé SI ng ot her
20 conponefy s sghbwhAdn felation 16 the slgnaldmee‘tOZ/\n‘l’lOH andmntrbl citouitt 10, gihef er r ed

enbodi nent, each of the FETs 111-120 is defin hanne ] h that
defines the admmPQ%@%BGM'W%PWWg Me\;&v&ps(" (@A']g turned on

to conduct cur ghicalGRRAnEEEdth PeralRT bRwSkPie kA 028RE RS 08, bRkHEEN

preferred embodiment, the resistive devices 111-120 are implemented with
field effect transistors (FETs), but could be implemented using other

20 components such as a resistor in series with a switch. In the preferred
embodiment, each of the FETs 111-120 is defined by a channe! width that
defines the admittance of that FET d_evice. When activated (i.e., turned on to
conduct current), each FET provides an electrical connection between line
102 and line 104 thereby allowing current flow and contributing to the

25 combined parallel resistance of the impedance network. When more than
one of the FET devices 111-120 is turned on, they act like resistors,
combining in parallel to provide a lower resistance. In this way, the output -

impedance of the driver circuit may be varied.
In accordance with the invention, the resistive devices 111-119 are
30 partitioned into a plurality of sets 121, 122, 123. In the embodiment of FIG.
2, set 121 includes resistive devices 111, 112, 113; set 122 includes
resistive devices 114, 115, 116; set 123 includes resistive devices 117, 118,
119. Preferably, the first resistive device 111, 114, 117 in each set 121, 122,
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102 and |'i ne 104 thereby allowing current flow and contributing to the 25
conbi ned parallel resistance of the inpedance network. Wen nore than one
of the FET devices 111-120 is turned on, they act l|ike resistors,
conbining in parallel to provide a |lower resistance. In this way, the
out put inpedance of the driver circuit may be varied. In accordance with
the invention, iahd 123 respectivelyyviscaimrddérizebbyar aditittarce of 10%af thet o a
plurality of sets 121, 122, 123. .In the enbodinent of FIG .2 set. 121
el udes”  esi ot FOMEIEA dARMEES of 8 of e Bresikusiags; and fsdesishive Hevics
devices 114, 115 ; ith V| (R~ ' 9.
Within! act? 86t dré bindly weighteli2s hﬂ%}é‘ﬂ@@ﬂhé‘éﬁalﬁég thé'l]iﬁcérfaé% >

Preferably, the first resistive vice 111, I'n each set
9 and 123, respbyta faetor ofitwoc Hesefors, ithe dollgctine catprittaf dne control166io1 10 he

mbi ned admi tt f all of the previ , th i st i
w Uhi ncach set MEsgvadeyn doratiaiBrionuiorn Wimto B aieed onat of e cace
by a factor of reMistivEguvided £11-119 t6 précisdly bgnwaﬁgbutﬁuttirhﬁea%é 8f thel ock

110 s may serve as a digital. calibration wor to activate sel ected

ones of the redrivercieuildniaseerdance with the metbod deisgribech hersinaftar in FIGUS.

ner oi naf ter i n 1 8 Rl bttbolimen HEObEETCTphinelcBfaB Waa P51 *Fhe
cal i bration wor doiésporiccpaedalue dfiveryen e gates T th?élcéﬂ?@s;ﬂ#ldﬁ% PETt he
corresponding FET 10 devices 111-119. It wll be appreciated that the

circuitry 8r | ofevices 1=l 18 Jhwilbbe pppreciated thatithe siscuitsy o ingie ofithen

process, voltag : 0 e ' herein.
The i nmpedance nggﬁ%@%"f@ﬁ%@%Féﬁéé@aesnﬁ#topﬂlgﬁg%{&,}lgggqéj,oaﬁ@ %ﬁfﬂdﬁ?ﬁﬂﬁm Y,
resistive devi cP\IPY butnéé@nolpe descrbbevhhiereit. (Theinpbdance eietivbrked 60 ghal to
pass fromsignal line 102 to si?nal Is tine 104 in order to prevent a spike

in the output ifeHaneesuchihatalleast ongipala(namely.esistive devieey 12X inUrIG. 2)
nonmentarily as ' ' : VLGES: 1 3.
illustrates an %xéehﬁ%?%r%ﬁalt%%é 5&/@?3 ﬁg é%f‘ é{' E% P Errg%ggg‘r é'@ﬁ%ielm | ocﬂgﬂalnce
wi th the itaventiinen104in erderio prevend atspikepincthe outputimpedahcs s@én vatHe W
where each bit é]osi lrt"fl’ Ocﬂ b@w}nAcslgE 3 corresponds .to a respective . resistive
devi ce 111- 119. SI9RRHPAHL0G whighmayagquf @%‘Fﬁi&ﬂ”'yﬁgﬁkﬁﬂg tpf gwitghingoof thene
correspondi ng regrTddvicesdevi ce is not connected and is therefore not
| TABLE 3 illustrates an exemplary binary weighted thermometer code
in accordance with the invention for a 9-bit output impedance catibration
20 word W, where each bit position in TABLE 3 corresponds to a respective
resistive device 111-119. When the bit position is shown in TABLE 3 as a
“0", the corresponding resistive device is not connected and is therefore not
included in the parallel resistance of the network. When the bit position is
shown in TABLE 3 as a “1”, the corresponding resistive device is connected
25 and therefore does contribute to the combined paralie! resistance of the

network 100.
TABLE 3
Wo | W1 W2 Wi | W, W5 W | W, Ws W Admittance Impedance
(Y =1/Z) (Z)
1 00 O0C {0 O0O0}]0O0TUO 1
111 0 0 {0 O O[O0 O O }1+1 .909
110 1 0 {0 0O 0|0 0 O |1+2 .833
t4y11 0 {0 0 0{0 0 O [1+3 .769
11 10 0 1 0 0 0|0 0 O {1+4 714

10



i ncl uded in the parallel
shown in TABLE 3 as a "I"

S

the corresponding resistive device. is

connected 25 and therefore does contribute to the conbined parall el

resi stance of the

Admittance Inpedance (Y =1/7) (2 1000000000111 10000
00 1+.1 .909 110[H 000 © d 0 00OQ+ D .8330 1148 0 0 0 O O|CBGY 1+.3
1001000049 Qgl+44 17140 10 101 © 100 0 (168 0 1+.5 .66725 0 1 1
00000 1+.6 | 6254 111 118 00@00000@%03 Y47 =568 1 1 1584 1 80)
00 (1+ 7)*1.1 = 1.i8&7 )& =
11(111)000_1) ?'1+:1J 316]04_ glod%ﬁr121.__1§70(25ﬁ)14
2.38 .420 1 1 11 08 ]% !% 1 1 100
(1+.7)*1.6 = %}% 111 11 }jl 72339: 11
11110-0(1+.7)1?)%19 1 317% % qu
((1+.7)*1.7)*1.p1 =188 % 468 P 1 3 $27§ 92 3 -
3.757 111 1111|o101(Q‘v117)0*104Q ék*ﬂ)*fi)é? ©671 1 1
1 ((1+.7)*1. 7)*115}4 . 1311 43 51 0 0 0 [|(1+7)"1.7= 289 .46
1 11 11 11 1 1 1 0 0 [ ({(1+7)*1.7)".1= |.315
3.179
111111111010 {(1+7"7*1.2= |.288
3.468
1111411111110 {({(1+7*.7)"1.3=|.266
3.757
1 1111111 1[0 0 1 {(1+717)"14= |.247
4.046 _
1 {1 1 1 11 1 1 0 1 {({(1+7Y1.7)*"1.6= |.231
4.335
1 11 1 1 11 1[0 1 1 [(1+7)™.7)*16= |.216
4.624
1 (1111111111 {(A+71.7D17=|.204
4.913

10
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network 100. TABLE 3 W W VW2 VB WA Wb W6 W WB W

In accordance with the exemplary embodiment of the invention shown
in FIG. 2, and as also illustrated in TABLE 3, the bit W representing resistive
device 120 is always activated (i.e., enabled to provide electrical connection
between line 102 and 104). This leg defines the highest impedance in the
slow PVT case.

Also in accordance with the exemplary embodiment of the invention
shown in FIG. 2, the first partitioned set 121 includes resistive devices 111,
112, and 113 represented by bits Wy, W2, W3. The first resistive device 111
is characterized by an admittance Y that is 10% the value of the admittance
Y, of the resistive device 120 représe’nted by bit Wy. (Said another way, the
first resistive device 111 is characterized by an impedance Z; that is 10 times
the impedance Zy of FET 120.) The admittances Y4, Y2, Y3 of the resistive
devices 111, 112, 113 in the first set 121 are weighted to implement a binary
code, where resistive device FET 111 is sized to have an admittance Yj,
resistive device FET 112 is sized to have an admittance Y,= 2*Y4, and
resistive device FET 113 is sized to have an admittance Ys= 4*Y;.

11

resi stance of the network. Wien the bit position

00
769

Oll OO



1111111011 (((2+7)*1.7)*1.6 =.216 4.624 1111111111
((1+.7)*1.7)*1.7 = .204 4.913 In accordance wth the exenplary enbodi nent
of the invention shown in FIG 2, and as also illustrated in TABLE 3, the
bit W representing resistive device 120 is always activated (i.e.,

enabl ed to provide electrical connection 5 between line 102 and 104). This
| eg defines the hi ghAsecondeiatitionednsatii@2 labludeﬂ’ﬂ'smamaievmm%) 1dé&candance

th th | mbodi rent t FLG th t
it oo oo, 398 ropreeentaelby s Wi Ve Ve [68 firs fos etivetievice;1 4 it 6t 122 °
represented by Eérﬁaré(%ie b?%rﬁd‘lﬁﬁl%h&é%; t@?}(‘) i§ M09S tHEEVAIG oHri’e bihed

characterized by an admttan I'S the va ueo the admttance
Yo of the resi sadmiftateoesch, J{RDYi,éfzrafsthaMSﬁ)lp devicesn120q, Sdﬁd‘laao‘lh%r way,

th f t t 111 i. d [ 1 that i
10 i moe Bhe | FRRS w% e brevidus BR postBhs §o Wi BB WG T8 ddtpees . °
resistive deviggsy, ﬁﬁéresté{&:é db\liélé%. 14, srt15sqt161rziheaé@cdf@§étt19@ are

I npl ement a binary 5 co where resistive device FET 1 is sized to have
an adnittance Yalso weighted todmplament binary gode; v;thrsdeslgtl\rmdewaa Fidni14 ésce

Fvio 11 A secon@epip hHve St itahce ¥ meieie BV R T s AR e A S
and 116 represgaimathriee ﬁE*Y%an?!%s@WeJéWcé FETt!1160i8iskiade e @ 114 in

set 122 is characterized by an admttance Y4 that is 10%the val ue of the
conbi ned 1adni t admittancedys=\4"Ysy2 When.cand aalyvwhan; all vesistivg devicap 11,1112

i 1 amces. < aEng 4159y o WL 5B £21 B BobnBRpiAed el By ¥ o Fositfle, ™

second set 122 gégcesih$4, mahaeldatmthéraéméetatz:z e tiveRed, where
resistive device FET 114 is siz have an admittance Y4, resistive

device FET 115 is S|Aél‘l"’dd?aﬁﬁmeg@etéa%lmﬁtiml’eﬂﬁm@’dﬂl%§ﬂd7s ddBsande

when. cal | rests! 19 EEeHB iR WCRR. TR iR fekiete evicd PR it £18 ¥

been acti vat ed, isroharadcterizéd by anradmitthhee Y, dieatiis 46%Lthe valil® ofitie ddrfibinedt he

second set 122 bgmaCtnlo\ég o(,th Yz, Y3, Ys, Ys, Ys of the resistive devices 120, 111, 112,
113, 114, 115, 116 represented by the previous bit positions Wy, Wy, W2, Wa,
Wy, Ws, W, The admittances Yz, Ys, Yy of the resistive devices 117, 118,

119 in the third set 123 are also weighted to implement a binary code, where

20 resistive device FET 117 is sized to have an admittance Y7, resistive device
FET 118 is sized to have an admittance Yg=2*Y-, and resistive device FET
119 is sized to have an admittance Yo=4*Y7. When, and only when, all
resistive devices 111, 112, 113 in the first set 121 and all of the resistive
devices 114, 115, 116 in the second set 122 have been activated, may any

25 of the resistive devices 117, 118 and 119 in the third set 123 be activated.

It will be appreciated by those skilled in the art that the number of

sets, the number of resistive devices in each partitioned set, and the
weighting afforded to each of the resistive devices in each set, may vary
according to a given design or application; however, the invention applies to

30 and is intended to cover all such variations wherein each set of resistive
devices is activated according to a thermometer code algorithm, while the
resistive devices within each set are activated according to a pure binary '
code algorithm.
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Athird bartitioned' set 123 includes resistive devices 117, 118, and 119
represented by bits W, W8, W. The first resistive device 117 in set 123
15 is characterized by an admttance Y7 that is 10%the value of the
conbined admttances Yo, Y1, Y2, Y3, Y4, Y5, Y6 of the resistive devices
120, 111, 112, 113,114, 115, 116 represented by the previous bit positions
VO, WL, W2, VB, W, Thénovel hy'ﬂnd !adarytwetgbw tiérmymetercaode approachits A\
devices 117, 118 L n . the th|rd set al so weighted to inplenent
2 binary code. - WaiRRS R el GuttelSidncapty TopfneR qips e BALSY

admi ttance Y7, irﬁ:‘iééém ﬁté’@ﬁb@%ndﬁféé%f hsenﬁtmwm%nttﬁé?aﬁge afiVafdmece

Y8=2*Y7, and resistive device is sized have an adm tt ance
Y6=4*Y7. \Wen, autpwbnmpedame with feweresangnol lm;es;lek'mrc@@mpje, inithg, 113 in the

fi 21 f 114, . 1 16 h d
Lot 3ot 2 Bhlerfhd Aoy 2 1A Mttt d Bt Dol °5"
and 119 in the pdriged festh 1143%.264 ﬁﬁiés\tﬁéﬁtﬂpedéﬁcé/\bf he%&@é@ﬁ*ﬁé&‘i‘e@ﬁwé‘ose

skilled in the art that the nunmber of t he nunber resistive
devi ces in each p'ape|120dhedtt@maxm1medaecemthegSIawrlavamseb &heh of the

ol i cat i on: - hodsais eeRsRbe iih 8 chriRiens i RoBeSuE Bt is gl .

all such vari atslgnﬁ'cnhﬁymgheeach set of resistive devices is activated
according to a thernmoneter code algorithm while the resistive devices

within ead® set are EiGiYisatow Hiustyating theomethag efthe ln‘(ﬁiﬂ@"al@%rl t hm

12 The novel n

vari abl e out put B#ﬁ%b %(?Y ‘f’%ﬁﬁgﬂ?ﬁﬁ%ﬁg ﬁf?ﬁf%@%%@é@’?’f{%@ﬁ or art by
i ncreasi ng the betagenathe diiver eetpat and sigrial pad ¥s paﬂﬁionea cl:) mwgtméhtyaifl abl e
out put inpedance with fewer control_lines. For exanple,  in the 5

i mpl eme][tt ation H’é’ﬁlﬂﬂy@’ﬁ sivechats 3 A firsbset afithe resistive daMicas isinrpamammed 32
1
ranges from1l tg,4, 131%{1 éfd”‘&smbt?of ResdeRtfe BEV EQ@lr?th@afﬁf ?%tdré rigally,)

resistive device 1 maxi num 1 np ance |"ow

The degrae of mated/betgnreartﬂlerdrtvbeoutmlt andlstgﬂaépadt e firspsstanag beange
Is also significantly hj 10 FIG 3,is, a.flowhart |l|us rating the
met hod of the |W8Fﬂmé}‘ﬁdl fe malnlglqedf’éﬁde'ét%tﬁ?'&@r{?“w FeReAINGRVAEG ces

programmabl y cogpgsdtdhhtof the transmission line impedance value. Preferably, if the first
set of resistive devices is programmed more than once in a given calibratior;
session, the reprogramming is performed in a step-by-step manner to reduce
20  the amount of change in the output impedance seen on the output pad.

Only if all of the resistive devices in the first set are electrically
connected between the driver output and signal pad is a next set of resistive
devices selected from the remaining unprogrammed sets of resistive devices
and programmed 34. Again, the selected next set of resistive devices may

25 be programmed more than once in brder to obtain an 6utput impedance
value closest that of the transmission line impedance value, and preferably,
if the sel_ected next set of resistive devices is programmed more than once in
a given calibration session, the reprogramming is performed in a step-by-
step manner to reduce the amount of change in the output impedance seen

30 on the output pad.

Step 34 may be repeated for each remaining unprogrammed set of
resistive devices until the output impedance of the output driver most closely
matches that of the transmission line it drives.

13



between the driver output and signal pad is partitioned 30 into a plurality
of mutually exclusive sets. Afirst set of the resistive devices is-
programmed 32 such that zero or nore of the resistive devices in the first
set are electrically 16 connected between the driver output and signal pad.
The first set may be progranmed nore than once in order to obtain an

out put i npedance val BEG. 4isos sstiernhtid blokck idiegrameofsancestraller| 1i10efor npedance

I Pr ef bly, if the f t t of | St i ' ' d
Tor et han_ once PRGBS the rbsdice et IO of FIEE ¥ B8 ShpRERGTOESr
performed in a ?ﬁ@%é?ddééﬁﬁe@%%odrﬁefs%%&@?é h?oﬁﬁ}&%tﬁﬁf 1942088 atd

the output inpedance seen on the output pad f the reesistive
devi ces in the prefetabhesataratingl mmtersalubb tha:tdhe}edbaftbtlndi oxenfrarndher i ver

t put d et, of t d I df th
Cerai ni ng. Gnpt ogokBRERPuE g oREs did VS Bl Couners TR 4ricl sa
Again, the sel epichengftdr dtrefient i Bihaiovala b theiRaspeetie ol ammed more

than once in order to obtain an output i'npedance value closest that of the

transm ssi on | i aecardingdartbe directienal state of #rput &4Rywhen thet ¢|ecks wipat t Gl nigx t

cal i brat i on scosranes. e oBpMs IR 22, 14 0T AL Bech,ebpefuybif GBneratp

manner to reducgghll WgPEPWngG]CbﬁBWWQ] bb@h@ﬂw&'\ isRedas eriveere gafdoPn
the output pad. Ste e repeated for each remaini ng unprogramTed set

of resistiPve dene e theulﬁETs in aéemo@ue setipdtiahe 188 initee npedancs networkost
cl osely matche%%[?hat of the transmssion line it drives. 13 FIG 4 is a
schemati c bl ock agram of a controller 110 for programm ng the inpedance

network 100 of FI G Rach\éoGhiern72Cvm4,r178 Ieds ard sRabRGhpGEENMHieR wheh t
counters 172, 174, 176. Counters 172, 174, 176 are preferably saturating

counters such tmerladeqlmmcmtertamreme@hpfdecrsmﬁrgmdgwe ingon the t he

ovestand vi Sague arin  CRMANBH Sy R Bfce JAPead BB BF et TR e

bi nary val ue on rr respe accor Rl art
state of iaput Jnldidehtniniplemenbalset-bpsiet theéritometer sddewherebyall oﬂtheuts of

t 172 | t |
o VL7 9] | eadtE b TuihecOner-GElBi of ragr /e et Myst 81 BeRIURISCLPIONS FETS
in a respective,3gtamming @l‘@ne)&:fgwéﬁolrdgﬁof MRaiR0ae sBEté’Pﬁr £ on, each

counter can only be enabled during certain portions of the programming
process. In this example, the first counter 172 may only be enabled when
20 none of the FETs belohging to the sets corresponding to the other counters
are activated. In other words, bits W[4::9] output by counters 174 and 176
" respectively must all have a value of “0”, Aécordingly, inverting input AND
gates 182 and 184 respectively receive bits W[4:6] and W{7:9] from counters
174 and 176 respectively. The outputs of inverting input AND gates 182 and
25 184 feed the inputs of AND gate 186. The output of AND gate 186 feeds the
enable input EN of counter 172. Accordingly, counter 172 is enabled only
when bits W[4::9] are all “0”.
Also in this example, counter 174 may only be enabled when all of the
FETs in the first set 121 which are controlled by bits W[1:3] are activated and
30 none of the FETs belonging to the third set 123 which are controlled by bits
. WI[7:9] are activated. In other words, bits W[1:3] output by counter 172 must
all have a value of “1” and bits W[7::9] output by counter 176 must all have a
value of “0”. Accordingly, AND gate 178 receives bits W[1:3] output by

14



100. Each counter 172, 174, 176 has an enabl e input EN which when asserted
allows the counter to increnent or decrenent (depending on the state of
the direction input DIR) once for each pulse of the clock input CLK. 15 In
order to inplement a set-by-set thernoneter code whereby all of the FETs

I n the higher-order-of-magnitude set nust first be activated prior to
progranmi ng t hecounter 172weThe oddputs of AN gatedt? 8 and invedinginput AMR patecount er

can only be ena dpring certain.portions-of the progranmn rocess. In
this exanple, t éffqefcg edﬁ%‘ﬁéﬁ!‘ﬁ%gﬁ%@% JﬂHﬁﬂ ‘é%’&g‘l’reﬂfﬁﬁe?ﬂa%e&% of the
FETs bel ongi ng 153 SERPESL ¢ CPPE

activated. In oﬁg?%?ﬁfs, %lﬁ{tg W48&g}ﬁ€t(’)&’f%ﬁf@%l§/’ tgjnnterz %@tgﬁgﬁ{m
respectivel y mueeunter 1faqee all &l ue of V. Accordingly, inverting input AND

(74 and 178 respect | SBpjh WF ekafpli btgter frodney Ay erheled wiriah GEE, g
25 184 feed theFETS bothf thAMirstafiEsddtihd sES 124tapdt 12 whdh diaicontrdfied Bgds

the enable input EN of counter 172. Accordingly, counter 172 is enabled
only when bi t sbitg W13 and WI4:6] respectively are agtivatedanlpl athecwordse bits 74 nay

ggln%/'r gFI ggaglyebl seﬁ@téﬁl%ayr %%é?%ﬁ?e%ﬁ%hzﬁ r@#f%@@%%falf%lg%ﬁ” gtrafongi ng
to the third seAcdctdingly, ANDgatec 180 revdives Bits W[4:6] Wt‘buﬂbyﬁbanmt'li?w?t'ﬁﬂbf I'n
ave a value o

oL 0T s oyioyk orANGAes ¢ anaTbrperhite i oEANCLwe-AoR Bhiss:
oot of EETE B ARERY Shy e ik araga Y 14 covnter, 172
i nputs of AND gat e IHfe diféstion inpuhDIR islobhtiolied bytd esmpatator eifeuit 198.sLidkl: 3]
O P DY o B & e il oS BBl ASOEOB 3 o e e 1
bt i1 o oy B b Snog e 920HE B bR L SR
words, bits \Wcdompdratart192 isicpnnectetido s voltagerdivideriformet with resistorsa194il ue
?7 4 1"'|"he Accor da'mnogll%. t’a\lsl?s % fo g(r)\d r199%erln\af1§ ?)ebolnt-ghip 4s:iggorg 3}1 léstrc-:- 2 ngggtgtder
in series between the positive supply and the negative supply with the
intermediate node connected to the non-inverting input of analog comparator
192. In one embodiment, resistors 194 and 196 have the same value so that .
20 the voltage at the non-inverting input of analog comparator 192 is VDD/2.
The output of analog comparator 192 is connected to the DIR input of each
of counters 172, 174, 176 which controls the direction that the counters |
count, if enabled.
When the inverting input of comparator 192 is lower than the non-
25 inverting input of analog comparator 192, counters 172, 174, 176 count up
(when enabled) to turn on more of the transistors of impedance network 100
to decrease the impedance of impedance network 100. This feedback
system stabilizes when the im'p'edance of impedance network 100 nearly
matches the impedance of the load driven by the pad 106. Counters 172,
30 174, 176 count down when the inverting input of comparator 192 is higher
than the non-inverting input of analog comparator 192. This turns off more of
the transistors of impedance network 100 increasing the impedance of
impedance network 100.
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10 outputs of AND gates 178 and 180 feed the inputs of AND gate 190. Thus,
counter 176 is enabled only when bits W1::6] are all "1". The direction
input DR is controlled by a conparator circuit 198. Line 104 at the

out put of the inpedance network 100 is an input to the inverting term nal

of anal og conparator_192. The n-jinverting input of analog 15 c ar at or
192 is connected to -EhQ/Bﬂr?Lﬂb%f'g‘&/ﬂd&PWYigﬁam%%rW%@E?@aWesoM?@d 196.
Resi stors 194 Emw in series
bet ween t he -po:'fqﬁ ve uppr(f}'q 3“??%5%%33@ mkﬁgg?ﬁafémélg%ﬂtgﬁagé&emeer medi at e

node connect ed partittier memnenobgéneration pfithesle sigadle goes mob farta linditilionl n one
enbodi nent reS|sto s ,194 and

, have the sane val u so. t hat
vol tage at the YRR thejBvention. "rl‘ﬁ'ﬁtbe(ﬂ PRIfGIR @Wﬁét pat tﬁ:‘@?'rpk" %ﬁé 4 The
out put of anal ?ggn@ r ‘f&@’ﬂ% t addiwn of
counters 1%2, 1 : , 1 %%I c 3“2%%‘?’?‘0 t'he dc?ﬂ g@tait@ﬁct Flr%tﬁt,\g%g%#?ers n
count, if enableaiinteuspthe calibratics conttpliwgsd; and thesefose theooutpaRimpedanaer of han
t he non- 25 |nv rtin FUt of anal og conparator 192, counters 172, 174,
176 count up &I’H{i &) to turn on nore of the transistors of

| npedance networ K 108 bldck d-'lé’@r‘éﬁ\'"éﬁaﬁ Bﬁemﬁﬁeé@ﬂ%d%ehﬂﬁﬁﬁéﬂfa?laﬁﬁ wor k 100.

This feedback system stabilizes when the inpedance | npedance networ k
100 nearly nutivipedanbe mtmﬁdianweenscﬁhqunl & Sdrinthis etmbmmmqm&,cthe@mver

Counters 172, 30 174..176 coupnt do the i vertl ut o ar at or
702 i o i Gher il e Reseerh ERtinh SPRRres By & Biferg Rl birnBient BEURGT,
turns of f m)reQﬁul]-ﬁb%réﬂﬁféi"cﬁb@ﬁ202fadd@ﬁdﬂ-ﬂ6w ntedRver chieiti 25 Eﬁ\%bé,g the
i npedance of inpedance network 100. 15 The circuit of FIG 4 is provided

merely as ill umcattswperatelt@ﬂnverean output signahfsomsa faw state to a;miaa astwor k

docs not for m D A i eiate i e, G R b Pipbc il chm i BRdedes ™ °

however, that tdoptrol Eigctiit 250 gEhéiatéb Soritrdl @ighdld 208 wat 238tiA the fémmbpus| y
updat e (VI a the conparators and counters) the calibration control

Wb d, and14 her GRUPIONANIS SN T Abama A1 59, Whiah eucpialied o thetata bk
diiagram of an a) L HAGLNGiHE 389 I08% Meplctibdl§ o BEhSUE respective qualified

calibration words PU*[1::9] and PD*[1::9]. Qualified calibration words
PU*[1::9] 204 and PD*[1::9] 234 are used to control the operation of the
output impedance network 200 constructed in accordance with the invention

20 in 2 manner as will be described below. As illustrated in FIG. 5, the output
209 of the output impedance network 200 is directed to the signal pad 206.

Reference is now made to FIG. 6 which iltustrates, in detail, the

preferred embodiment of the output impedance network 200 constructed in
accordance with the present invention. In short, the impedance network 200

25 includes an array 210 of P-channel field effect transistors (PFETS) 236 and
211-219 which are electrically connected in parallel, such that the source
node of each PFET is electrically connected with the source node of each
other PFET and the drain node of each PFET is electrically connected with
the drain node of each other PFET in the array 210. The network 200 further

30 includes an array 220 of N-channel field effect transistors (NFETSs),
electrically connected such that the source nodes are electrically connected
together and further connected to the drain nodes of the array 210 of
PFETS, and the drain nodes are electrically connected together.
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i npedance output driver is shown in FIG 5. In this enbodinment, the driver -
10 circuit of the present invention operates in a driver circuit

environment having a pull-up predriver circuit 202 and a pul | -down
predriver circuit 232. These circuits operate to driver an output signal
froma low state to a high state and froma high state to a | ow state (or -
to .a tri-state), redpacedrdange with thepeeferred enshodiment, dheﬂﬁET apay@dfer at es

ot 9 AT PebSalah2RL 45 2 AN 2 S A ek,

232 respectivel 2190T§6%60ﬁie6hdd§slﬁ@ach%f%ééé PFET déi@ddst&@téléﬂn“éﬁn)ﬂs
PU[1::9] and PD*[1::9]. Qualified calibration words 9] 204 and

PD*[1::9] 234 acennedsdtegethatenp commepsignal ine 201 tV\Ht!Ch m’t@po efpialiance

nethorK 200, ConpiVaie e AR it 266 By 220idtRrEEY BBYic8S el BrRBRT | 2°
out put i npedancdeviebs238, 2290, 222, QQB?QHECIZZS? 2!26?22792@8 afmIdZ@ﬂn adaﬁtfd?f ence
is now made to FI G 6vvh|ch|IIustrates in detail preferred

embodi ment of t NEETEBYice 230 dnay be previded at mlﬂﬁﬂ%@rlmlﬁcﬂ’uiwovﬁbem dance

with the presen (o

I ncl udes an arr%ﬂ%%réo'f'ﬂ&vgh;bﬁﬁné@%qtg d glpgg q’flflran hhg?’%gﬁé%Z% and

Zlé 21? whi ﬁh auadeémhlle m:GMQSlmnmes) Gthei drapamﬁdésre]rd:f eanmdifmbq.gurtdﬁfw oIbu[1 ce

node of each PFEL s . electric nnect e th the source node of eac

ot her PFETOand NFETRaYices BiscaBrcalbopmseiod (Qgethar at Ine 403 st el e

the drai n node QB gggg er PFET in the array 210. The network 200 further
rray

30 includes an " N-channel field effect transistors (NFETs),
el ectrically connect ¥He RKET airay 2tlDénclodes a finstdRISE T286¢halcis drivehl directly

ted t h d f h rnpnected to th d f th
210 of | PRETS. BNG AuP 257 OF e BUIKHE RiPURNEr (CTBU 208 oSAIET b e bBETer 16
I d
en” PRET devi coa 34220 JEBIES B THSNPED NIRs 208 ol egien'ine dl a“f%?‘?m
source nodés of ﬂmamlﬂl—dtbwn IpMNEIF EIfcuibQOée’Eharanaihdet of the! H’ErETScamiaNFEd' S
t th I I h ot ent 5 DvDD. |
Si'mi | ar f ashi o PRQWE RS A8 GveRmy bty tlodls Bl AsSouRerarrbusa ces
238, 221, 222, Z%ana&‘u aaélgnaﬂa@ bﬁﬁ\élaggﬁ?uﬁ[gdq?é% PD"‘[Q’!"@I?'Aé @Al be NFET
devi ce 230 may be provided af the output.to [i down an

illustrated and described in connection wnth FIG. 7 the control signails
provided on lines 204 and 234 that comprise the digital data-qualified
20 calibration words PU*[9::1] (negative true) and PD*[9::1] (positive true) are
used to selectively turn on and off the various PFET and NFET devices of
the arrays 210 and 220 to effectively vary the output impedance of the driver
circuit. _
In accordance with the preferred embodimént, the PFET and NFET
25 devices 211-219 and 221-229 in each of the PFET and NFET arrays 210
and 220 are partitioned into a plurality of sets 241, 242, 243 and 244, 245,
246 respectively. Preferably, each array 210 and 220 implements the
binary weighted thermometer code shown in TABLE 3.
In particular, PFET érray 210 includes a first partitioned set 241
30 ‘comprising resistive devices 211, 212, and 213 represented by bits PU*[1],
PU* [2] and PU* [3]. The first resistive device 211 is characterized by an
admittance Y that is 10% the value of the admittance Y of the resistive
device 236. The admittances Y, Y2, Y3 of the resistive devices 211, 212,
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otherwi se undriven output so that it does not float (as floating inputs are
undesi.rable in CMOS devices). The drain nodes of each of the plurality of
10 NFET devices are electrically connected together at |ine 203, which is
at the potential DVGND. The PFET array 210 includes a first PFET 236 that
Is driven directly by the output 232 of the pull-up predriver circuit 202.
Simlarly, the BRER13dnrthe fikt@et 241 adeweighted 40 inplEment ai hkimary3deh sthers

dri by th t put 234 . of |1-d dri [ it. 204. Th
emi nder of ¢ niPPRveSIete REEAS TR ioiyelan afietEinge ol (o= devies o
signals that ar gEqr 212 fegizédtdieesn adffiitaide V2o vdomdraistive evideeFERDE!
PU[9::1] and PD*[9::1]. As will be illustrated and described in

connecti on w t h2k8 (% sized to dave anrasimittageaYs=4Pfovi ded on |ines 204 and 234

Rl T4 o Bl A e BB s
on and off the pegirepresBhfed B bitd\POT [4lcPirgs], ahd Rre[el TABTesibfartetofdRa to

5],
effectively vary the out put rIPedance of the:l driver " Circuit. In accordance

with the prefer tasistersinins- 14, 216, ere-2 1610 thsecomtselaAZer glsa weightend
itoa plural 1y BPISREDt PR sy BELENERIYS il FEf 2ds BREH ke’

Preferably, eachnadmittaddedYgnesidgfive device RET 215 iesizéd brhaverah Hdnsitance
t her roneter code shown in TABLE 3. In_particular, PFET ar rgé 210 i ncludes a

first par t1gt LonX@F%*XK- and resistivegavics RigT 218 issizad tadhavean admittance and 213
vt co D11 1 o R e gsistle devich FRE 2T rorpSbentbay bt BLIARS'STd®

tpe ﬁdrri ttance Hma@én tadenittancesdf 6% ofdhaicef tﬂé@on‘ﬁi@eh@d?irﬁttm attivatéd Y3
of the resistive devices, 21 212, an 13 .in the first set 241 are
wei ght ed to i mpTESHENE %Vmﬁé%ﬁ'ﬁae?%iﬁﬂﬂcgz $.c¥¥hen, anderly whepgall sagistive

si zed to have @Q% h $itd ' i Lz tip . have
an adm ttance %b: 1?*1‘2,%%%!SZ't‘IIﬁjrgfﬁdéeﬁfség@ﬁ%@;?hafggleéﬁéple\z%ﬁ?bﬁ% vtgean
admi t t anceas Y3=4registive devices@1d, @46tand 216:0h thetse2dfd iset P42 be activatsd ve -
devi ces 214, 215 ag:d 216, repr.esent ec{ by bits PU* [4], PU* [5], and PU*
[6]. The resi st3Rosdipg tpabinaly increment.

A third partitioned set 243 includes résistive devices 217, 218, and

219 represented by bits PU* [7], PU* [8], and PU* [9]. The admittances of
the resistive devices 217, 218, and 219 in the third set 243 are also weighted

20 to implement a binary code, where resistive device FET 217 is sized to have
an admittance Y 7, resistive device FET 218 is sized to-have an admittance
2%Y7, and resistive device FET 219 is sized to have an admittance 4*Y7. The
resistive device FET 217 represented by bit PU* [7] is sized to have an
admittance of 10% of that of the combined admittance of activated resistive

25 devices 211 , 212, 213, 214, 215, and 216. When, and only when, all
resistive devices 211, 212 and 213 in the first set 241 and all of the resistive
devices 214, 215, and 216 in the second set 242 have Been activated, may
the resistive devices 217, 218, and 219 in the third set 243 be activated
according to a binary increment.

30 NFET array 220 operates according to the same principles as PFET
array 210, implementing the binary weighted thermometer code of TABLE 3,
but using NFETs coupled to VDgnp to pull down the output pad.
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resistive devices 214, 215, and 216 in the second set 242 are al so wei ght ed
to inplenent a binary code, where resistive device FET 214 is sized to have
an adm ttance Y4, resistive device FET 215 is sized to have an admittance
10 Y5=2*Y4, and resistive device FET 216 is sized to have an adm ttance
Y6=4*Y4. The resistive device FET 214 represented by bit PU4] is sized to
have an adnittance olt wilhbe@ppreciatediby these skiled dnithedart thattbe nemberafvat ed

oot stive devi Ses: Spndritier drifsishE afvites W'eRen BafipBhed skt S e
activated, may {aRyhting'Afrddd itcedkdyorme rédidtivedovioss!ir’dsch set, hrayseargnd set

242 be activated according to a binary increment. A third partitigned set
243 incl udes re8¢eArding teagiver design of eppligation; howevepthe invesdiopyanplies ey
[7], PU* [8], a b j i St ' 217,
218, and 219 i ngﬂ?\g’ i"ﬁ%’?dfdsté;[&ﬁggag%Iéagﬁgﬁat\fxgeqsgﬁ%ﬁf@%éﬁé‘?ﬁ%ﬂgﬁe@ﬁﬁéa

bi nary code, whdevicesi adtivatediaocording fd azthérmoemeteraddecalgerithm, avhiledhtet t ance
Y7, resistive device FET,218 is sized to-have an adm ttance 2*Y7, and
resistive devi cEesistivesieyices within.gach sghaie arfvatad ageording e apurerhinary
resistive devic S Lepresented by bit PU* [7] is sized to have an
adm ttance of 16(3{%@9[%1#;?}%.0]( the conbined adm ttance of activated resistive
25 devices 211, 212, TABRE @isfprovitidd betaiwv vhich sifenifiessthe physicahbize, (as! |

0l i s i
. S 213 . > SeC . .
activated, nmay p@@né@%ﬁ&ﬁﬁe%‘f‘tﬁé?r@é@nt irventiot ¥ §§6ﬁllg'é£}e gﬁﬁraéyfdﬁg, set

243 be activated accor to a binary 1 ncrenent.

oper at es accor dhowever, that theinveptiomis motdimited tofthe valuassset 2ath in the tabdeyt i ng

t he binary weighte er ter code of TABLE 3. but using NFETs coupl ed
Lo VDA 1o put PutdahtheBbE s revidedimeorio Ty disgiose e bRt byt hose
skilled in the gnhbolitidntidtthe Brdx@nt ffvenfiehs. the nunber- of resistive

devi ces in each part?ﬁéioned sgt, and the weighting afforded to each of the
resistivetdevices in each set, may vary according to a given design or

application; however, the invention applm 5 and is intended to cover
all such variations wherein each set of ve devices is activated

according to a thernonpRefereAge al Dergthhm WhiAfidfhhe
: Numeral (microns) (microns)

236 44 80
211 44 8
212 44 16
213 A4 32
214 44 136
215 A4 272
216 44 54.4
217 A4 23.12
218 44 46.24
219 44 092.48
238 44 20
221 44 2
222 44 4
223 44 8
224 A4 34
225 44 6.8
226 A4 13.6
227 44 5.78
228 44 10.56
229 44 2112
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resi stive devices within each set are activated according to a pure binary
code algorithm . TABLE 4 is provided bel ow which specifies the physical size
(as 10 drawn) of the various transistors illustrated in FIG 6, in :
accordance with the preferred enbodi ment of the present invention. It
shoul d be appreciated, however, that the inventionis not limted to the
val ues set forth in Cbasistent eith theiconbeptstame teabhings sf theopriedent imveatign,t o

2" Rt erence. LoMRITHCUCHEUINGZBPATIG rTHaN by RGTSRES 1 sorariy hways, - ad-
L Vit e e et
223 44 8 224 cimuit250 cattfols the state obthe vatious PRETointhe FEHairay 20830, 44

10. 56 229 44 \?a%ry Jtl%e 1o%tput impedance of the driver circuits so that the output resistance
remains substantially equals the load impedance over various ranges of the
process, voltage, and temperature. Various structures and circuits may be
implemented to achieve this broad goal, and FIG. 7 illustrates just one such
circuit.

10 Referring now to FIG. 7, two sets of control signals are produced (one
for the puli—ub transistors, one for the pull-down transistors) that can be used
to program a group of output driver's impedances to match, or be some
muttiple of an external resistor. During normal operation, a calibration driver
PFET array 210 has current flowing through it. Current flows from positive

15 supply DVpp through PFET array 210, through electrostatic discharge (ESD)
protection resistor 207, out pad 2086, through an external resistor (not shown)
to ground. _

Control circuit 250 includes pullup control circuitry 252 and pulldown
control circuitry 254, which each respectively generate the pullup control

20 word PU[1:9] and pulldown control word PD[1:9] that respectively control the
PFET array 210 and NFET array 220,

Pullup control circuitry 252 includes a counter 272, 274, 276 for each
set 241, 242, 243 of PFETs in the PFET array 210. Counters 272, 274, and
276 are saturating counters such that they do not roll over from the highest

25 output to the lowest and visa-versa. Counters 272, 274, 276 increment or
decrement the binary value on their respective outputs according to the
directional state of input DIRpy when the clock input, CLK, is strobes. The
outputs of counters 272, 274, and 276 each respectively generate signals
PU[1:3], PU[4:6], and PU[7:9], each of which is used to drive the gate of one

30 of the FETs in a respective set 241, 242, 243 in the PFET array 210.

Each counter 272, 274, 276 has an enable input EN which when
asserted allows the counter to increment or decrement (depending on the
state of the direction input DIRpy) once for each pulse of the clock input CLK.
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Consistent with the concepts and teachings of the present invention, the
control circuitry 250 (FIG 6) nmay be inplenented in a variety of ways.
What is inportant for purposes of the inventive concepts is that the
control circuit 250 controls the state of the various PFETs in the FET
array 200 to 5 vary the output inpedance of the driver circuits sq that the

output r esi-st antneordes tmimplement aget-byise) theymoneeten code yherepeab pt theover

ST ucturee ana EFFIE TR % ARTRE miSt i305e RAGEAMES 1 Bidyrtiibg e next
FIG 7 illustraloeverisestarmiso GuCéacmwmteltcariLGnIRdﬁfeeenabmd daring ceftal@ 7, two

sets of control S|gnals are produced (one for .the -u r istors, one
for the pul | - doRprtionsof the pragrammifg pERFess. R g@is €8 Hi’%i%

out put driger. spL TREARERed AofiBofthe PEETS bR MtH@sE‘etggégnzw Cnal

resistor. ring norna opera on, a ca r|ve array 210 has
current fl ow ngcoirespaiding to {Berothet counters 274 27paretactieatedls |n urbipdnwodsD

h h PFET h h el h ESD

o5 stor 207, "ot BLReuteuhky G AT 26 shactvel mvetiLiRE a1 o
d. Control " 52 d

oLl down cont r @D -6, Ao nbiy fiveRitig MBuEARD QuteS 2b8i4rd Jedb2 B

pul | up control mpaotmbl?témlm bits \BUp416] andvPUf6:9] from mmteﬁ:ﬁm tht??ﬁ
respectlvely control .the ET, array. 210, an.d arra 0 control
circuitry 1952 |ﬁ‘c‘3|p§ ‘éer])& Igﬁrﬂ”é?“@?g* nve#ing '??H 2%§ ?653 893@ 243
of PFETs in thexn fiAN a%%SCOFHE &Jt?ufaﬁANWda %feé&@ tive énéﬁfelihﬁht ”9
counters such t ey o not roll ove romthe hest 25 output to

| owest and vi saENemfsmun@nHZarAc@TdmgM:tpuﬂtEﬁZ?ﬂds enabledmnlbeendeBnt the

bi nary val ue on p%y resﬁﬂeﬁ;ive outputs according to the directional
state of input B ] the clock input, CLK, is strobes. The outputs of

counters 272, 274, aoéuﬂté@m%ayeﬁw“éewﬁwdWrar@fthemEE‘p‘s ifsétladq
PU 4:6], and PU 7:9], each of whi s used drive the gate of one 30 of

the FETs i1a a rwhigharewsntotlethy brtsPZJ[1;843re nctl\rasednam rmneegf the®FEFsich
counter 272 2 heiohlg e 245Nl B Y, Bl MR BBt
di rection i nputofieRiard®site PO :3astiputibyscotiter 22 Ause kil ihaveta Vaitle of “1”
and bits PU[7::9] output by counter 276 must all have a value of “0”.
Accordingly, AND gate 266 receives bits PU[1:3} output by counter 272. The
20 outputs of AND gate 266 and inverting input AND gate 269 feed the inputs of
AND gate 264. Thus, counter 274 is enabled only when bits PU[1:3] output
by counter 272 are all “1” and PU[7::9] output by counter 276 are all “0”.
Counter 276 may only be enabled when all of the FETs in sets 241
and 242 which are controlled by bits PU[1:3] and PU[4:6] respectively are
25 activated. In other words, bits PU[1::6] output by counters 272 and 274 must
all have a value of “1”. Accordingly, AND gate 267 receives bits PU[4:6]
output by counter 274. The outputs of AND gates 266 and 267 feed the
inputs of AND gate 265. Thus, counter 276 is enabled only when bits
PU[1::6] are all 1.
30 The direction input DIRpy of each counter 272, 274, 276 is controlied
by a comparator circuit 278. The impedances of the PFET array 210 and the '

ESD protection resistor 207 form a voltage divider with the external resistor
(not shown) to divide down the positive supply voltage at the pad 206 node.
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20 In order to inplenent a set-by-set thernoneter code whereby all of the
PFETs .in the first set nust first be activated prior to programmng the
next |ower set, and so on, each counter can only be enabled during certain
portions of the programm ng process. In this exanple, counter 272 may only
5 be enabl ed when none of the PFETs belonging to the sets 242, 243
correspondi ng t Fhisrods isean inpuhtocthe inverting 1@minal of@naleg eomparator 260. Toe ds,
bits PU 4::9] output by counters 274 and 275 respectivel st | _have a
val ve of +o. ABeBHettng WAL G5 Aralg CiRATaRZERt condaeed S dage
respectively regride? fomed Rith4eSiktord 267\dnd 282, ReymteR 24 £aRd 262 maglbé’6 TO
respectively. The outputs of inverting input AND gates 268, 269 feed the

i nputs of AND gabn<hismsistoes and aie cermn iesariesd@etween the pesitivesupplynput

PU4: : o] o al ARGERBRERESSUoN AR 66 rEni el RbRe Roffated B e adbe v
in set 241 15 jveftihgdhputednalod edmparadtbl 266 Unlond embedintdrityisilognzsnone
of the PFETs belonging to set 243 which are controlled by bits PU7:9] are

activated. In 8neh2p2hmvedhegame valpe sgjthatthgoltege @bthe een-invertinginpat pf

2 val e of -0 endiog sERbatbls? 2 Vool I8 iply o o268l
counter 272. Theoreoted ftie DIRANBpOdfaligits upidbvimeeunterg272\ @4, 28 gat e
269 feed the inputs of  AND gate 264. Thus, counter 274 is enabled onlejt by

when bi t's 1PU[ 1: Whichrantrols the disation thatap/dewn gounters 2{242p4and 276 soup

counter 276 are; " : J|y only be enabled when all of the
FETs in sets 24‘1@"‘?%'(?922{5&%“?%?3?@0%'”o| |l ed by bits PU 1:31 and PU[ 4: 6]

respectively are 25 WHervthiedrverting inputiof comparator 260 R fowerharm thepnon-by
counters 272 and 274 nust. all have a val Accor di n%%’poAND' gate

ue of "1".
267 recei ves bi fWering4npyt of anale compariat gﬁovchw.mqfﬁ@?(?ugzﬁt URIRat es

266 and 267 fee | t P hs~€enabl ed
only when bits ( gh{ 1en%tf}8g)§%tgh 6&‘%)&@3% tﬁ%?’a&ﬁ%@&oﬁn [ JS%E’%?&B%& each
counter 278, 27decrdase tte npedariceaaf puliyp impedarcehetwark (BBET iy 2 T0)e
| npedances of t RFE] array, 210 .and the ESD protectio | St or 7 form
‘a vol tage di vi dﬁ%’sm ?%@?’BF&%P&?&WE%% impedance of PFET array 210

nearly matches the impedance of the load driven by the pad 206. Counters

272, 274, 276 count down when the inverting input of comparator 260 is
higher than the non-inverting input of analog comparator 260. This turns off
20 more of the transistors of PFET array 210 increasing the impedance of
pullup impedance network. _ |
Pulldown control circuitry 254 includes a counter 292, 204, 296 for
each set 244, 245, 246 of NFETs in the NFET- array 220. Counters 292,
294, 296 are saturating counters such that they do not roll over from the
25 highest output to the lowest and visa-versa. Counters 292, 294, 296
increment or decrement the binary value on their respective outputs
according to the directional state of input DIRpp when the clock input, CLK, is
strobes. The outputs of counters 272, 274, and 276 each respectively
generate signals PD[1:3}, PD[4:6], and PD[7:9}, each of which is used to
30 drive the gate of one of the FETs in a respective set 244, 245, 246 in the
NFET array 220.
The operation of the pulldown control circuit 254 is similar to the
operation of pullup control circuit 252, whereby control logic implemented by
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(not "shown) to divide down the positive supply voltage at the pad 206 node.
21 This node is an input to the inverting term nal of anal og conparator
260. The non-inverting input of anal og conparator 260 is connected to a
voltage divider formed with resistors 261 and 262. Resistors 261 and 262

maybe on-chip resistors and are connected in series between the positive
supply 5 and t h&ANDR gates /283,384, 28 286,287, 288cane 2BAtcontrotithecanabde inplittal

th - ting,i | t 60. | nbadi ment ,
Fesi stors 261 SAGnsBNter ezt 84Ol ARAERNSralat ircif 283 PRSNG| he
hon-inverting i pesistops 282 HNdZBLRMAREA gdrs]l(taa?%)dmevmt?ee&ﬁm&%mmvé?ﬁn

anal og conparator 260 is connected to 1 I nput_of digital up/do
counters 272, 2Tmputofeomparatos 288heanteal the HisecliandopubRiRHncof egshazounter

Che i nvert 1y | 9% 23 295,584 Plpcok BRI it e IS e rkianER g
i nput of anal og tise pridew® NFEOarrap 220 Sfeherdting thé/puldovnGaipeidanee donfren

enabl ed) to-turn on nore of the transistors of PFET array 210 to 15
decrease the i nadFIA168].pul | up i npedance network (PFET array 210). This

i . ' . _ |
ot chog t he | npedancASaiand FoR pHsHRRERfbRd: the RIS 3, 8 arBFey

274, 276 count dsarelyvdeillusirativenofdiow the contrsl irfp‘uwmné%rﬁedé’rﬁéé hétwdrkgher
t han the non-inverting |Nr51$ut of anal og conparat or 260. is turns off 20

more of th® trafitsh 8Rd NiE Prrayei @220 may he eenarated; aedithe partissdaros
D S a5 " ik ben O ks kbt i L 0L
Counters 292, RiventidAsi wilkbe apprexdiated, isowever| that thehcitdult oftFSy 7daliows thieo! |
AUV WU T MY T SRR -6 T T
ot 071 B Afbrkn il ifele tRRypBL FRcHIGE drlRec oo
respectivetsy geutpubdever.gnals PD{1:3], PD[4:6], and PD[7:9], each of which
s 506 Tnooha ! X e The PegbiRdestiphon has been predented F5F pirposss of | 4%

illustration and description. it is not intended to be exhaustive or to limit the

invention to the precise forms disclosed. Obvious modiﬁcatfons or variations

are possible in light of the above teachings. For example, it will be

20 appreciated that the number of sets 241-246 and/or number of FETs. in each
set may be increased or decreased according to the needs of the
application.

It will also be appreciated that the calibration words 204 and 234
(illustrated herein as nine bit words) may be of differing size, either fewer or

25 greater than nine bits.

It will also be appreciated that having separate and independent
calibration words for the pull-up and pull-down FETs enables the output
driver to offer precision impedance matching over various process, voltage,
and temperature ranges. '

30 Although the invention has been described in terms of the illustrative
embodiments, it will be appreciated by those skilled in the art that various
changes and modifications may be made to the illustrative embodiments
without departing from the spirit or scope of the invention. It is intended that

23



The operation of the pulidown control circuit 254 is similar to the
operation of pullup control circuit 252, whereby control |ogic inplenented
by 22 AND gates 283, 284, 285, 286, 287, 288, and 289 control the enable
i nput of each counter 292, 294, 296, and conparator circuit 298
(conprising resistors 281 and 282 formng a voltage divider that feeds the
non-inverting ith@&core of thepavention netdye toited it anyhwayito the illustratiyait DI RpO

of each counter The . ontrol.circult. 254 controls
t he i npedance Oﬁnﬁﬁﬁégpfgﬁmg%ggpegﬁpﬁ% gggmbgﬁeﬁ’é{?h@ E’ﬁ ’"Btﬂqs%m Yy

i npedance cont r ¢he cldihé abpehdedheredoai n, and as previously nentioned; the
circuit of FIG 7 is provided nerely as illustrative of how the contro
inputs for the inpedance network 10 PFET and NFET arrays 210, 220 may be
generated, and the particular manner of generation of these signals does
not forma limtation upon the invention. It will be appreciated, however,
that the circuit of FIG 7 allows the systemto continuously update (via

t he conparators and up-down counters) the calibration control words, and
therefore the output inpedance of the 15 output driver. The foregoing
description has been presented for purposes of illustration and
description. It is not intended to be exhaustive or to limt the invention
to the precise fornms disclosed. Oobvious nodifications or variations are
possible in Iight of the above teachings. For exanple, it will be 20
appreci ated that the nunber of sets 241-246 and/or nunber of FETsS in each
set may be increased or decreased according to the needs of the
application. It will also be appreciated that the calibration words 204 and
234 (illustrated herein as nine bit words) nmay be of differing size,

either fewer or 25 greater than nine bits. It will also be appreciated

t hat havi ng separate and i ndependent <calibration words for the pull-up and
pul | -down FETs enabl es the output driver to offer precision inpedance

mat chi ng over various process, voltage, and tenperature ranges. 30

Al t hough the invention has been described in terns of the illustrative



enbodi nments, it will be appreciated by those skilled in the art that
various changes and nodifications nay be made to the illustrative

enbodi ments w thout departing fromthe spirit or scope -of the invention.

It is intended that 23 the scope of the invention not be limted in any way
to the illustrative enbodi nent showmn and descri bed but that the invention
be linmted onl yYWHATISELAIMER ISippended hereto. 24 WHAT IS CLAIMED IS: 1. A
nmet hod for variably adjusting an out put inpedance of an output driver
circuit that is configured to drive a signal onto a node (104, 209) using
an out put driver conir almethodso ﬁgmg | guitdhti i eggnégafahl ut
devices (111-120, 21150\218”236};?1 bﬂ]zuwngggs %glcmpof whi ch d(ﬁp
programmbl y 5 @fivaraincuiithat is cenfigured te drive Eeﬁlgﬂal @ntq)emd@m%fm%)tusm t age

ner onent al manfibPCHE PFRCadrte bR BRhRHRE 2 ALRR eIy byieds?, o MY

resistive devi ceg9 1bf20Vear-210, Q%ldrﬂZZVQQQaM)WhCGf\ﬁﬂd'\ fprogramiaiably
programming (34) in a binary increnental manner electrical connection of a

second set 5( 122¢leglrically gonregtablejr paelietbetweenabist valtage seurce (VBD) a8
source and said ng'%gg&';?%‘aﬂ}?%l of said resistive devices in said first

set are enabl ed® gordance with claim1, conprising:
programm ng in a bi ngwogrammisg¢32) amﬁn@émtalménnmrdmncain of one or

nore additional sets (123) of sai esi stive,devi et wveen sald f] rst
vol t age source %ermeé%éa qg@cﬂ!s"cﬁﬁ ﬂ%ﬂr‘?é?fsﬁ' "Q?I'St‘é,'ﬁl‘% gen gaid fws

said 5 previ OL% gﬁré&fr 4 saff fodet 21, 122) are enabl ed. 3. A net hod I n
accordance with or conprising: electrically connecting at |east

one (120, 1836, 238) prbgwnnhlr;g (ﬂﬂalmawmdry:mm'enwntajenamer@mtbmlmeen said
first voltage source.and sai

4. A t f
a variable i npe?f?;{lﬂ?@t'ﬂﬂloﬁﬁtseﬁppaéﬁt &t%ﬁﬁﬁf ?apl‘fﬁ%ﬂ\’% dﬁ\@ﬁgggﬁ&\ﬁ?’flﬁar’ O
signal onto a nggege'dhirce8d saiiiodd ShIY When all of said resistive devices in sald

first set are enabled.

2. A method in accordance with claim 1, comprising:
programming in a binary incremental manner electrical connection of
one or more additional sets (123) of said resistive devices between said first
voltage source and said node only when all of said resistive devices in said
5 previously programmed sets (121, 122) are enabled.

3. A method in accordance with claim 1 or 2, comprising:

electrically connecting at least one (120, 236, 238) of said plurality of
resistive devices between said first voltage source and said node at all
times.

4. A control circuit for a variable impedance output driver circuit that
is configured to drive a signal onto a node (104, 209), comprising:
a first set (121) of resistive devices (111, 112, 113; 211, 212, 213 and
221, 222, 223) programmably electrically connectable between a first voltage
5 source (VDD) and said node (104, 209);

SN T




a first set (121) of resistive devices (111, 112, 113; 211, 212, 213 and
221, 222, 223) programmably electrically connectable between a first
voltage 5 source (VDD) and said node (104, 209); 24
1111111212121112121211121211 11112 CL Ms a second set (122) of resistive
devices (114, 115, 116; 214, 215, 216 and 224, 225, 226) programmbly

el ectrically connectaisecondsebd?2} af esistivetdevices(hlh £durld6; ahd, 21,2 16ode;

manner ol et i oA oAt 20 roQ gy Secyledty RolfbskabROAERY T ISt .o
bet ween sai d fiysitagerddiitee apdsaibnéde! g d node and which programs in a
bi nary increnental manner electrical connection of said second set (122) of

resi stive devi ces be@woptrolieri(d10;2%Q) which pregramsie @ kinarydacremasdal onl y when

connect ed 05 belnkr sERHCEF BanrikelBhior salebfst E8 (1 PLer BSRuTR BUOE" o7 o
circuit in accopgeeh sdid firstvoltagel sowresrindsaid) hode andwhich praxtdivisiin@al set s

(123) of said resistjve devices (117, 118 119; 217, 21,8, 219 and 227,

228, 229) pr ogr binaBbingramental maaner eleshisabeennaction of saldsecand set (220l t age
q 2 d _ : Y .

bi nary | nor emenfohEi geIBS e sSia St idtanB sclickPand Bl fEATRHER 3

one or nore addall obsaitl resistive 4évices infsaldfirst sets(12t1) are diectrivatly bohmectadsai d
first voltage source and, sai d node onl en,all of said resistive devices

y
in said prtevi ouketveen said firstvaltags soyree andssad Ngde. o ectrical |y connect ed
between said first 10 voltage source and said node. 6. A control circuit
in accordance with claim4 or 5, conprising: at |east one resistive device
(120, 236, 238) is ebeétcontml ciycuibinramcprtanceavitheelaing 4] domprisingvol t age

e N el O Mo oPogk alBoedLsets (A0 o fEbie dRyRSS 1376, 1D
b1 nar'y wei ght e’ Hide B O B 2D e A e s m . 5. 6
or 7, wherein: caormegtahle betwaen saidifirstwvoltage source andisaid hode; 215, 216 and
224, 225, 5 wherein said controller (110, 250) programs in a binary incremental .
manner electrical connection of at least one of said one or more additionat
sets (123) of said resistive devices between said first voltage source and
said node only when all of said resistive devices in said previously
programmed sets (121, 122) are electrically connected between said first

10 voltage source and said node.

6. A control circuit in accordance with claim 4 or 5, comprising:
at least one resistive device (120, 236, 238) is electrically connected
between said first voitage source and said node at all times.

7. A control circuit in accordance with claim 4, 5 or 6, wherein:
said resistive devices (111, 112, 113; 211, 212, 213 and 221, 222,
223) in said first set (121) implement a resistive binary weighted code.

8. A control circuit in accordance with claim 4, 5, 6 or 7, wherein:
said resistive devices (114, 115, 116; 214, 215, 216 and 224, 225,

226) in said second set (122) implement a resistive binary weighted code.
T

T
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226) 'in said second set (122) inplement a resistive binary wei ghted code.
25 111111121112111135,j 9. A control circuit in accordance with claimb5b, 6, 7
or 8 wherein: said resistive devices (117, 118, 119; 217, 218, 219 and
227, 228, 229) in at |least one of said one or nore additional sets (123)

I npl ement a resistive binary wei ghted code. 10. A control circuit in
accordance wwth claim5, 6, 7, 8 or 9, wherein: said resistive devices in

each of said first sgt .( secaor t. . n i or nore
additional sets (123 § @‘o‘f&f& dé 8"?4'&‘(?089?%&%%‘4"3{1@%@ g t §'. ?QE%NW’%P&E 6
said resistive devices (117, 118, 119; 217, 218, 219 and 227, 228,
229) in at least one of said one or more additional sets (123) implement a

resistive binary weighted code.

10. A control circuit in accordance with claim 5, 6, 7, 8 or 9, wherein:
said resistive devices in each of said first set (121), said second set
(122), and said one or more additional sets (123) comprise field effect

transistors.

i
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