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DRIVERS Field of the Invention 5 The pfesent invention pertains]§egdeiNaPl8p
to variabl e i npedance output drivers in integrated circuits, and nore
particularly to a bi nar\& t hermpnet er_code for_controllj n@féhe
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manuf acturi ng process, voltage, andO(‘J?ﬁ‘Pﬁ*lﬁR nerslO Background of the
I nvention Integrated circuits are commonly packaged as chips. An integrated

circuit within a chip comunicates with the world outside the chip through
metalization |layers on the outside of .th chIi ) ktnown as signal pads. In
order for an integrated circuit wﬁﬁ!ﬁ}&&ﬂ@—é&%&ckage to send signals
outside ofs 15 the Cl‘vh@pr'éﬁléhﬁﬁoemd@éﬁﬁhs@re:néealgltarwglriéb@nh@erd@mpélom@dn
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pads on the exterior of the chip. The signal pa vari ous chips are

connect ed t-ogedrivershp integaiseicysiith archmerg patiiculastydognbinary weighted her eby
all ow ng conmupi cation bet ween di fferent | T i gnal n chip
are connect ed- PETIREEe eagh I8 Gritallr Y o RB P Fupelahol o ifeofitEd sRRu, e
connected to acaindrivefadge Rvaidtionstie thahufadiuring precsbsRbRdge, Wil t o
another integrated circuit chip or electronic device. The electrical

connection of tay@peid§ws pad t hrough the packaging of the chip to the

si gnal trgce is characterized by B .hh%frtﬁéilrﬁ}e?l% , inductance, and
capaci tance which interferes w tﬁ—%@g-a-nsm-ssrm—vﬁ' the signal fromthe
25 signal pad. The [ritegried siruitsl draccophdbalt padkeiged BisadhipdieAprintelgeatedi r cui t

board signal trace itself, including parasitic resistance, capacitance,
and i nduct anc@lcul withing eltipgommpRisaigseviu e woridroutside theyaaim HEuah of t he

signal fromt i . ' d.t o dyq ance
whi ch  nust bert?lgﬁi\;gﬂsh;ll%%é oﬁ&t‘%%@%&??@ﬂ%%@% to_@\ﬂ'%é %g‘é'gf%é@%eldp%si tic
resi stance, cajprantinfegratedndrcull uthimtieechipipzitkage tosesesignais obisjid of chi p
signal ‘interconnections, the drjiver circuits that drive those signal

i nt er conAgct i 0he iR ‘SrivereiEmlits ddwe gigaals ontabe signal pads wa the axteipr afj ngs

when swi t chi ngacail S THBidAd Pads'of viAbul tHpsHELInAkcleBogether 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 signhal from the
25 signal pad. The transmission iine characteristics of the printed circuit board
signal trace itself, including parasitic resistance, capacitance, and
inductance, also inferfere 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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1 1E~ JUN 2005 power I1/0O . Excessive voltage swings are known as ringing.
Ringing must be avoided while still switching as fast as possgil i1 ggppet
the high speed performance reqU|renents of nodern integrated circuits.

known by those skilled in the art, it is inportant to match the output s
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in any or 15 all of Mﬂ%lﬁQQN@lrﬁbQ&% Bﬁéﬁ@ﬁiﬁﬁ%rﬁéﬂt&ﬁ%dﬂa&%ﬁ&ﬁ’é‘t
|ntegrated CI rcuits intended to performthe sanme function to be classified

as "slow', noﬂmmﬂlance @frthefsignal fransmisgien hmeusjprobtlamaumtmmera}l redeens.cal

inte rate cir | of the process

thess parinet ef Lot iR sPtioh] ifRtetlinthe plandidfu SRS S R TR B on
within a chip tifciecEsedsad theftahsisidig Mgt dorf dg ISk tha BffcREv TR Of
paraneters stray further and furt her romthe eal case, the performance

of Jthe chip |scmymmthee’meffeehilrawsitqne(FE‘ée)u, ﬂieatﬁw@ssmféhma;e oxide

Che vatow: cacer ehBRS, Boind AFERRERs MG, RinRiedhe e iflReEteks °°
cause vari ati osftwolSuppbsetfy igehtHl cirenmsiwswfeef I@Fﬁﬁ\éalbrc\b'ariatloﬁﬂqﬁ ahiyerl |y,
t he driver out put | rrpedance can vary Si gnl i cant bet ween variations in

“the oper 48 i ng 3bet thgeabavedospshparanetiess rangause dn‘@reeﬂ integratesl eirauitse

approaches |t SEERCRE ot PR ke AUETRF Y Balindl a6 4RI kel |

i ntegrated ci rerufastt olpstheniverds) twoaippoesdlylideiicalVitbglidied ahevies camri abl e
| npedance out put drivers have been
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 exireme, 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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devel oped to allow adjustnment of the driver output inpedance due igl \}W 2005
variations in manufacturing process, voltage, and tenperature. 2

2005 One prior art technique for acconplishing i npedance natching of
| E din US. Patent 6,118, 310

tput pads f i nt ted its is descri .
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herein 5 incorporated by reference for all that it teaches. I'n the
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i npl enment a " m?mper ) ég%%ﬂeﬁb ﬁgwgéﬁlﬁﬁe%f i%?ﬁ?ﬁg%@?@?g%@’“{ﬁﬁs?s
activated (setcasbinedimpgdanes cidsely matches3he oheractexstid impslddneef thd are

al so activate In_.a.pure thernoneter code inpedance matching circuit, a
first FET | egqfasnsg@??@athgﬁ' and then each subsequent FET leg is activated

until the desired giigh rid;rfm?daﬂé?@leiiﬁpeﬂﬁhb@ﬁﬁ%%ﬁ?ﬁgfﬁgﬁﬁ%y ggbéE@q%e ggngn

leg is always activated to ensure that during the swt (
or off, the Fiireimemetarcodefor thaPVaHeperiante omatehingaddnttad irabtderrio dimitvi ce

i Dust rat s a T PHa08E 1) bute BRiaie sk T Ruftontdlienegs tngaleb I ¢ ne

ifl Dustrates a ! _
code word W r eprRsaddaN ﬁn@ﬁnpé&érﬁﬁ%@or@m&éﬁ:@g@aS‘Erf‘é??nd?ﬁet% ;/?o )BLE 1) \é")o

W W V\BV\A{/\%V\BWI W W W0 Adm ttance | npedance (Y =1
00000 0 owherebywhep an ntheorglep signal BV,lis. activaed (set tb “f1”pal obthe: weerd 0 1
1+.2 1 833 order signals Wy to W4 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 {o all on or vice versa, which would 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

B ) of 10%.
. TABLE 1
Wo Wi Wa W2 W, W5 W W7 Ws Wy Wqo | Admittance Impedance
(Y = 1/2Z) (2)

1 0 0 00O OO 0O O 0 0!1 1

11 0 0 0 0 0 0 0 0 0!1+.1 909
11 1 0 0 0 0 0 0 0 011+2 .833
11 1 1 00 0 0 0 0 0:1+3 769
1T 111 1 0 0 0 0 0 0]|1+4 714
1T 11 1 11 0 0 0 0 0/1+5 .667
111 1 1 1 11 0 0 0/|1+86 625
T 1+1 1111 110 0/1+7 .588
T 111111 111 0i{1+8 .555
111 1111 11 1 1!1+9 526

25



111100000001+.3 .769 11111000000 1+4 .7141¢ 1yd 408
1000001+.5.667 111111110001 +.6 .625 111111%'1%
001+.7588 111111111101+.8.555 1111111111111
+.9 L. 526

cod

25 31 0 JUN 2005 Inillustrated in the exanpl e thernoneter
ode of TABLE 1, tHe ilwsttated iratilecexample therrmemsite!i mdwofg'FABbEpht’fhﬁrrpedance

Is limted to between 1 and.. 526, ' h 1 tt | .
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code requires Qe it \é\fh%_?eiﬁ tR8 HanFitSRce ACORIreadby 0. 106€10% foheadh stpacks of
a pure thernoneter code is the |arge nunber of bits (and thereform@trol

li nes) requir eks alsodliusirated byrHABLE dngepwe thatmemetenieesuires &ng of

control lines increase exponent | al a ' i
sensi tivity i MAREAES: Aespraainpne of e PieiaRE U E s heprarl TR s,
admi ttance onlgfe JafYel durabeest bits ¢hd theraforechiteoldiees) tequiited tofalleaca lasgep,
the PVT control circuit would require 101 control lines, or tenfold the

nunber of |i neengediioutrutimpedaneat iThg number ehfeontilines ince3ges
A ornat vl Y clporbhidl G B UESel 0 RHGE8A sty ndigapeloactd] wreble
f:lhﬁggl) n\g/g\obrg mﬁlﬁ{ﬁfgc‘mﬂd%%@r]ﬁwtd fsteﬁahetammiﬁgnbe oaly téninrasder ©5
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wei ght ed code agiistabie auett imF&ﬂa@lecetqu@rrﬁlﬂ\eﬁrﬁ @ggte"r'{)q?"eg@?%é‘lﬂjﬁlg :ﬁb‘%f@égw ey
resistive dewe%%h%ﬁ RHafiling the admittance by 10%, an additional twenty bits (control
15 lines) would be required.
’ Accordingly, although an increased sensitivity range for adjusting the
'PVT output 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 2 Py, 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 controls a FET
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 Zour drops. TABLE 2 iliustrates an example binary -

weighted code.



adfn'tténce corresponding to a conbination of its binary weighted bit 25
position. In other words, each | eg has an adnmittance of 2(bit pos Vi dH}‘éYZS@S
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 withAxgordinglyce néediaxistd fafa PN caltrdieatodingteckhiqoathat s a
FET with adm ttance 2* bi t f. the calibrati word controls a FET with
30 adnittance &s]‘%‘f"sjﬂﬁaEEQr[ﬁ_{_OU%WqélF‘Pégﬁ{"lC%gafo?eW@g|f?\95?%&?fHFPI\}\5B?& ‘Hh'l‘%lry
count i ncr encptéverBSIIRS HitAe © R iIRpEAENLE oR3hE sidlal Eadé.he driver FET
array, and the output inpedance Z drops. TABLE 27 Il Ustrates an exanple
- binary weighted code. 4 1 0 JUN 2005 Accordingly, a need exists for a PVT

cont rol er})codi ng techni que that a§! gﬁ ﬁomﬁ gi ahg{onout put inpedance range
with fewer control lines, while Hg the output inpedance
on the signal pads. Thepresartineéntidreislawevd! varfiableaniyeaanté oufpiarirhven is a
novel vari abl e inpedance output driver control circuit and nethod for

progr anmi ng t hEORERkCIFCHE anshetpd 1Br programing; thasame et emrievs a binarywhen

adj usting the H@ﬁﬂﬁ,ﬁ u . e ' count
variations in g’%@?g%%lt VO ta%%,”eéﬁgm"ﬂ?% tée H%tr' th\rée&g@gtoitg@%edéﬁ@%iooon ly

i denti cal chi psutplibdricediortaks diterarcolint Vriationsdm predessc toleaes andhi gh range
of sensitivity with ?qrm ni mal _nunber. of PVT control |1 nes while preventing

spi kes i A%t he” GMRRIAWrg RIS RINGHORY ideglical chipsd Thercosingseharae ofthe one
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adjust the outguritrdl ipeslayhile méventingspikes indthevartpet inpedancd o thardigidle

i npedance output driver control circuit is configured with a plurality of
resistive deviR¥ each programmably electrically connectable in parall el

between a fi st vol g ohH AR SnbMn BRI 12 fvelfich & Bl [V Of

resistive devices are partitioned into a plurality of ereby a first
set of tie resisighted thevinoamtenyodeispmplogetta ai variabldimpedancemigpent al
manner to el ec&rlrvie(r:%lo}'n rofapcrﬂ?tctto v%rr]i%bﬁzracﬂggtethgfth&?t impedance of an output
driver circuit. The variable impedance output driver contro! 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 & binary incremental manner to electrically connect one or more of the
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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 ktJHaZ805
been 25 electrically connected between the first voltage source and the
signal pad nmay a second set of the resistive devjces be progranmmed in a

bi nary increrréﬁ%ﬂ"e l'f?;eis‘f‘&h%ﬁgg&'PPé‘g‘isq’t;bWﬁﬁEébeg‘ﬁ% v&ltg%ggume A
resistive —devipegol IR WARILAHE rédisile ¥OVitagIR SBbteaIRnd
t he signal pat. Agglg[téﬁafﬁég@!%%%teﬁ%%resirbsfttﬁvé (Jevieces Emay be Iikevvlﬁse
programed 30 odmnexdigd betweeati therfirat Voltsge $nurce sinsh Sigral o atedl imes e
previously programmed sets.have been el ectrically conngct. t he

P rot Vol L age. SintPBEansut EPERaREs Spka drtireqoadur dadrtensh e,
resistivegdevi gapebivdsO06ARBREsIstiVE ée\hb@@?)’efbmm'\fﬂﬁﬂbﬁie’rﬂ@_@rtﬁ.[retmary_

el ectrically connect one or nore of the 6 1 0 JUN 2005 resistive devices
in the additi owgighted cede irinsrease therattpybimpapenssupege yithin the mspesiivead.
Preferably, a teast one of the resistive devices is electrically

t
connect ed” bet weth the first vol tage source and signal pad at all tines to

prevent an out put i jipgstdréancivitie andtidrershadisientaf theAnwenhtiomad byntrelach 5
respective set of the resjistive devices preferably jnplenments a purgg bi nary

wei ght ed code &iElitfer ayasiapledmpadance i avtietrier cirgit nglydasma fird setdhect i ve
set. In cor JEAyR =Toqaralal : ' t L rol
circuit 1? gr a@g%ﬁgﬁdgk}}%g%gﬁ%‘e ou?%ﬁg{c‘#?g& E@?’?‘%&ﬁ‘?ei“ﬁg@ 88@3 a ti rst set
of 10 resi stiwgdtadedorese pnddheasignbl yad| @ stcondkbyoicresistivt aevicebet ween a

first voltage source and the signal pad, a second get of resistive deyices

pr ogr amebl y diregiameiablyelestivally spneewablpdraiwers the fisst Vpipgg FoUESRRE and
th ' | ; L : - . e Cal
aner el pa%e%@oagﬁggnbﬁea ’F'\#QEWVPE{"O@@?%’P% %ﬁ?%‘x?ﬂémé@g'e co

manner el ectrical tron o sai stive devices
bet ween 15 t henfinnert eleoiricabeorsmation dlilee firg salt opedidaedistite devicesdehnsenn a

binary increnmental nmanner electrical connection of the se_cong set of

resistivéd dedhedisstoiigeesoure and signabPed godWDIcE Lragi@ms BraPinatd onl y
e 21 o et R SRRl okt St sBLSFLEARY) Y
circuit may i nigvitds eteeen thefiest2@ltagdisbiimeadng sighabpad mlyéwhee alleofitbes
progr ammabl y erclegig%i\% 8g\|lilc s ?no{hréef?rg? lerL,teare 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
betwéen 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 programm-ed 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 sighal 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.



between the first voltage source and signal pad, whereby the cont1r@l]}i§pq 2005
progranms in a binary increnmental manner electrical connection of each of
the additional sets of resistive devices between the first voltage source

and signal pad only when all gé.égﬁ éﬁﬁ&@iivg %grices in all of the
previously 25 progranmed sets d between the first
vol tage source andTaedmadntipdwill Decoatttiundierstobe Yidm BIreaeihgldfthé isllowleg at
| east one resigtlve devi ce electrlcally connect ed between the first

vol tage sour cedgl@fleddgss slirliqutakgn iacpnivngien with thadrawingdn mdtck i di ment
the resistive daulerRs R¥shurdfBlsarenised tW'cIe]hé idafte kg eldifibnty AT IPhAlch: ( FETS)

and each set of resistive I ces a resistive bl nary

wei ghted &ode. 7 1 BIG. UN!SZ@SEheIBBtIEbIdeSChagrﬂm ohaohrigble |Btpe\ﬂange15hq)ut

i nvention wll _ be bett understood froma reading of the foll ow ng
detail ed descrqrb\fqrcﬁ'{ Pﬁken In conjunction with the drawing in which li ke

reference designat oFgs & & élga@erhatiéjéﬁfg%}ﬁt& ar ﬂﬁ%@da@u@%ﬁfgﬁgo&qﬂwdl&n\gﬂ :

FIG 1 is a schematic block diagramo vari abl'e 1 npe e output rlver
circuit; FIG ipacsordangeewith the iiveptiemfastthe variapledmpedanet wotgutidrivee sent ed
I n accordance .the invention for the variabl e i npedance out put driver
of FIG 1; 1 ‘G’ 3is a flowchart of the method of the invention; FIG 4

is a schegratic bl odkGlizigraflowéhaof tHeaRafieR] ﬁ%éqﬁ\!fent%ﬁm roller
i mpl enented in accordance with the invention; FIG I's a block diagram of

an alternative enbddGrenis soschematia HDD&dfamEU@frm'emeQamedTatwerk 15 FIG 6

I s.a schemati ' nce. out ut driver of FIG 5;
and FIG 7 |s%gﬂg@ﬂéﬁ@@%nﬁtﬁg%{ﬁ‘o%’%%@#cgwﬂﬁtﬁ?’rﬁﬁ’&& 8% network controller
for controlling t hFIGMBA8 B igkhém (TdreBtembive dARAIAIMS valiaBIgr of
FIG 6. 20 Detail ed Description A novel nethod and system for increasing

the sensitivi ifPedAgee gutmit 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 variable 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 detall
) 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 puli-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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variabl e i npedance output driver control circuit is described in dat 'N
hereinafter. Although the invention is described in terms of specfﬁi 3%) 2005
illustrative enbodiments, it is to be understood that the illustrative 25
enbodi ments are shown by way of exanple only and the scope of the

invention i s nativeAb9RHE Sutputiet thé pull-ep predriedycirclitridi2randithe poll-Aban 1,
there is shown a bl oCk, dl_a(,:fram illustrating a driver circuit having a
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circuit includ - [ G Ol ;
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circuit 132 an -down predriver circuit 134, respectively. The
driver circuit poodiges aicontrobably xatablegepedancei whicheervemhiayanydhe putput

el ectrical conpection pojint between .he drain.n a t he

IsélouGr 0(23 node of ;;Eﬂﬁqarfép# tﬁ%jbvfaf CE%“'*&%& ﬂ-bes@gfrgetgéq\gwﬁﬁ%%a#%&?ﬂgn with
, an 1 np SnREbIRIdedIRPHeSnigERINRe TRAWDE! Y6& R cdritrolieddnatonttrale 102

and the driver pgggl%.E)The i%dance network 100 provides a contrallably

vari abl e jonpedeincait 106 e seipué of the apsdanss rriweds 100 ipeuied &o the drger

driver circuit t tch th oard, trace i npedance. The i npedance provided
by the inpedanE@gﬂgEVB?ﬁoﬁgwapgﬁgﬁntroIIed by control 10 circuit 110. The

output of the i”Ded%%of@éﬁﬁbﬁlam?@ebérib@m@dtrn@tut@androipmtiorpaﬁthboe vi a

onductor 104. To nore particularly describe the structure and ﬁ@ﬁ;aa{gison‘of

the inpedanceimpesande n@work a0Q; iiierence ispammade te B, whichy

illustrates tpi.s circui.try i i L '

netvor k- 100 i s cERfM 0 org s Seegitly P TaaR0e fpphorf 10 Anee
control cigr cui 5hdwA in Félation fPBRAMIgRalTReMOX 10%; landeontrobtiscwit 11§. She
resistive devices 111-120 electrrcally connected in parall el tween the
line 102 and | impedante nefwoReinchidese: pé@@bfﬁﬁd@%‘i‘ﬁ% deyiges égi"'sﬁale devi ces

e eanted uoBlE TR Eohbbed'ih Bafhiéh bfkedd BHR 962 hBTHE/ 1041 M d be
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 channel width that
defines the admittance of that FET device. When activated (i.e., turned on to

;B conduct current), each FET provides an electrical connection between line

102 and line 104 thereby allowing current flow and contributing to the
25 combined paraliel 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, 1186; 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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20 conponents such as a resistor in series with a switch. In th? % %I:@VZQEQ'
enbodi nent, each of the FETs 111-120 is defined by a channel t

defines the admttance of that FET device. Wen activated (i.e., turned on
to conduct current), each FET provides an electrical connection between
line 102 and ldnuel23)4espectiviely, &8 thaviacterizedityran adwittanns efoti%ididhe ng t o

the 25 conbi ned r.al | el sista t he J dance

than one of tHH® %é&'ﬂ’d@%“ﬁepﬁfgep{@ }?f&?/ ﬁlgsee{g@s 'Y?\:\gg}"gggst ors,
conbining in payidih 8hch %epéfé/bmar@we@méd E&ﬁa\?‘é aﬂﬁﬁtaﬂdé ValiSs Wt indrbase

out put inpedance of the driver circuit e varied. In accordance with

the invention, byrefackyi @ftﬂme Theretars, mmcqlégtlw eutpid opther centerlddogint P a

nol udes. rbsi STLSHNG Bo8 Weldr caliabdd BRI TR eflatt fEloctéd ot of e

devices 114, 1i&sisfiibdeviets 123-11@@&@&5@@8&:@1&&meieuﬁp@reﬁnﬂaédandel& thel119.
Preferably, the first resistive device 111, 114, 117 in each seé#fé 122,
9 1 0 JUN 2005 driyagcitcuit inacseedancaawvih th%ﬂ@%ﬁ%éﬁwbp&hw"@ﬁe& adce of

10% of the comt Rdoadiiel SMSodine?t mehishe SUHE QUi iBR e

resistive devices set” dre binary welighted to have adm ttance
val ues that incogesgondyo ﬁle‘wnerdrméntomme'@meset)bm cdrl‘&pmidlmg:FEVe out put

Ot vt o Bel oceeycanddiorTa. il B ahereuandl Pk BoyGuitRhot o SEige)y
control the O%QH&O:' BTB@I@'Q‘]‘G%EPB{-:H% ngghVﬁgoﬁhfadas% mta@?e &g&ggmé%%t he

nmet hod descri be erernafter 1n e preferr t he
bits 1::9 of t(RVTxlbEubneedaotberdedstibedreseion@he dmpbdanecd netwiorkvEld isn t he

ates of the correspandi FET 10 devices, 111-119. |t wil] b ci,ated
that the c rcuﬂﬁwngﬁ Sushilbatoat IeRs! ons RedneBIeBeaatve pvicae 2B o

upon process, bed
herei n. The |rrpe ggaﬁg?%baﬂ%ﬁﬁﬂﬁ g'ggéﬁgrpads sucrr1| t atmgtEa @ﬁeﬁ 'lri% pat h

(nanel y, 1sesi st[me/éoelelvomr]ta@reveiﬁla’ssprkk in the alipay smpedance seenonpee mit a
signal to pass fro der

prevent a spi k& Fﬁ qaatvﬂ{l{;ﬁﬁégé%%@é%é'g‘@ﬁt%ﬁ;?%én%# ﬁé:s‘r’]"ﬁﬁémﬂdg fﬁﬁl ch
may occur nonepgEgiddyeeds a result of switching of the FET devices.
TABLE 3 illustrates an exemplary binary weighted thermometer code
in accordance with the invention for a 9-bit output impedance calibration
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 “17, the corresponding resistive device is connected
25 and therefore does contribute to the combined parallel resistance of the
network 100.
TABLE 3
Wo | Wy W W | W, Ws Ws | W, WgWe | Admittance Impedance |
(Y =1/Z} (Z)
1 00 0 {0 0 O 0 0 0 1 1
1T {1 0 0 |0 O O {0 0O 0 ;1+1 .909
1 {0 1 0 {0 0 O |0 O 0 ;1+2 833
111 0 :0 0 010 0 0 1+3 .769
1 0 01 !0 0 0O 0 0 O [1+4 714
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TABLE 3 illustrates an exenplary binary wei ghted thernoneter codei in{AN 05
accordance with the invention for a 9-bit output inpedance cali braQi‘g) 2%}
word W where each bit position in TABLE 3 corresponds to a respective

resistive device 111-119. Wen the bit position is shown in TABLE 3 as a
"0", the correspond nd rdsi $t0 v dévilc@ i@ rbt; tbhnected and re
not included |n tie pardl | el0rdsi §t anbe ®f @ hethét wor k. When
position is shown 4 n{TABLE  ap a0"1"p thhe ®or1egpondi ng res i ce
i's connected 251andy t Rer gf of e; dges gconpridute i o+t e coshiged
resistance of the; petqwork 1QP. 4TABLE g W W vﬂw&w&mm jagff V6 VB
Adm ttance | npedan (Y4= L/4Z) 4(Zh 1 0 0 +@ 0_ 1. 1 01
000 1+.1 .909? 105.0 11 0 (gZO!1 ObO Oglgg2§83 1%' *iioil_; 2. 10 a{ +. 3
.769 100 1D0,0i0,0,0 @ 1#. .07141 0U1gr0£§51'_'1 00
1+.51.6671.51)1}1600165(2014-. .]%2551 %glp : 7 =
1.7 .588 1111110l d of@ (d+. H191 € D gA1*shE1.8=2.42 1 00
(1+.7)*1.2 = 2.balhod 1 110171 1700 PoY1{THAIIT= 289, . 11
1001000 (1+:H=*1 41=pBBg1 440! 1 1010 2(b+DY-B*d-1(F+| - 2.55
.392 111110{11000;(1+.7)*1,6 =2.72.3479 1111, 0
(1+.7)*1.7 = 289134 1 111111 110 O 0Q (je1¥)yyn.7y12 4 1179
111111101{0 ((1+7)pF1l.7)*1.2!=.288 1 $4888 |
T 411 1 1 1T 1 11 1 0 1 ({(M+7)*1.7y1.3= |.266
3.757
. 1 i1 1 1 1 1 1:0 0 1 ((1+7H"1.7)1.4= | .247
') 4,046
T 41 1 1 1T 1 111 0 1 (({(A+71.7)"1.5= | .231
4.335
1T 91 1 1 1 1 110 1 1 {{(1+7)"1.7)"1.6= | .216
4.624
1T 11 1 1 1T 1 111 1 1 | ({(1+7)1.7)1.7= | .204
| 4.913

in accordance with the exemplary embodiment of the invention shown
in FIG. 2, and as also illustrated in TABLE 3, the bit Wy representing resistive
device 120 is always activated (i.e., enabled to provide electrical connection
5 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 W,, W>, Wi. The first resistive device 111
10 ts characterized by an admittance Y4 that is 10% the value of the admittance
Y, of the resistive device 120 represented by bit W,. (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 Y1, Y2, Y3 of the resistive
_ devices 111, 112, 113 in the first set 121 are weighted to implement a binary
15 code, where resistive device FET 111 is sized to have an admittance Y1,
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.
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11111111101 ((1+7)*1.7)*1.3 =.266 13.757 1, 11111{}1JQ]N)2[}{]5
1; ((1+.7)*1.7)*1.4 = .247 4.046 1111111101 ((1+ 7)*1.7)*1.5 =
231 4.3351111111011 ((1+.7)*1.7)*1.6 = .216 4.624 111111
1111 ((1+.7)*1.7)*1.7 = .204 4.913 In accordance with the exenpl ary

embodi ment of the 'ﬂvﬁﬁdn@rbé'h%d &t FiGnclidesndsiativabisvices Nt t 88 eahd n
TABLE 3, the bit WD representing resistive_ device 120 is al ys ac at ed
(i.e., enabl ed116 represeotecpybits WmWsdWmecThﬁéﬁsfaeﬁh%E'MﬁéﬁWFP 41p5e gﬂé

104). This | egﬁdtﬁ}%ggl%g%% ?y&ﬂ%@%&fdﬂ%@%agﬁ% L”‘I(ﬁ‘%%e%ﬁ% e CBRfbinéY éo |2n

accor_dance W t I nment e tnvention shown in FI
the first partaﬁmmmﬁ;@e‘fo,m;wb Y] ofcthe reestme demceIE\7ii26e§11|_,1‘m,2 1182, and 113

represented by bits W, WB. The first 111
char act er bzed E%Pfﬁ'ﬁﬁfét&%t?)’[t&'ﬁo@e‘@”?ﬁ&tpqsét‘% 1\’/3931&\’& tﬂ%@"‘éﬁ%fcfeasnce

Yo of the res'?“\?’e\f% H1hE ré%%ti\feeﬂ’é\ﬁééélﬁw Pys, bﬂs Wahe c8abAd a8p1 PBBraaY,

the first resié&ti | s characteri zed by an i npedance Z1 that is
10 times the allspewkaghtedzm m‘ipiﬁﬁﬁntlatbjr)ar;r wodaedwhetaresigiivetevieg Fi¥B 19¢ ishe

resistive device he first

i npl enent a bi ﬁ'é?@ ‘i%‘ 8‘8&3@ é@méé@ Fe'v Eeﬁ’ﬁﬂa\’ea%‘?)"‘é%%%éﬁﬁ’f%%@g% %O have
an adm ttance FdmittdiRe ¥l 29{4%%965:5% dddick FEST 166 id Sizba@¥ehave admi tt ance
Y2= 2*Y1l, and resistive device is sized to have an admtta%(é Y3=

4*Y1. 1110 0 Jathmittose Ye=400nd Waem andmély when,13lbresitive gleyices sk 1dt

devices 114, 115 16.repr ed

resistive devid¥ ﬁg #“’s@fs‘%p gﬁﬁ%aéfﬁ?’?&@taeﬁ'v\éﬁ%? \bl%ay %agﬁt%ﬁﬁ?ﬁ"% t hat
i s 10% the val aweésql*i'@ Wsﬂahaeldelﬁdnéfséa@ﬁ@gemz Iﬁé actidatey3 of the
resistive devices 120, 111 113 5 represented by the ?FEVIOUS bi t

positions W, W, V& thm paﬁﬁ@r@drﬁettﬁaaae@udes resistive dewces 17, 118, and
119 represented by bits Wy, Ws, Ws. The first resistive device 117 in set 123

15 is characterized by an admittance Y- that is 10% the value of the combined
admittances Yo, Y1, Y2, Ya Ya, Ys, Y of the resistive devices 120, 111, 112,
113, 114, 115, 116 represented by the previous bit positions Wo, Wy, Wz, W5,
Wy, Ws, Ws The admittances Y7, Y, 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 Yg=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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10 JUN 2005
Y4, Y5, Y6 of the resistive devices 114, 115, 116 in the second set 122 are
al so weighted to inplenent a binary code, where resistive device FET 114 is
sized to have an admttance Y4, resistive device FET 115 is sized to have
an admittance Y5= 2*Y4, and resistive device FET 116 is sized to have an

10 admi ttance Yo= 47Ha noygbhybrigheinary yelghier tharmamelpsepde agpiaacddtoyT 112
d 113 in th I : ; ' ; I sti
Govi cos 114, TYAEG offueivel B ARG B RftoveE Yudt Mo Biof OR B! 11 Ve

partitioned seinciessingtHadegerasl dégree afeensitivity Withinlthe, raagd of Vadiable

represented by bits, W, , W8, .. The first resistive device, 117 in set 123
e S har act STIDUE IBpedaCath ey opsial HRES] Eot SYaRE. ToiE of 't he

conbi ned gdm tmeﬁ%nmionﬂeﬁnvé%,mﬁadéa,‘ﬁecé’ﬁté&iaméeuf impbdgnéeVi ces
120, 111, 112, 113, 114, 115, 116 represented by the previous bit

posi tions W, mangesdromd, to W04 WaesVibe impedadne of thecalways-actigatedoresistivee

resistive deviges 1 118 119.in the third.set 3 al s i ghted to
ol rent . bi F6RGE 08¢ i BRI fodPhicinonf fie SEEPYE A, T o have
an admi ttance gdgrekastisehsiiRitd@ithRethedohtbliBbieSotpatithpctidheeaanfe ¥l aisot ance

Y8=2*Y7, and resistive device FET 119 is sized to have an admttance
Y9=4*Y7. Wen,significanllyhighen, all resistive devices 111, 112, 113 in the

first set_ 121 and .t [ St . | ces 5 | Nrt.he second
et 125 Mve boon dEGhaohEHE y¥Eantd i BRiad of enyddiaul ca 15 °3%0
and 119 in thegjddttdted sgplukdRyRR resistivadedces bfograhimalsly abRn&stapleed by those
skilled in the art that the nunmber of sets, the nunber of resistive

~ devi ces indead:retw@_enithe@lﬁi@ar autput and signal padiigpartitignad 138 intyiaruralitofor t he
appl 1 cat ron: - HOULALY SSERENERpts it orde TR LA hPed bR &2 e

al | such vari ajuchrthat\beroesmercsr thetresiktive Blevicey én taefiist 86t are életiricaligd
according to a thernoneter code al gorithm ile the resistive devices

wi t hin e#fth saonaeét%bew@@dhaééiaeaou@r&ﬁ angh gnal psidn ahe firsbget aaydie t hm
to PVT vari abPRogmBadbreihah sie R eiyienfe ARt ot CfER BhREt s ool oy
art by i ncreaidsugt thet ofang eransmisis kee hpegandd valuéy Prefdrablyt fighe finge of
variable 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
20 the amount of change in the output impedance seen on the output pad.
Only if ali 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 order to obtain an output impedance
value closest that of the transmission line impedance value, and preferably,
if the selected 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.
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out put inpedance with fewer control lines. For exanple, in the"sU JUN 2005
i npl ement ation defined in TABLE 3, the controll abl e out put inpedance
ranges from1l to 0.204 times the inpedance of the always-activated
resistive device 120 (i.e., the maxi mum i npedance in the Slow PVT case).
The degree of sensFi@v4 isaachamatic idododiegtm ahreastiofet 11ididance range

Is also signi %Oﬁgﬁqr%nalt&g%wﬁ}%%{r g’?tggﬁk%‘% Jflﬁ?gc?arg érllé\Hﬁté(ﬂ{tf'dY rthe

met hod of the tion a plurali resi'stive devices
progr ammabl y Cd)mﬂfhmctltadlé@thr@@t%vm’emmﬂitersiﬂ726174)utt7}6ut0wrdess ngaI 17ad 7bsare

artitioned 30 into luralit al ly excl usive sets |rst set of
ltohe resistive B@f?'@@i\’ g% Ufﬁ‘tt‘f@r%?H@ﬁr L&@P@ thay4o E%FWII&VERB’P@ €t he
resistivegdevig ebf‘o&t?ﬁtfd h%tlo tr &v%ae@ér%écebha{teééwgnwt% bet ween

t he drlver outp and Signa first set may progr'ammed nore
t han once in omdeament mbd@aremmtmpmary Mpblemﬁlwaleaaectmecméaut& hat of the

reei stive dovi RGP BRSNSt BRI WogRae Eletlindl S

session, the repseH aRE \aplifs csﬁfcﬁmt@@mm 1745 470 arh TbSpedtReRegenarateeduce
20 the amount of change in the out put |rrpedance seen on the output pad.

Only if all ofsighalsi®El:8} Wk @]eandéél[Y R].teashiofrwhich éa usedbtaetdvg thecgateof

B Ll Y T W e

resistive devipge and progranmmed 34. Again, the selected next set of
resistive devices nay 25 be p ranmed nore than once in order to obtain an

ou1t put i ngedan;:e \éﬁﬁ@fec@?lﬁgﬁﬁgt héd. Hf6 hae anrensble BWUbEN which whedlance
e ol e TS S e B B Bt 6

reprogrami ng dtatePef tﬁ@rdTl%@tlbﬂ iR IER) BhceFbeBadMPORE dfdhé @dwkeinpbteCaKDunt
of change in the out i npedance seen 30 on the output pad. Step 34 may

be repeatied fdn asdeh Orlarmmen@a@@@bagﬁearﬁh@m@aete@mdeéfmqew@"d&ih%es unti |
e output | TRASR bRt Ao B mGbiREL Bo oPRERIBALPR O L1
di agram of a qRogFahinirig thkthéxallower order-of-magnitude set, and so 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 belonging 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 ali “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 fo 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
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programmi ng the inpedance network 100 of FIG 2. As shown, cont|:I I 110
I ncludes three 3-bit counters 172, 174, 176. Counters 172, 174, %M@%
preferably saturating counters such that they do not roll over fromthe 5
hi'ghest output to the lowest and visa-versa. Counters 172, 174, 176

increment or desngEeny2! Mhebbutputs ofoAND gate T8 and ieypHing inpubfNpLgate

according to the directional state of input_ DR when t cl ock | CLK
is strobes. TA84deedpihesinpuisaMNE gate758. (Fhus, LoEN 01%@ ﬁc{)gﬁtﬂ ’ ’

generate signgl; n\]%tjszo\ﬁfi‘! : gﬂf}wgl EE@%WJW%] areSACN” @hdWV[ ZHo]i cutpigtesy t o

drive the gate o S In a respective set 121, 122, 123 in
t he i npedance petmter K76H06 allEQth counter 172, 174, 176 has an enabl e i nput

EN whi ch when asserted g|lows the counte ' n

(dependi nd on the s&’t'@%i‘s IR 88?’%8[1%%3@%}}1%5' ;B%o%%éew?gr%{eacﬁpgu Se of

the clock i npuFpESlshn pbih tHe frsdahdisecbA@isefem 1 and dr2byhishtare ventrotied by code

whereby all of the FETs in the higher-order-of-nagnitude setd[ m&st first be
Su

2gt io\r/]at gg Eri obits ?V[1p3](ﬁﬁthwc:‘[4'r‘5d l‘@wcﬁilé'ﬁb’ arg\astivaiede D HOGRYAT Sset, and

, each coynter can.on ' nt.al i4pRg» of th
programmng p GELQU%H" BH.%”@%&%??%?# Ml%tt %gcr)'tgﬁtéerhr%ygﬁgi 'gnl y ge
enabl ed when 2@ cReRfngl, AND detd st Soaleesyes bits WW[416] sutpst bproesferriddnglhe t he
O or 2 " Sfpuvos bbbt S E0 55 T B af ATEoBol gt his
counters an 0 ges\|oa \2 BPHIS,/ gl oyaregha '
Accordingly, inverti I tivel [

bits W4:6] ap&OW"?T 3?6#Qgﬁ%%@%”éfg}hﬁﬁﬁémﬁ?‘?é@szgffvg;. yTagch;/Sut S
of inverting input AND direkesn ifutdDIR idTohdéléd by at comparaioscisduitiNB. gkine

186, The output of AND gate 186 feeds the engble input EN,of
Accordingly, cd0#@éithe ontpug of thepireRedance neinerk B0 &S &?J H?Ptﬁ]tgéfﬂé?”g’%}tﬁ{go} 72

Also in this exa , I 7 | the FET
in the first s rmiﬁ m%(%lgggé%ﬁ]ééﬁ ro?@e’dﬁ%é;ﬁ%ﬁ:s WTQ 3" arogaggﬁgvat ed andS
30 none of5 t hechinpardtel 99Zingoriedibe té hivottage divider fohineld witferesistorsol94d by

bits W7:9] are activated. | th ds,  Dbi :
172" mist 8l | REGd98. RemiorsrSAahAHBBIALbRPRCIUp TERIEIoRE 2B 8GR CFoiEr

U\ly it 3? | lou[] S\Jte s%{r?s%et&feéﬁ%e HOSRREUUPYand e S8d&ivh/Sugpig Kithahebi ts
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 182 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 impedance 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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1 0 JUN 2Mb counter 172. The outputs of AND gate 178 and inverting input
AND gate 184 feed the inputs of AND gate 188. Thus, counter 1741 & BAhE0
only when bits W1:3] output by counter 172 are all "1" and W7::9] output
by counter 176 are all "0". 5 Also in this exanple, counter 176 may only -
be enabl ed when al | Thg cirheit of ENS. 4 is piovidedhaerely g6 ysiralWe SRHO¥E 121 and
122 which are controll

activated. In @ FQJ "M’ﬁgggyfgﬁﬁb‘tp%&egl}st\gﬁ%p/}lﬁdlg?yc%%ﬁfgﬁgsat1 ;Bh gﬁ(rjeim

must all have garfialiae ndnnet of gendeationddfitpeye siyialgdoes hBDformceliméstion t s

W 4: 6] output by counter 174. The 10 out puts of AND gat 178 . 0, feed
the inputs of upa Hiaveotion.thwy! be @BBFﬁcgﬁteé'?%c’ng%rnﬁ’lﬂtgﬁe SH?V?aﬂ%ﬁtﬂ t ge

W1:: 6] ape alhyows the K6 donfRubiil upBhtd {via BRNEGMAbbAflofYar gedpaimt or

circuit 198. Line™ : at the output o he 1 hpedance network 100 is an
i nput to the iduatershthe telibratian cohtrahatbreyy andrtharefors theoputpahigpedance of
non-inverting input of analog 15 conparator 192 is connected to a voltage
di vi der for nedh®iAHP¥ELT & ors 194 and 196. Resistors 194 and 196 may bg

on-chip resistors aﬂ%f@él@di%ﬁmﬁ%% align&®id esbbaMestofithe vaaablei ve supply
and the negative supply wth the 1nternediate node connected to the

282 i n\éerlgiGnﬁ imp@ata hnoé caﬂpﬂ:kx?‘i\m@ah‘a\vbﬁn Fi®25. imthiaembastmentibe di¥dS st or s
an ave t ane . th 20 t. j [

Fput of Tnal GyrciRarrsay v iopberaten il BN RAGHR enk PaRERr halieg o "
192 is CO““ecfﬁuﬂ-ﬁpﬁ}%tdﬁb& iRt 20 afdatpulirdown wédriver Erduit 232, TRge whi ch

controls the ect at the counters count, if enabled. Wen the

i ]Elvjer‘t : ng i nputironits opepetedpatrives anicutpeimignalifeom enievingtate tosa highestatendnd nput
of “anal og conparatoy. 192, . co 72, 174, . 17

to turn on rmrfgo"Bfa %”IQE' ‘%?ffntﬁu%iqeﬂz Etaie? %(?r%eadgh%t@%?gf%ﬁel?@%(m@% ecr eaegg)
the inpedance déHnt#drEﬁé@iﬂszsorg%tn\é%%slz@ﬂtroﬁg'gﬁalfsmm 238yis theafartradhi | | zes

when the inpedance of Inpedance network 1 nearly matches the ir’q[)e ance
of the | oad dréafibration whedsBU] 108 anddeini1s:93, whigh ate quplified withdhe da %Ian

o e 1 ve TR 22 PR B bR o IR oo Ul
transistors ofedigpafanwerderwerkolafd PI{ea]i rudllfied caieektivrewofds
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 inventidn
20 in a 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 illustrates, 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 (NFETS),
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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| npedance network 100. 15 1 0 JUN 2005 ((([ The circuit of FIG 4 is
provided nerely as illustrative of how the control inputs for e JibpBeiance
network 100 rmay be generated. The particular nmanner of generation of these
signals does not forma limtation upon the invention. It wll be

appr eci at ed, howeveiln acpendanpe withrtbaipreferred eanbadsnent| hesPERE aray 2@t o

' I
cal LPS?F?nycﬁm"cﬁ‘%fewff?ﬁéﬁg%%%???eﬁ%‘f'%mﬁi’z“ﬁlﬁgéﬁzﬁi@% % ang,
out put driver. 2A0bThe kotrconedesdf euthadfiithesaBRET dabieds aenbleetriddilg vari abl e
| npedance output driver is showm in FIG 5. In this epbadi nent, the driver

10 circuit of Pﬁ@”?ﬁtégé%ethﬁ(/@ﬁﬁféﬂm@ﬁér%@@ ling 2D 1awhigbris @t aqatential
envi ronment hagyn %Q%r%%r‘?%é‘éﬂ%y@f@b‘f NF[%%deﬁﬂ%s%nerdhles@QM"NFET

predriver CI rcwt ese cilrcuits”operate er an output signal
froma | ow st atevices 23Bj gm,szm @238na24f 226N 228)1397, 208 andi @248, lroadditiahe (or

ESn?rL[i;?tgﬁta%IFﬁagw%% ‘hay bR PBRRY T Sutpuk B Itrpubaden &y 1 o]
and PD[1::9], Hﬁeﬁ;ﬁls%r%dl%h'cfdtﬁﬁé’&fh'&t?tfb%e%a}ﬁ%g%lét ﬁtgétln‘{ﬁh Gtsf tS 202,

232 respectlvely to generate respective quali rati on
PU*[1::9] and ®md¢sirabdg in QWDSfdeam:esthhﬁdmalmnodes dﬁeaétub[ the plprﬂwoand

PO[L: - 91,1234 GreuasloaGonbrok hie goctaliion ol Lhe. opl Rk pegignee

will be descrihednfgl OV, L |Ilustrated in FIG 5, the output 209 of the
out put i mpedance networK 200 is directed to the signal pad 206. Reference
i's now made to FI G Tlee WiiEChairay @4 0ringledes afirsiePBET 2 3ththap isedrévaredirectly

nmbod f k 200 d d
w1 the pr esd TrouRE] 2hE 8 IRCRGHBE YRivarsbatR Do, Sty e RS *"°°
I ncludes an argryy 22@1r€5lu5’e§§¢i?éi€NIFET@b@lc%fﬁ(%?iha‘t'i@ﬂ'ﬁ\!feﬂﬁ’*l&é&'ﬁ%ﬁ&ﬁ?tﬁ and

211-219 which are electrically connected in parallel, he source
node of eéach RhEPulldawrpredriver ciycuib2decthel renamdenof $wPEETivoaRd HIFEEES h

O T 2 558 i B8 b B R p B! S B BR BB o L ey
30 includes arpar a@y 2330deéighbtedasygk thbal PUEDE:eFhnd PGO*ed: 511 OAS WilNBETS)
| illustrated and described in connection with FIG. 7, the control signals
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 embodiment, 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 array 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 Y1, Ya, Y3 of the resistive devices 211, 212,
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el ectrically connected such that the source nodes are electrically
connected together and further connected to the drain nodes ngtUgHagmBy
210 of PFETS, and the drain nodes are electrically connected toget

3 JUN 2G a In accordance with the referred enbodi nent, the PFET array 210
“ncl udes ten PEBY aldvindas oot 241 dreweighies toimplement 4 bingry sode, WhETE ang

219. The sour Cead1efRSd&ic€ fERT 911 H@?@? R ﬁ%%%\ﬁ Vﬁﬁﬁtﬁﬁ@e ¢, edsidtva!deVice

connected together on a comon signal [ine IS at’ a potential 5
DVDD. In sim | &ET athisosized hehave a;n aﬁﬂﬂrttahcmﬁ[ﬁzmviaudsesrahWeJdessrceé?ENFET

devi ces 238, 2 222 23, 224 27 228, and 229. In addition,
NFET devi ce 23g%ﬁﬁ§/si§8d§f’g\ﬂ"8é§d‘ e\ m{ %’%ét fo lightly pull down an
ot herwi sesundriven ?\L%éﬁéindsﬁhrﬁf@ied seES irftiddd r‘é@?str(ré‘%efrﬂc@@tﬁﬂlgmBP#ﬁé are

undesirabl e in_CMOS devi ces% bThe drain nodes of each of the plurality of
¥

10 NFET devi ced1@repkgsentad Rwbity PSBHAb AT oged REK [6F Theeesistancewef the i s

s driven d r el vedRsss £ 215 30 He Hine e pa AT alSoteiifed 262,
Simlarly, t hetd\lﬁﬁﬂemnlt aiRy dove), whese sedistivid déitd FETV2 teisZdBed Rphavs

driven by the output 234 of 15 the pull-down predrrver circuit 204. The
remai nder of t @@ admittance «Nesistive devioed i ha 18ris sizeddp dayei areadmittanset r ol

S 0Tals BRSO ARTLaB s BN A0 2341 LIRSl SBRLh lpibe | 20

connection w t‘haﬂ*&; Thetriegistiva devicest Bmalig représen@ﬂb?brﬂl?l.cﬂj[ﬂ@ls?élée@lt‘@ 234
that conprise the di %It |§adata qualified 20 calibration words PU*

[
(negati ve trud)@%nan nag of ?)Q)z’ @f t{?é't Prhf@)c%@nedeemrﬁene%péeﬁ[\rpéec} t ur n
d off th F
o o1 e S ) TS0t el s R
with the pref aevicksebbbd 18and 2t Bdn BieTfirsimet BIEE_ﬁavé‘b&ﬂ\:acﬁﬁateﬁlhé—’&i&e'ind

221-229 in each of the PFET an FET rays 210 and 220 are partltloned
into a pfural |"f‘3§"38’f’e§§¥§e§@i& %3, Eé\H’H hessgcopgset 242de acpaded vel y .

Preferably, eaagjgo ik X"%@ﬁé’ﬂ&’g’%@f‘ém enents the binary weighted

t hermomet er code s
A third partitioned set 243 includes resistive 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 VDgyp to pull down the output pad.
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In particular, PFET array 210 includes a first partitioned set ﬁ4é
conprising resistive devices 211, 212, and 213 represented by Ji@@i}ﬂ@],
PU* [2] and PU* [3]. The first resistive device 211 is characterized by an
admttance Y1 that is 10%the value of the adm ttance Yo of the resistive
devi ce 236. The adni wilbhe eppitiated byWbose skifled irdieseit feaidbeintaBoend 212,

17 1 0 JUN 2005 d 213 th t .2 t | t
bi nary code, V\%ﬁiﬁ:&ner”é@%&%rp‘?fé@g‘é \I’%éeﬁ%%ﬂ%%?ﬁbgftﬁ@hgp S%ﬁa%/@j anHJagge?t aﬁce

Y1, resistive @@ L8isliay dedicegdinebtiasel Nv2ygaryl, and
resistive dew‘g%ﬁbﬁg a§§%€d;%s¢§£ to have an adm ttance Y3=4*

second parti tla)u:tmddlagtto 24givemdesigeorrapgilisalion hpwavessthsigvention 3%94&5%916
represent ed by b U aivel the
resistive®devi@ 'SZT nd@%éﬁb Céi’?fér Q&ghcﬁqgﬂ%t%s%c%ﬁ%res@?sgﬁ%ggréfe al so wei ght ed
to inplement ajdyigay i é‘dﬁdﬁted/&lﬁfo@dmg%SattheendmaterecmTalgmthrﬂ, whiethe o have
an adm ttance Y4, resistive device FET 215 j s sjzed tdo have ﬁg ﬁﬁ,{g{ t ance
10 Y5=2*Y4, amesistigesievicesyuthin eackpedare pehaisdaceding,© AR1LY nce
Y6=4*Y4. The resj .%I %ﬁ'{gfw ce FET 214 represented by bit PU 4] is sized to
have an adm tt &2 o of that of the conbined adm ttance of activated
resistive devices 2BRBI RUlis ;ﬂ’éﬂldedrt!blm:ﬂvhlmepeclﬁaﬁthﬂ\DbYMﬁ@frﬁiZ%(ﬂS

t d 211, 212 d 213 t
Lot vat edy. mmydiowne) of theseiaus Gaasiioss Uusalene 156, B 2 CEnEE Bln the
b d
242 be acti vat gl ACEORA AL G HEMREAARIERIN It shoud b8 sppresintaed sct

243 includes r 219 represented b% bits PU*
[7], PU* [8], oWeRds: tHa8he Mventiomis nabiteitedto thehealves pet forth igd pdaklepy7,

218 and 219 in the third set 243 are al sp t ment a

bi nary code, wpidrtbatibsitable/is ey @g 'IVZtP#ﬁgg ;58%38 pﬁgt;aglgogn adnittance
Y7, resistive ntignhave an admttance 2*Y7, and
resistive devi%ﬁgb%%ﬁ&fﬁégézsﬂtt alve an adm ttance 4*Y7. The

resi stiveggdevi ce FET 217 represented by bit PU* [7] is sized to have an

adm ttance of 10% of that of the conbi mle,gggﬂttance of activated resisti ve
25 devices 211, 212, 213, 214, 215, an en, and only when, all

resistive devices 211 Réféeﬁﬂé’ ZI3 gt e T1T shigaet 241] and al| of the
resistive Numeral (microns) (microns)
236 44 80
211 A4 8
212 44 16
213 44 32
214 44 13.6
215 44 27.2
' 216 44 54.4

) 217 44 23.12

- 218 44 45.24
219 44 92.48
238 44 20
221 44 2
222 44 4
223 44 8
224 44 3.4
225 44 6.8
226 44 13.6
227 44 5.78
228 44 10.56
229 44 21.12
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devi ces 214, 215, and 216 in the second set 242 have been activ
t he reS|st|ve devices 217, 218, and 219 in the third set 243 bea%@tﬁug%%ﬁs
accordi ng to a_blnary i ncrement. 30 NFET array 220 operates according to
the sanme principles as PFET array 210, inplenenting the binary weighted

ther momet er code of ChABlskert witththe mmts\ﬁﬁasem:msedfme PYESH inmerﬁunrl, down
the output pad. 18 9 JUN 2005 1t wll be a @Fematrgd by thosge s Ied in
¢4 L2 YAURE W

the art that tHe enidcireriye2a0 (ﬁ'ﬁeshmﬁYetP plegg dEF Sach
partitioned Se ﬁqglrhggrtaﬁ\ﬁog?h JSL]% fQﬁQ‘?rﬂ;etxﬁv;é%hc tst@ﬂqéﬁﬁe%bmml

devices in eac Ing to a given design or a Bllcatlon
howev;ar th\(/avh i arv@nt25@1camubisethetsduatesafahelvaéowP fdednitae earraﬁ Qdi‘éh
vari ations erein-each set of res devj c Val to
a ther trmm?t ea ¥3ydh z%ﬁwtt'mRE%HPP@ﬁ %gr'Y%rsqlquﬁetgésoztg\%lF{cHgs mﬁﬁhfbﬁ?ﬂ% @get
are activate in@i B sthtdlp eotald theNyad iRgeda @osvdrivariolaiBa ésofsthe
provi ded bel ow?év\ﬁlggh spgm |e§é’létE1 2 ph y5|%al g?ge(@gg 1r0 dlroa qJE%f t

i

var :c ous 1ar agl ztcmessl voltage, anddemperatare. alanqu%wt'ér@s@%*f ttSHBay
preferred enbodl nen I e I
however, that Fﬁ?@%‘? %%ﬁCBE?V%El?% rﬁ%ff@ébﬁ%ntd h}{éele\slt'?;lq Hlé%ré%?ﬁﬁgﬁﬁ%' @r?%? he

table, but thg,'pcﬁ,he table is provided nerely to fully disclose the

preferred enbodi nent of the present invention, 15 TABL 4 Ref
Length Width Numer Referingmeneio £ 1@.cf.dwe)seissaf 0%f@(§'§'ﬁ§é‘@ﬁﬁ”¢?§i"”ﬁ4 16

213 .44 32 211%rt e puﬁ u% trg&stristo?' dne for t%ﬁu!l—ﬂ%ﬁ“tré‘i‘x&stors that can be used

) to program a group of output driver's impedances to match, or be some
multiple of an external resistor. During normal operation, a calibration driver
PFET array 210 has current flowing through it. Current fiows from positive
15 supply DVpp through PFET array 210, through electrostatic discharge (ESD)
protection resistor 207, out pad 208, through an external resistor (not shown)
to ground.
Control circuit 250 includes pullup control cnrcwtry 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[4:8], 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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217 .44 23.12 218 .44 46.24 219 .44 92.48 .238 .44 20 221 {ﬂi] 2. 222
.44 4 223 .44 8 224 .44 3.4 225 .44 6.8 226 .44 13.6 227 . 5IU}\82@§_§8
.44 10.56 229 .44 21.12 19 JUN 2065 Consistent with the concepts and
teachi ngs of the present invention, th ontrol . circuitr 50,.(ELG 6) may
be- | ol anent el Cer YA MRPAT & gDy SRR et Gt s A48 s br ¢ e
i nventive concRPETsiig thd fifst isBEnftRtiFstlbe ﬁtiﬁé@&p@oﬁﬁﬂ?ﬁ%rﬁjﬁd‘meﬁié&e of
the various PFETs in the FET array 200 to 5 vary the oufput inpedance of

the driver cirlowerset@ndhse onheaduepunter ean enhreeenablegdinginguisitadmt i al |y
equals the lo - v | n f p and
tgrrper at ure. a?#lgﬁg%gp?‘%e&?? é@@hg%@?é(’:% g §§W§ye)%gr?p I?r%ﬁ@ﬁéﬁ%é%may(g@% eve
this broad goabe enabled wher’ nbhé v$theaPEE TisUsslomgiag $oi¢ie seisr24d, 24310

Referring nowto FIG 7, tw sets of control signals argﬁcgroduced (one for
the pull-up tréaEgsPosding toniberqther sRUENS 2 thwi & *reRGtvelas) I ofher wekdse
used to progr . i A SA h be sone
mul ti pl e of anﬁgx?gﬁg%rui?tgﬁ%&% rS izr?g{%@? %Zp%g%@lggﬁliehﬁfnﬁg{ %'éf'i"‘gér gt i on
driver PFET aalay oRil. Heccordinglyninvering ingut ANGughteist268Camd 268 f1 ows from

fi schar ge  ( ESBRoPYREERCtacsive 0 EUobend Py Y om Simiers S0gmnd et or nal
resi stor 4f not ir??@é%l%vglﬁéﬁgﬁ% Bifishits GPERInginbEHANT ghtels"dg! 989 1BEA tHE
inputs of AND gate 263. The output of AND gate 263 feeds the enable input
EN of counter 272. Accordingly, counter 272 is enabled only when bits
PU[4::9] are all “0".
Counter 274 may only be enabled when all of the PFETs in set 241
15 which are controlled by bits PU[1:3] are activated and none of the PFETs
belonging to set 243 which are controlled by bits PU[7:9] are activated. In
other words, bits PU[1:3] output by counter 272 must all have a value 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 controlied 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 controlled
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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control circuitry 254, which each respectively generate the pul Ita control
20 word PU 1:9] and pul | down control word PD[1:9] that respectivke!yJEn2)gh!
the PFET array 210 and NFET array 220. Pullup control circuitry 252

i ncludes a counter 272, 274, 276 for each set 241, 242, 243 of PFETs in

t he PFET arrayTtlmno@mremuzmhezmertmdermml@féngbgmoampafgt%cﬁﬁﬂ dhe

such that they owest
and vi sa- versanggo %rgbg M,O?f?%, W%Q@ﬂgﬁ :széorﬂ%tecérﬁe%oégvﬁpﬁg bi nary
val ue on thei r dividgreotrmee mﬁmuputstoraczmrahmg620Rébstord|26&<ztndom nedyelbe of

I nput DI Rpu when the cl ock i I S strqbe The out puts of counters
272, 274, and 9'763'%%@?'?‘85‘%3%'&@ ?%P?ﬂfg%cﬁéﬁéﬂ ée@,?’fqgﬁ rpberP 't'quESEFZP(i!S and

PU 7.9 h f T
re[spec% /&S or S 1R SRgaby il Sify fEiniclheaRied Pl Angdicl sl 16 igh)® 17 2
276 has an enalnvertingpinpuEdf awlod cohgrarats 260t mjoaélemtmdmmentcmalsmrsﬁm

D Row) once. f oRtabe ateBe N da bt sa e His vaiade aidhe Hop5urBegaRU of
order to inpl eaRAbgaonaraioraB0 |§w9@wébumgf%§|b@%n%éraf8r 26teisPFETs

in the first set rrust first be activated prior to prodramm ng the next
| oner set, andcenented éathe DRmtisputaidigiialupldownatsiuaterd @72ng74e27Gi n

ortions of the his exa may_.only
Ehe. enaiifed BN ToeroD T Eresihinal el MBisc &% 5o Zp. Bkt

correspondi ng f enhbRdOiMte PPET RS 2@, 276 are activated. In other words,
}} bits PU 4::9] outﬁ ut by counters 274 and 276 respectively nust all have

a val ue of " 0". Acc nf@eynvernngmnuigaﬁqmmpammmmieéoxﬂelsthancthemm

espect i vel bi t.s PU nd PU t 4 276 10
eeheot i vel 5. Inngrifg B Coranalod ko PRReAeh 460! constBin S, 66T pe
i nputs of AND ( m&%leﬁ tQF BHmere d’ﬁ‘ﬂﬁeq:%rr@,:s%&% 6mpETtala@yezmoe i nput

EN of counter 272. Accor gly, counter 272 is enabled on:h_:y when bits
PU 4:: 9] 1are alacregse thevimpegtareeofimyiuprimpedanee aistworkvféd: laairay210he  PFETS

SR 2k TR SR SR AR R el BEET AR T
activated. |n nearly matches the impedance of the load driven by the pad 208. 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. |
Pulidown control circuitry 254 includes a counter 292, 294, 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[7:8], 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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other words, bits PU 1:3] output by counter 272 nust all have a value of
"1" and bits PU 7::9] output by counter 276 nust all have a val ue wfJlO005
Accordi ngly, AND gate 266 receives bits PU 1:3] output by counter 272. The

20 ouBit s o DY 398, A0 I oebl Dy AR (DROT SR ChREp i 87
output by courdsh cblté BR1294" 2962864 Bb%Bak&br@mmmg@Yc&ﬁTﬂmiﬁg 276 are
all "0". Counter 276 nmay only be enabled when all of the FETs in sets 241

and 242 whi ch de8istsni283|ansd23 fasmirg pypitage dividerrbplifesrisithe pwatinvertipgar e

25 activated. | t ' 6] L ou [ d 274
must all have '&@a&ﬁ%’%rg%r Z%Qicﬁ;%ﬁ)@%"#é’?@“eiﬂ@qg{ﬁ‘@)bigw %%g?t}é%s% EBF%}S

PU 4: 6] aut pul29y 204p20&r TAEpulldbenasiniadl siredit 284 cgatrsls tR6 tmpadadsy of eed
t he counter 276 is enabled only when bits

i nputs of AND gate _ Thus,
PU 1::6) are aItIeP!Hﬁgo‘ﬁ@%ﬁ%T arraK c2loHenaisiing thepylidawia npedaier epnipalo,
274, 276 is CORdr I#[ﬂq..g y a conparator circuit 278. The inpedances of the
PFET array 210 ang the ESD protection resistor 207 forma vol tage di vi der

with the external rdgain and dgnpteviiusininentioded, e citouit of IKGpdds provadedippl y
vol tage at the pad, 206. node. X10 JUN 2005 This, node is an input to the
"nverting ter nEPVAS QH%V%‘@V%‘%#MYgﬂ%POQ‘M'“ﬁiﬁéqoh@ﬁ-'MRﬁé‘@PPﬁd‘q?WBm of
anal og ¢ ara 2 [ t oY 35%91 |

resi storg’@gm %Tﬁ@g %e%?g?gﬁ93%’1%%3@6%@%29‘9‘&@&%1% |e reﬁg‘lfutsaE1 ors and
are connect ed Mmargeriokgehetativaroftthesgpsignelsvdoesupgt fprm % limiatidreupeny e ve

supply with the int.ernediate node.connected tg the non in i | nput of

ang}roé I(:o npar aW?né%gZ? WHEB‘?} @%ﬁ?&‘if?ﬁeﬁ?‘f"e}'@s ﬂ'ﬁt 5'?% c%‘i& zgﬁ?-& -Z%g"?‘ﬁg gh? he

same val ue so i

conpar at or ZGOW%EQ}FDD/ ZémlT}llgggﬁt 3:8 Opﬂé;h'fhaé' ggﬁ gt‘reggrrsla%@rj 3663 vyrgﬂélélgt%rr]s cted
to the DI Rpu itheucalibratiirgtentrol wordsywand thatetors they autpait inpedandaofitiiec h

control s the di recg on_that up/down counters 272, 274, and 276 count, if
enabl ed, ¥n t hBUBEEFTY®h 2y 210. Wien the inverting i nput of conparator 260

(52 35, 538 ot s MBI CcHRLh 168 0 oSBT R ARR oo o1
of PFET array iflugiration and description. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Obvious modifications 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 F’ETs‘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
(ilustrated herein as nine bit words) may be of differing size, either fewer or
25 greater than nine bits.

It wili 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
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15 decrease the inpedance of pullup inpedance network (PFET array 210).
Thi s feedback system stabilizes when the inpedance of PFET array 12L0JUN 2505
nearly matches the inpedance of the |load driven by the pad 206. Counters
272, 274, 276 count down when the inverting input of conparator. 260 is

hi gher than t hé"®8ROPHIGEINS IRYERtRILBCLPE FHEIdN eoEAYCOReIBSIaiEs t ur ns
of f 20 nore of : L f r Iy 05 i nce
of pullup i mgﬁ{ﬁc}éﬁ%@?\%\g@\gﬁ%]gglcfég{cﬁmegot{ﬁ?f%%%@?r!ﬁéﬁnﬁﬁé B%whpﬁgl udes a
counter 292, 2%e cld6sfappended hessto. 244, 245, 246 of NFETs in the NFET
array 220. Counters 292, 294, 296 are saturating counters such that they
do not roll over fromthe 25 highest output to the | owest and visa-versa.
Counters 292, 294, 296 increnent or decrenent the binary value on their
respective outputs according to the directional state of input D RPD 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 PO 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 pull down
control circuit 254 is simlar to the operation of pullup control circuit
252, whereby control logic inplenented by 22 JUN 2005 AND gates 283, 284,
285, 286, 287, 288, and 289 control the enable input of each counter 292,
294, 296, and conparator circuit 298 (conprising resistors 281 and 282
formng a voltage divider that feeds the non-inverting input of conparator
280) control the direction input DIRPD of each counter 5 292, 294, 296. The
pul)l down control circuit 254 controls the inpedance of the pull down NFET:
array 220, generating the pulldown inpedance control word PD[1::9]. Again,
and as previously nentioned, the circuit of FIG 7 is provided nerely as
illustrative of how the control inputs for the inpedance network 10 PFET
and NFET arrays 210, 220 may be generated, and the particul ar nanner 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 the conparators and up-down coqlnters)
the calibration control words, and therefore the output inpedance i Jie 2@?5
out put driver. The foregoing description has been presented for purposes o
illustration and description. It is not intended to be exhaustive or to
limt the inveyyaPnStELAIMEDNSCI se forns di scl osed. Cbvious nodifications
or variations are possible in light of the above teachings. For exanple,

it will be 20 appreciated that the nunber of sets 241-246 and/or nunber of

- FETs in each set y Abe i j en Bagls of
the application. IrT? \ﬂ ﬁe&ﬁﬁi?%@ﬁg%@r%ﬁﬁgtﬁ@fﬁg@%ﬁLfgbgg?l?(%r gt I on words
204 and 234 ( ghverdifoaltedatie cenfigaedniordzivie a signabentoreagode (H14, A0S isingg
size, either fewer or 25 greater. tgan nine bits. ﬁt vaill. f;\l saﬁgs

appreci at ed t hah GWiRNtHSIVER FantERCigHlt Gomptisinga Riurality, qt SeBIVhOREFER for the
pull -up and p“Liﬁd%' FR616M548 SRd 08228, 238) edEh VEvhich Bifrogrammablyi on

i npedance mat chi ng ovVer various process, voltage, and tenperature ranges.
30 Although t helectrically connbetablederpateliel ieheden a first vaitage savece (YBY) AREi ve
enbodi nents, it \gl | | eﬁ(ﬁ as)preci ated by those skilled in the art that
various chang&d 8 MR EHY ray be nade to the illustrative

enbodi ments  wit hOUbrdg;%%mii%%%ééyiﬁra bitgrpicrdrhestal feeper efectrieali nvent i on.
It is intended that 23 10 , SUN 2005 the scope of the invention r}ot be
limted in anycewnediontdfe first set (12(1) obsaidussisiivmdeyrennciyreadid Bled but
that the invention be Iim'téd 0(5” ﬁd%é t he cl ai ns appended hereto. 24 10
JUN 2005 WHATYO'®G8 SQUiesand.sad n thod for variably adjusting an out put

i npedancgpof an OUtg#ngatﬁfﬂiﬁgf(Sﬂiih@bi‘hahhi@brélﬁemehlﬁimneedldwicmi ve a signal
onto a node (104, 209) using an outgut driver control circuit co rf'lésil ng a
plurality of resinadtion devsenond get{l M,saed_ieszqtgﬁe%@%'aetr@fﬂzﬁfgé, IE51g)

each of which \ilglta%reos%uarc%%ysaid node only when all of said resistive devices in said

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, 2386, 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 voitage
5 source (VDD) and said node (104, 209);
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5 electrically connectable in parallel between a first voltage Sﬂﬁl‘ Qﬁé;( i{&)
and said node (104), conprising: progranmng (32) in a binary i r eRENEER
manner el ectrical connection of a first set (121) of said resistive

devi ces between said first voltage source and said node; 10 praogranmn ng

(34) in a binary i n8rsereRt a8t (2 oF resistive deviges dAnddbi b10.:A14 236c3M8 set
122) of L d L2 ; ) : d
hode. onl y" ahen® P24 225; 20 FDaRRMEEY, Alfionty SpnethtiBEpaacH Shgier =
enabl ed. 2. A vstdyedsourcaandrsddhaeds afd cl aim 1, conprising: programming in
a binary increnental manner el cérical connection of. one or m{ai

15e t voltage

addi tional sets ( 128 0ptrokey; (d 5%WU@“@99@@'§ el RE@W%T%("FP .
source ang sai ﬁaﬂﬂgﬁg%h}’caw??lgq@éﬂfg%f% Flrsrt.%%t @?W?f Qé;\éfétﬁfesdé keaid S

previ ously programed sets are ena nmet hod 1 n
accor dance wi t betwlesinmsatd first ¥oltagerpolsienand shid ctodiecaid whichrpregtamgirea | east

one (120, 236,,.238). of said plurali of . resistive deyices bet sai d
f1rst vol t age WBaARHESEMONE Mafbas electiial OfeRion of Sal Serenbret PELPL f or
a variabl e | "DRAMKGE devidRdthehivb¥R sald firstbitddtadourte anEYiIHEEE ohfy Whéne a
signal onto a node (104, 209), conprising: a first set (121) of resistive
devi ces (111, aliofsaidsesigtivie deviges saidisst s2 (12 D2ze edaBhicaiyorprunestesl v

electrically connectable.between a first vol.ta 5 source (VDD) and said
node (1040 20dietwesn SR vallage Squice AndFaIdNe02) or resistive devices
(114, 115, 116; 214, 215, 216 !! and 224, 225, 226) progranmably

el.ectrically connectabl e between said first voltage source and said node;

andg a control |l er (5.0A etp! gRCWhingrasgreanse with claimat, comisiignt al 10
manner el ectrical cgnnecti .Saj LT set f St i ces
between said first % ‘5@%’8@8@&'&@%‘2#% ;ST%‘?' )nogéggiﬁ#ﬂﬁ’?cieﬁ#%g@gﬁsqi? ' a
bi nary i ncrenenteal217epngr 2 4 a6d 22728 ZIPBYProgranhabh slesttieamd set (122) of
resistive devices between said first voltage source and said node only when

connectable between said first voltage source and said node;

5 wherein said controller (110, 250) programs in a binary incremental

manner electrical connection of at least one of said 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 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 voltage source and said node at all times.

7. A control circuit in accordance with claim 4, 5 or 86, 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.
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all of said resistive devices in said first set (121) are electrically
connected 15 between said first voltage source and said node. 151 A% @085 ol
circuit in accordance with claim4, conprising: one or nore additional sets
(123) of said resistive devices (117, 118, 119; 217, 218, 219 and 227,

228, 229) progranmably electrically connectable between said first voltage
source and sai d nodg: AodffsiRiRutH Acshahncd Whh didits, €500 SrWRERRT [N a

bi nary increnental manner electric connection of | east’ one of said
one or nore additi osaid resstme (evdses ()T17sal|1($ négi 2117@1&1@\19(2&‘51 2%?\/%’; sai d

first voltage sai e onl esistive _devices
' sai o pr et ot20ynept gt eSS Opd Bt ndsAuian et Rak iy RistR act ec
bet ween sai d fjidsidtive Hina9WeigBtedtdoee and said node. 6. A control circuit
in accordance with claim4 or 5, conprising: at |east one resistive device

(120, 236, 238) is electrically connected between said first voltage

source and said nod at i . 7 trol 't I W th
claim4, 5 or 6, Daf Erted B TLin g 06‘33'8%‘?/\”8@5"3("%%1 1851 C@:ﬁ‘@% 212,
213 and 221, 222, Qéﬁa)resuen@d@\nées mt eget of $&id Firdtrgel erEnt sAidIsegbAtisee

bi nary melghted code. 8. A control circuit in accordance with claim4, 5 6
or 7, wher e| n:(12gxiand saidaneer mexA addtionalsety (B23) comprisefield effech 16 and
224, 225, q}adé{;st??éd second set (122) inplenment a resistive binary

wei ght ed code 0O JUN 2005 9. A control circuit in accordance with
claim5, 6, 7 or 8 wherein: said resistive devices (117, 118, 119; 217,
218, 219 and 227, 228, 229) in at |east one of said one or nore additional
set’s (123) inplenment a resistive binary weighted code. 10. A control
circuit in accordance with claimb5, 6, 7, 8 or 9, wherein: said resistive
devices in each of said first set (121), said second set (122), and said
one or nore additional sets (123) conprise field effect transistors. 26
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Bl NARY WEI GHTED THERMOVETER CODE FOR PVT CONTROLLED OQUTPUT DRI VERS A

bi nary wei ghted thernoneter code is enployed to adjust the gipqx 0%
i npedance of a variabl e i npedance output driver circuit. e%‘ Circuit
i ncl udes an i npedance network (100, 200) conprising a plur aI ity of

resistive devicges {111-120, 211-219, 221-229) each programuably
electrically c e in parallel between a first voltage source (VDD

ground) and the s nal pad (104, 209). The resistive devices are
partitioned int L%%f %fTH%@{@EﬂEE,CQQE,FQIQQYT AONTRALIFR (121) of

the resistive V|ces nay progranned in a binary increnmental manner to
electrically connect one or nore of the resistive devices in the first set
between the first voltage source and the signal pad. Chly if all of the

resistive devices 'rAbh\%nf/Weﬁhtéﬂh&hﬂaméfér'c\Sabfoe RCaddstPle dupat Of

the resistive devices be programmed in bi nary errenta nmanner .
Addi ti onal set smpeaamcemfah@nabla impadar@e\nutpst dm@y ctrewrn Kidhveh davgr@g)tahmed

gp Iey agI ;[ \e/;t 2Idl mci@%&eﬁéﬁ"%bggéx& ggt\\li\llé: Esmbﬁ ﬁ&ﬁ orn%\)/rlls?#gs ayplgra?ﬂ( Wslstlve S
5 devices (111-120, 211-219, 221-229) each programmably electrically
connectable in parallel between a first voltage source (VDD, ground) and the
signal pad (104, 209). The resistive devices are partitioned into a plurality of
. sets (121, 122, 123). A first set (121) of the resistive devices may be
programmed in a binary incremental manner to electrically connect one or
10 more of the resistive devices in the first set between the first voltage source
and the signal pad. Only if all of the resistive devices in the first set are
activated may a second set (122) of the resistive devices be programmed in
a binary incremental manner. Additional sets (123) of the resistive devices
may be likewise programmed only after all of the resistive devices in the

15 previously programmed sets are activated.

FIGURE 2
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