1 0 JUN 2005 BI NARY WEI GHTED THERMOMETER CODE FOR PVT CONTROLLED OQUTPUT
DRIVERS Field of the Invention 5 The present invention pertains ggnsuﬁl ?905
to variabl e i npedance output -drivers in integrated circuits, and nore
particularly to a binary weighted thernoneter code for controlling the

out put i npedance BINARY MWEHEHTED THERMOMETER GDDEFORMPMT IGOMIRGILEDS i n

manuf acturing process, voltage, and 0 Background of the
I nvention Integrated circuits are coéﬁﬂpﬁﬁébg%%é as chips. An integrated
a3 circuit within a chip conmmunicates with the world outside the chip

through netalization layers on the outside of -the chip known as signal
pads. In order for an integrated cilkield of ietlhventidne chi p package to send

signal s outside of 15 the chi "driver circuits’ drive signals onto th

i gnal “padd on the edErTEsoTnverlionigsing BEneiy tb \iTadiedtheants Sulfitns
are connect ed t gegéfean iNegratedRFBLIES i hbf@?ar‘fi&@lﬁﬂyﬁé asbiﬂaﬁy‘ whightRs

t hereby all owi ng communi cations between different Chips. The signhal pads

\m_ ahc_hi p ﬁr e cHeiaanegter §0ﬂﬁé9rp?ﬂfﬁ@éﬁngghefotﬂm intpegange of intggrated pirol)i\tm .
st anot ner CURLE dietsciidt fl fitRtohs ¥ BrelrdeBhihd PRoessy filtdog, an ¢ ™ ©

el ectrical conngmhpertatwre. t he signal pad through the packaging of the chip
to the signal trace is characterjzed by parasitic resistance, inductance,
sBagkaround of the vertion

and capadPtance which interfere B (Y n of the signal from

the 25 signal pad. T, 1SS | i r LSti.Cs: Of 2 DI d
circuit board si gnaﬁﬁ?éﬂgg%fﬁé@%ﬁ}eidﬁ@mgﬁﬁﬁ%&gééﬁ%ﬁccm eSéBi’?@éhﬂég
C%Ci tance, angircuitnitivihancip cohmmuniobsiveitieths world betsidethd yhipfthidigh
tr.ahsm ssion of th ,si,gﬂ?l fromthe signal pad. Al of the foregoing add
to the | oad i nyBgtaatianiayers pndhe putside obtheship kaowntasusigaal pagds. cinrerdet .
30 Due to the Iibd i ﬂ.;éaé‘ﬁ | C ich is
present on chi g%'f %—ﬁ(gme rét?gr@% aﬁm}rgonnecl{)?%%gég?wejswgi@bg% @Jct%te s&t hat
drive these sitheahip,fdavencineis’ dne sigealerafie thdblignaepadned the exiariod of
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speed or low 1
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 itself, 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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1 D JUN 2005 power I/0Q. Excessive voltage swings are -known as ringing.
Ri ngi ng nust be avoided while still switching as fast as possﬁtﬁ & &P*}ﬁﬁ?t
t he high speed performance requirenents of nodern integrated Ci Cﬂi't STAs
known by those skilled in the art, it is inportant to match the output s
| npedance of a powenl/8)giidicedsive eplthge swvingshearedaioan as ringingp cRiaging mlst he

t ! i [i it, ' ' ot id si | fl i d
Vol tage. I evel Beiaveidesvaie sflbSyling3s Fstaspertida aasesiibe didh ghasd
degradati on. Mabghbffatdterddinenmiis o@fncfaérﬁwgy atéld b)fﬁa.lﬁité.o. the

characteristic " 1npedance of the signal transnTssion ne i s problematic
for several reasons.AsknoRinr by thoseskiled indhé art, dis imporiantrto matchitbe output
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effect transi stpagsmigcich lind Qi8S FKORRS 16 bvbidssigRdiTefsttiths df to voltage
transi stors, and the diffusion resi stance, can cause the out put | npedance

of two supposedieyel switehiggondhe pad: and dherefarerundesirpblet signaldegradatien.i ons

gt aced i reui vs VERRERGLTP PRORERRSRR ATEOGLT 0hR BB RN R oo 11 e
as "slow', "nonimpdancedf thé aiinal traRsWiidifin M ESprobidin PP sedkbal iréestrisc al
integrated circuits can vary i1n any or all of the process paraneters.

t hese par 4%ret erkirsippiasgss vafigbonsinherenidn theymansdacitiing pregesseafiniegrmiedent s

bar anet or o 'str &b T g 2 1 s BF 1RPBRFDh ol BV, 4 oHRE B BAGMT o c.c
of~phe chip is cegheltem thefield Effeet transistbss (FETRH)strnthickobss lof ti@gyte oxide

camponents within the chip is increased. Thi's situation is referred to as
the "slow' casdorfransigtare; and thexdifiusioniesistancs, capcansa the pptrudinpedanre
cause variatio | ' C L ¥ o PRPY o1 L ly,
Che driver out niesBoseal eital oIBGRIRIANEL i ieflel Vot SRER ahf e
the operats ng \ail ofdbe abeverprocess pamnsetetd campeawde diffevarttinggraedarioite

appr oaches |t s FERARAD RSO NG A e BEICAO0 R Periessiial 3¢ apigw onopiear,
et oot pil RO TRSRE, S 9G5EEBBEea Ml Plod s BRils o | 20
.driver output ivapeteameodalof the pmceas paremetersreAsithese parampters epproach
voltage, and t ‘iﬁg%gitc‘ggg; 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
P ‘ 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 smali operating voltage tolerance range. In another example,
when the temperature of an integrated circuit approaches its maximum
operating temperatufe, the resistance of the in'tegrated circuit components
30 increases. |
In view of the above, variabie 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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210 JUN 2005 One prior art technique for acconplishing inpedance
mat chi ng of output pads for integrated circuits is described in u. ksl Eb'dﬁezpcﬂs

6,118,310 to Esch, Jr. and assigned to the same assignee of interest,
entitled "Digitally Controlled Qutput Driver and Method for |npedance
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leg is al ways Henpwdéssieniibeensure that during the switching of FET l egs on
on or vice

' FET | i,tched 20 fromall .off to all
ver sa, wiibch voul o PYELIRSF LV MhReFanea,otpit crivers ualnaly usaiaiRure
illustrates a thermohleter ot S6MPIEELET iBPESancd§izkéHIn %ﬁpopi'gt?rgﬁzi %Elll__ﬂ-lli the
code word Wrepresents an i-ncrenental admttance ste% of 10% TA WO
M-V2 VB W Visthgschangssinveutpabimprdancerwien thedddfcontioVcode B updated. an0 0 0

29200 33 * b it b b G 2.
. 714 whereby when an nth-order signal W, is activated (set to “1”) all of the lower-
15 order signals Wy 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 would resuit 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 Wi Wa W3 W W5 Ws W7 W Wy Wi | Admiittance Impedance
(Y = 1/2) (Z)

1 0 0 0 0 0 0 0 0 0 011 1

11 0 0 00 0 0 0 0 0 1+.1 .909
11 1 0 0 0 0 0 0 0 0]1+.2 .833
1T 1 11 0 0 0 0 0 0 011+3 .769
t 11110000 0 0|1+4 714
111 1 1T 1 0 0 0 0 0)1+5 .667
111 1 11 110 0 0]1+86 625
T 11 1 11111 0 0/]1+7 588
1T 11 11111 1 1 0i1+8 555
1T 11 111 11 1 1 1/1+9 526

25




11111100000 1+5.667 111 1111000 1+.6 .625 1 1
1111001+7 .588 11111111110 1+.8 .555 111111%01JQN12®5
1 1+ 9 .526 25 . 31 0 JUN 2005 Inillustrated in the exanple

t her noneter code of TABLE 1, the controllable range of sensitivity of

out put i npedance is (i ‘ : I ttance
I's changed by 0.1 orlhf@%t%?ag"a?%tés%ﬁp% tﬂgnﬁPg?%?%&gégggLE?%ﬂ%LE 1, a
pur e t her monet ejontieiiableatigessf sensitivity of outpit @apadanepis litsited th bgfeenche of

t he drawbacks of a pure ther ter de. i t he, | f bi
therefore cont ragd 45p2@e§‘§hqr @&Eﬁge@@enﬂ_r’gg'gﬁe!%@?fnﬁdg@e ab?‘ﬁﬁ’fgm&%gf‘m'ﬁ{esp-( and
| pedance.  The AWinferiadirt8a by OrABLESS ol pIFERASAToMBIGIUIR fedirgs @hetbitfor

degree of required step sensitivity increases. For exanple, if it would be
desirabl e & 0 stemehtstepadidcordingly, oné pf thetiiawhacksofepure thewnemsteraage is

sensitivity of each st t he, PVT |, Ci i i
control [i %es, tﬁ‘??@@%ﬂﬁfrﬁb?h& Wtﬁ]@g‘%thﬁqupféaégﬁé@d*@gg%c{%‘ﬁgglc}?%sup ﬂ‘ﬂ% large,
the nearest 19&’hgé\'o‘f%ru'fﬁ\§tii#@>bﬂan'bé. TheWRIrBb&est cordrd] finés iceeased he range
of adjustable output inpedance from1 to 0.25, in the exanple of TABLE 1

with each stegxpbasgtialy anthedegreenfdeqyijed step sensitiytineieasetwdE Ny bits

trol 15 11 L.d b e ' . i |
Sensi i vity rasenip LavERhE Vet 4 b UoudhtaHYL ui P rE e
nurber of 4goi t s jfGaHEE tHe bBNENRINEOESACh Step, HalPMT! conttol cirogie wailiids esgiine vi ty

using a pure thernoneter code is outwei ghed by the added design conpl exit
and chip real d&laantraldinescer tepfoldthe nmbes oF lings requirgd: g HQ&W@QE@PSE?O%

tor the proble i r ' . . | f

{ Bty et ght oReEbes (er AU Y it Wafé FREFRTTo EGacs tidBriehon o Poee
a resistive de taBlel cﬁlﬁgaﬂimp;ﬁéﬂﬁﬁcb&'ﬂﬂﬁ Tior 0. 25pimitierexanple of TABIEN with of
its binary weighted bit 25 position. In other )l\DI’dS, each leg.h % n

admi ttance of 2@shistepshanginpthegdanittance py 1&"9@&@##@86\.%%%% %\g‘fﬁqtf%lnce

appr opri afe to iihgg) \%‘Sﬁicpﬂe récﬁhired.
‘ Accordingly, although an increased sensitivity range for adjusting the
'PVT output impedance is desirable, the number of bits required to implement
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-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
D 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 illustrates an example binary

weighted code.



accordance with the bi-nary weighted code, if bit 0 of the calibration word
controls a FET with admttance 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 admttance 4*Y, and so on. In effect, as the calibration word binary
count increnments, .nore resistors are added in parallel in the driver FET
array, and the output inpedance ZouT drops. TABLE 2 illustrates an exanple
bi nary weighted code. 4 TABLE 2 W \IABVE 24 ---( Adm'ttanc'e | npedance vy

(Y =12) (2) 0 0 0 G ~y~1-ﬂ00-er~1~ 51100
0.3 X3.333 0010 8””5’ 10 0.5 +2 7667 1110
0.7 1.429 . 00 Ggl p 0‘3@25 10010911 qnﬂ,,-01110-1
"1.1..909 00 11 é 0§33 10111.3..7 011

; 4 .714 1111
1. 5 _.667 As |dlqjstdaged in TABLE 2, the bgl’f}flt of5u3| ng a binary

wei ght ed code i's jitstalplpty to achieve a | argers range; ®f3put pyt i npedance

using fewer bits 5¢ og RVIgcontrol |ines). Howe ey I n Eaggure bi‘nary

wei ghted code, a stiepgwiised increnment does not ‘@msure that all I'egs

currently activatéd wil |1 remain activated at 108 next stegF. For. exanpl e,

suppose the currentl bi ndry0 wei ghted cali br ati om.7code i 's1.42%i nary 1110

(corresponding to.#n @d® ttance of 0.7) and thé.8code ist.2H be increnented

to binary 0001 (corlre@pénding to 0.9 1111
) - 0 1°0 1 - : 1.0 1
110 1 1.1 . .909
' 00 11 + 1.2 .833
P ‘ '8 2 _1| z :ll.s ..768
¢ ¥ : : ‘1.4 114 .
83 SR T N I 15, 867 _ __

- — - - —— - = e e ovmesewd PN Sk —_ - =1

7 As illustrated in TABLE 2, the benefit of using a binary weighted code
is its ability to achieve a larger range of output impedance using fewer bits
& (or PVT control lines). However, in a pure binaty weighted code, a étep—wise
increment does not ensure that all legs currently activated will remain
~ activated at the next step. For example, suppose the current binary
| weighted calibration code is a binary 1110 {(corresponding to an admittance
- of 0.7) and the code is to be incremented to binary 0001 (corresponding to
0 _an admittance value of 0.8). When the electrical connections are swilched -
from 1110 to 0001, it is possible that for a very short time the swiiches may
be in a state such that all the FETs will be off or all the FETs will be on
& } \ (corresponding to a PVT code of 1111 or 0000 respectively). This can result
in an undesirable spike in the output impedance seen on the signal pad. (In
15 this example and according to TABLE 2, the output impedance could
- momentarily change from Zoyr = 1.429 (corresponding to an admittance of
C. 7) to Zoyr = 0.667 (corresponding to an admittance of 1.5 (all 1s), or from
Zour = 1.429 (corresponding to an admittance of 0. 7) to Zour = infinite
(carresponding to an admittance of 1.5) (all Os). ‘
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10 an adm ttance value of 0.8). When the electrical connections are
switched from 1110 to 0001, it is possible that for a very short it ng)¥ 85
switches may be in a state such that all the FETs will be off or all the
FETs will be on (correspondl ng to a PVT code of 1111 or 0000

respectively). ‘Thi's aaBoffisut) aéee[ @x%thlgft%ﬁﬁwaéan@mfghgcgdéh@té%

i npedance seen on the S|g I S exa ccordrng to
TABLE 2, the oualwws lformati@heeoutpluitctnpedam& mﬁg@wmmdmmmmng

. (corresponding to an. admttance o 667 (corresponding to
b adm Lt ance oprereBtiog FpIE T onsitpsdatcs on o s@BAERbond ng o an
admttance of 0.7) to ZouT = infinite (corresponding to an admttance of
1.5 (all OGs). 51 QJUN? 2QQ03 Accordi ngly, a need exists for a PVT

c_onthr?I engodi ng Itef:hnl que that al bummaryrofsheilgrentionut put i npedance (rjange
on the signal pads. Sheately iBreriE AN SRHIRE noPebalcs Ptk ariRFT 2"

novel variabl e ¢omesianeait@ntptéthdd foeprograminiinl thé saiet thanempidysos birtdry
progranm ng the sarre that enpl oys a binary_ welighted thernoneter code when

adj usting the ouejsie mﬁéabﬂﬂt@ebﬁo%wh@mqﬂwsmg theroutpulimpedanes of@bount
variations |0 RSERP AR ARE A Ned ot BITRRERL I BrALesTbuachhAnal 1Y

i dentical chips ene 0 Rvant PEIesRn B i gh range

of sensithwity tenigeraturericreds fanotienallyfid@vical chipenThelcotingascheimé ef the
preventing spikes in the output inpedance on the signal _pad. 1n accordance
wi th one enbodi!FEeRtigl aghievesngdigh tﬂngeapfbsemtwltwrwea QWB'E@'t"HEP'?ﬁfrﬁft RYTcode

I d
viPably o) ust R APs BrEREGHERRG Y in Mo RBuGRBEL e bhite il

vari abl e i npedgaxk output driver control circuit is configured with a
plurality of resistive devices e; rogra ny el ectrijcally connectable

in parallel between !B aGc0Mangs wi 8" & imeint ohthelpventinpta@ WRary the
plurality,of r %éslé éﬁfeth@ﬁr\ﬁbﬁt’e?eraé@déjﬁ déefttlf)!ogaﬁ‘#n b%?raﬁl&h#fe%l'angé Rltputset s

whereby a firs e resistive S nmay be prog ina binary
i ncrenent al mardraer conrbkcitauitda Mayiablyradiast theeutputimpedahce béanredpst | ve

devices in the JI’IV&?%II‘CS}SIE te vanabtlg xemE)écrlasrttcevgtlxttp%?grn?eorucro%?ro?csrcu|p Is
configured with a plurality of resistive devices each programmably
electrically connectable in parallel between a first voitage source and the
20 signal pad. The plurality of resistive devices are partitioned into a ‘pl'urality 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
B 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 dévices 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 arp? tﬂﬂ\i 2005
signal pad nay a second set of the resistive devices be programmed in a
binary increnmental manner to electrically connect one or nore of the
resistive devimeskstive devicesdie tiredadditiobalt setdetiveen the fitst voltageysosmerarnd and

t he si I d. Additi I t f i st.i devj - be |l ikew

pr ogr anmed 30 WHEGRAIGHS, RIEEADN Pl Rst Ale LS o a e B pleqEcay ©

previ ously progtdiHEted Bé&ﬁéﬂﬁh_@ f#?%%lt%?@%ddr&é‘bhv sfq?mﬁ‘éﬁ%i aNeiniésto the
al pa y I't1 onal

first voltage source and the sign may an add set of the

resi stive devi quevest an oytrutirpedanceaspike anytheraigrahpadal Additienrallyt each
electrically connect,.one or..nore.qgf the.6 10 JUN 2005 resjsii vices in
Che addi (i Bual TS8PSHUARRIPERE e GRicerBr e piaERt & Pyfe PAG
Preferably, at Weghtedbsidio ihBrRasEIhE Dutsutdmpetidfhct FafyeGithirciel respective
connected between the first voltage source and signal pad at all tines to

prevent an out &t i npedance spi ke on the signal pad. Additionally, each 5

respective set of t S]] dey] ols ably Fnml . bi nary
wei ghted code to i ngﬁe@?@@%@%ﬁ'ﬂﬁébgﬁ%ﬁeﬁ\@%ﬁnng\jﬁ 'ﬁgfg'ﬁ\ﬁcﬁhga ‘?%Hstgoe!ct I ve
set. | n accordghesit¥bt 4 variabledmpedance wvafiutafrivieheircuit iegiudes, a first eat obl

circuit for a varjable inpedance output driver circuit includes gﬂrfaérst set

of . to rleéq st | VESigEVe devices SHRUARMIBARY Aleeiticrlbaronnectiie bebwpen Bliken a
S o 29€ SRMBGE s%ﬂfcyé B HBiBhalotly, £s885 detfilreBbleabRLbYC devi ces

programmabl y el'eCctrr cal ween e firs ol tage source and
t hgysi gnal pad preganamablyt glettricallyorrieatabigrizetewetn the firstavitage soareenanad
nanhner el ectrical connection of the first set of said resistive devjces
between 15 t he the signal ppdlagid asentisllenwhichpragrams Ima PRy icreritahs in a
bi nary increngnt Lk ' ;

resistive devi ce@%@g\@@%aﬁ(ﬁﬁ%ﬁléﬁb\tgﬁ]ﬂgg%kseggi %%dggﬁég\%ﬁgﬂcgﬁge% ?/n
when al |l @f thehe fiestivltaye sdardecarsd signahpad ianstwisieh paogramisciota binary y

cirou t mmy | nEMIBEIHE BRnRe deaBCaterTenan U4bs rond Lol PEidNs cos
e ¥ e oA OB Sbhge SeLtard Sepbl o) crf et ananing ot
el ectrical conmnesisinendevicesirhtheffirsheet 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
betwéen the first voltage source and signal pad, whereby the controller
programs in a binary incremental manner electrical connection of each of the
Y ~ 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 signal pad
at all times. In the preferred emboediment, the resistive .devices are
implemented with field effect transistors (FETs) and each set of resistive

30 devices implements a resistive binary weighted code.



addi tional sets of resistive devices between the first voltage so rc%&a?gs 5
signal pad only when all of the resistive devices in all of the p E}ﬂ
25 progranmed sets are electrically connected between the first voltage
source and signal pad. The control cifcuit preferably includes at |east
one resistive device electricalrigf nanmmdobﬁta/@mwmge first vol tage

d si I t nth ref red e he
est stive devices arihe fyeBlen B peler reretiradkpiia B o el fologing. ng
each set of resicthiotedesipliovitaRen irm%rﬁﬁﬁéﬁo% @ltlﬁ‘ﬂ%éFdW T%m {MAlch gl ght ed

code. 7 1 0 JUN 2005 Brief Description of Draw ng e tnvention wll
be better under8fesgace desigaatassgraysed to HGSIUDBIQ)WQQGWMM%.HF@HHMGM ption

e used (o osi gnatect 08 TTERTE ek dlidh i dfl Fadtie ST Gl <

bl ock di agram dfiver gizeuigbl e i npedance output driver circuit; FLIG 2 is ﬁ
schematic di agram of_ an_i.npedance network inplenented in accordance wt
the invention for tfé&%’?&bﬁ@%@dﬁﬂ@@%@f puimgeraage petwark anplemeameg G

bl ook di agr am o) aﬁ%°’?’%§8§§‘?@2‘“ﬁi§‘&%¢‘@” BB Ve rpadaich QuBRrdHRe: o

accordance wit kiGh#; i nvent | on FI G '5is a block diagramof an alternative

enbodi ment of a vari nce o tput driver; 15 FIG 6 is a schematic
di agram of the vari Eﬁtm?fhpgé?“ hefnventions: and FIG 7 is a

schemati c bl ock di agq@rmqg a%héméﬁg%r&ﬁ( &gppm Iﬁfé‘ we%bgépégﬁ%,ﬁont rolling

t he i npedance of the variable I npedance ou
De;iu | ed Descranlnﬁr@ier,dmpdmnenﬂedtlh(attcardansps:tuﬁmrfeounvemtmreas| ng the

t ty range o vari abl e..i eda ce ut driver, control cjircuit is
desclrl Ib\é:j Yn detgal I hﬁeﬁ ﬁqc’é(rd'aQ\IWB gh at? ﬁ?tﬁﬂ?&mp%m%’t@‘g@dﬁr@@@ in

terms of specijhpeddridaisithat Higerenbodi nents, it is to be understood that
the illustrative _ .
15 FIG. 6 is a schematic diagram of the variable impedance output driver

of FIG. §; 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 detail
} hereinafter. Although the invention is described in terms of specific
" illustrative embodiments, it is to be understood that the iliustrative
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 c'ircuit 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 enbodi nents are shown by way of exanple only and the scope of the

i nvention is not intended to be linited thereby. Turning now to FI'd JUN 2005
there is shown a block diagramillustrating a driver circuit having a
controll ably vari abl e out put inpedance. More specifically, the driver

circuit includeg. I ' ' blriverci
predriver ci rcu?j{'e?@k%& t@%%@ﬁ%ﬁ)%ﬂ‘lﬁgbgﬁﬁ?up p')%ggr“?\?g%défﬂréc%'iggﬁggg
operates to dri peediivedairpuit 194 respéctivelyn Trendsvertaircui catpiitdgs thataabug seen

ope! peed . e Y i nngs
Lo drive: an ouepane, Hikidointhe misstics ReBln polnt belvesh et BH85°°
115 are 8 1 0 JUFWW%W% BYuicBen i BENFET 118 Auviir B furiRG degefibed

circuit 132 and pul own predriver circuit 134, respectively. The
driver cireuit @utpnredtiontwitt FiGI2@nsivyredaneel natewonlo?00 ishinggrppsed hetween

el ectrical connection poin etween .t.he drai . T t he

source node of sl"gﬂi’gl.me 0 Pm%df'ﬁ?'iﬁ%&@ggiﬁ%%gé%%% E%ﬁlﬂ%gﬁ:&gn with
FIG 2, an inpedaifiged 8 lcontrsliddhy vasablatigipeeante behivhaervds® vargiae outme 102
and the driver pad 106. The inpedance network 100 provides a controllably

vari abl e i npedattopedansecef thedrvgr eiscuibioymateh hetbrard tiagedmpadange. fhe

driver circuit toQ tc . r. ' Ihe. | jjded
by the i npedan_c@ﬂ%&%&é%gggﬁyyggﬁt'ﬁﬁﬁdgﬁe %Wﬁ?‘r%‘?ﬁ%‘*@f‘@%ﬁﬁ 1‘{166R ¥ he
out put of sphe i EREERNEE TIES botbkt 30Me impatisned netwbhe100 isveuted talthE0drivera
conductor 104. r j To nore particularly describe the structure and

operation of thpadilffadasendudentP4 100, reference is now made to FIG 2,

wiich il lustrates thi LI C UL Eey il : e I ,
'Rpbbiance networ k rogerustea bl RePBifs B Stict ReBK opefbchof i, 1o,
and control cirgupéddrdd netverk 1Opadiareacadd nowkmade koG, 2, whichallustrates

resistive devices 111-120 electrically, connected i aral | el , between the
line 102 and | i #ds eipauitry in pose detaik MH'@%JBP@WHE‘F%"P&W& ISdevi ces

Fh 0 e | PASERE gttt feciohAingctod, (e bRl RhubMERS 1OLTIRO M d be

i npl ement ed usi hg™ ot her nents su ds a'resistor In series wth a
switch. In the prsécaroecheteotionicheles,a phicalityof résistivETdevidds 120-120 def i ned

by a channel width that defines the admitanc f t FET. devjce. en

activated (i.e.Slerlicady Ceﬂn?qeg_”&Bﬁ@]@fggb\‘?eé'hﬁbeﬁ"?a?@ ?EET'BF’O'Qﬂ'*ngQ t}é\%

electrical conngell 8y RMRAReh!, M 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
(; : conduct current), each FET provides an electrical connection betwéen 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 dev'ices 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,
9



102 and line 104 thereby allowi ng current flow and contributing (tﬁ th% 25
conbi ned parallel resistance of the inpedance network. Wen norefth 4
of the FET devices 111-120 is turned on, they act |ike resistors, _
conbining in parallel to provide a Iovver resi stance. In this way, the

J .
e et onc"Bfid SpaLpRbhva, 8 hard B BY Al Hdsitante of A0 RS !
plurality of setembited ddidittahs of lall dftike prddolistiegs, alhd Eeresidtjvesaavicel

i ncl udes resistive devices 111, 112, 113; 122. i ncludes, resistive’
devi ces 114, 11%ithimgachssat ai@év'mwmeateﬁége@ﬁv@m@@wc‘%é!atyf? tﬁﬁﬁ'@cfeaffg

Pref erabl y, theb)éb(jﬁ{itgg%?hﬁé'"fﬁep@ﬂﬂr&%é%ll chilvd ou]t}%lztd) hé%htr%?biokﬂhmlﬂ

9 1 0 JUN 2005 respectively, 1Is caractelze dm ttance of
10% of t hesconbinaydendaras taadigma!cﬁaflbratmf wotdeV\hmm artiwateegslecmdobmeﬁeOf the

resistive devices, Wt are bi hte nce
val ues that i nc[feég'é( c%yu;?sfag‘& i?bé p{%se §pﬁelﬁg oY Pn'éto c%@?g{pétﬂi%t put
of the control &iRsGieirkdf i aBBrdBAELY witSthe rkdiddadestibbltriréiPafePIndFIGL:3.9 to
activate selected ones of the resistive devices 111-119 to precisely

control the outmeln@@ﬂmﬁb@mﬂdﬂh@t the bits 169 of the calibraienWesdd¥ with the

nmet hod descri bed_ herei t F & | t, the
bits 1::9 of thef E%ﬁqogﬁatp tﬁﬁ ‘)ﬁﬂledb@ C%??é@%g%%% tﬁ%goFrgngH@ﬁgvi%ﬁon t he
gates of the coaé\ﬂmwmggFEmel&b eppreviated 1Hatthe cirluitiy or logie afhe eci at ed
that the circuitry or logic of the control block 110 will be dependent

upon process, v@ﬂﬂt%ébc&nfﬂq willlee depeadentripon pregesheifage: and tejaperaiwed

erein. The inp, pat h
(' ly, resi st ve déuﬁé&?%t ﬁggské'b%fﬁb @%@é‘pé&%’l‘?cﬁew&ﬁpeﬁn t a
si gnal to pass degigned Qile tHat e lss? ohe mtbmﬁémé@ i‘esﬂ&tvbOdlevme dedan F®. 2)
prevent a spike in the output inpedance seen on signal pad.106 which

may occur nomensAWaYys é@th@tWaEQuP?"B'K asignaife lﬁ’@sﬁfroﬂhé'gnﬁt}m%é@?é@@gnﬂh\BLE 3

il lustrat an jexe r rgm@ hw%%g nce
with the F%vent ﬁ%n@‘mgfd%'f%f’yﬁl{)g{g. npedance &ﬁ ratlon '

where each bit gigsaltpaant 06 whidblLinay aoour mmmtantycasaarrwﬂteotswdachmgsf ﬁte ve
device 111-119. _Wen the bit position is shown in TABLE 3 as a "0", the

correspondi ng re%T§PVK‘F§SdeV| 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 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

D 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 parallel resistance of the
network 100.
TABLE 3
WO;W‘[ W2W3 W4W5 Wg W7W3Wg Admittance Impedance_
(Y = 1/Z) (Z)
1 00 O 0 00 0 0 0 1!1 1
17 11 0 O 0 0 0.0 0 O {1+1 .809
1 ]0 1 0 006 00 0 0 |1+2 .833
1 i1 1 0 0 0 0 |0 O O |1+3 769
1 10 0 1 0 0 0 {0 6 0 |1+4 714

- 10



included in the parallel resistance of the network. Wien the bit position
is shown in TABLE 3 as a "I", the corresponding resistive devicel( sJUN 2005
connected 25 and therefore does contribute to the conbined parall el

resi stance of the network 100. TABLE 3 0 ; wi w2 w3 , W W W6 w7/ WB W\

Adm ttance | npeldfng YF g 64gl[1g0 P00 00 1T 1IggE T00QO0
00000 1+.1 .EOEGI 1?0 I 0 é0808 ()lg) Jg)f.%.gﬂﬁ_l_s-l 1100 06 50 00
1+.3 . 769 1001(?010-0 164 7%& 0010 _2,? 11580000
0 0 1+.5 .667 1 0]110 0. . 625 1 '_;1_0%f00 0 1+. 7 =
1.7 .588 111 J.ogoo (19 L.(g_l.om(é*}lti_"%- 1@%00(0
1 (1+.7)*1.2 = 21041430 11 1011 191]P 0D & (1( TA)IN2E 204 5149050 101 1
1001000 (1k ala 2 9 38 1420 |10101 D 1 6+1)b1§=02§321, 7#62 5 = 2. 55
0392 11110017 8 o1(14+07)01.6 = @, 2 03q{(1+i)i1.4 =12 14800 0
(1+,7)*1.7 = 2.|8b [d461 111 [111°0 111|000 O I41F)P1.8)=2.56 o .3925 3.179
1111111d1 014(1+7)*107)11.2 £0288 O I| (3+A81.6E272 1 .367 1 1 1 0O
((1+.7)*1.7)*1..31 =11266 113.7797 1 111, 1010 D ¥ (@+U.TER.8Y*1346*1. 4 *
247 14.046 1 111 1 1111110 1 ({14.7) 0L ©) 1 H-.7*12811.4.335315
3.179
1T 41 1141 1 110 1 0 [|({(1+7)".7)*1.2= |.288
3.468
1 11 1 1 1T 1 111 1 0 1 ((1+7y1.7)*1.3= | .266
3.757
Y 1T 11 1 1 11 1 :0 0 1 [ (1+1.7)*1.4= |.247
oy 4.046
1T 11 1 1 1T 1 111 0 1 (((I+x7Y1.7y"1.5= | .231
4.335 :
1T 11 1 1 11 10 1 1 [ ((1+£)*1.7)"1.6= |.216
4.624
1T 11 1 1 t 1 1 11 1 1 [ ({(1+D"1.7)1.7= | .204
4913
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.
}) o 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, Wy, W3, The first resistive device 111

10 is characterized by an admittance Y that is 10% the value of the admittance
_Yo 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 Y4, Yz, 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 Y},

resistive device FET 112 is sized to have an admittance Y.= 2*Y, and
resistive device FET 113 is sized to have an admittance Ya= 4*Y;.

11




111111101211 ((1+.7)*1.7)*1.6 =.216 4.624 11111111 1
((1+.7)*1.7)*1.7 = .204 4.913 1In accordance with the exenplary enﬁgdrjwn@%
of the invention shown in FIG 2, and as also illustrated in TABLE 3, the

bit- WO representing resistive device 120 is always activated (i.e.,

enabled to provide electricgal gconnecti . n L This
| eg defines the hi ghéﬁecp é’@éﬁp@el%rf’ettﬁlgz ’EF@@E%@#I%{Q}S%&E %Soﬁliq]%’ ﬁ%zﬁn ance
with the exenpl a1q r&feedhfERIby its WieWd) vent The firsthesistiverdéviCe 124 inlset 122t
partitioned set 121 includes resistive devices 111, 112 ar}% 113 .

rﬁpr esent ed la)yblsicth:arﬁﬁ?flm bwan adveittenece (Y4rthat ist {078 the yalkie of the ggmhined
characterize Lby a YLt i Seid t I ttance
Yo of the resi s%‘?'@lﬁ[eh%%{/gls(%’ ?E’SY é{ﬁragggﬁt%%%@g/@%i&'?c%%hg?’sﬁ‘ld @?@f‘ﬁg} way,
the firstsresisdpresentedibyehé bievisus biipasitionsAdg, By, We, Wpcthmedniitandest i s

10 ti the i f FET 120. i
esi stive | dovi Boars Ye of e fesistyerdeiss 114.5 ke Ca1ha secons St (2 B
| npl ement a bi nasy vgéigﬁfé‘a_%i Rirfentes bﬁéq}{goa@,\/\hﬁ@mﬁ%’éisﬂé devicel RET 1112 ifave

an adnmittance esistive device FET 112 is sized to have an admttance
Y2= 2*Yi, and siesd $¢ haee dewddneittaite Yi3rasistvedayiaedr Bavid Sda sinad torhaeearys=

4*Yi. 11 1d JUN20O A Lti, . | LSt
devi ces 11, T1amARncE e Seaun ety gevee GET 1 InRESHERpTs ol
resistivegevi caqhithrica \85%4*3(%.20' VWhels aiRehE WS diredidtiag dievicascle 14 1Rhat

Is 10%the value of the conbine admttanceés Yo, Y1, Y2, Y3 of the
resi stive devi cared 128 in theifirsi set 121 Bave bepnastvated, manany oftbeireaistive t

posj tions Vo, W2 . ahe Lttanc Y4, .Y . resistive
dieyji)ces 114, 1\{%?‘”(151961 ?(% Hiag@ﬂghan i\ﬁ g%wcgf,%t %a% g% %‘l’%}%ﬁed to inpl enent
a binary code, wherealkgipd phiitoneg st 428 iclidds resistiiezdslides i el €8) and

adm ttance Y4, resistive device FET 115 is sized to have an adnpittance Y5=
2*Y4, and resi st19eepresertedbybitsy/yi Wes We dThe firrvesighiverdevienqtily dn et 162

Y4 hen ot D B RS A0 e e A 1
115 and 116 in idifite@eesys¥t, Y2¥,be, a6t iy of #b resistive devices 120, 111, 112,
113, 114, 1_15, 116 represented by the previous bit positions Wo, W1, Wo, W3
W, Ws, Ws. The admittances Y7, Ys, Yg 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*Y7, and resistive device FET
) 419 is sized to have an admitiance Yg=4*Y7;. When, and only when, all
l) 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 o 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 partitioned set 123 includes resistive devices 117, 118, 1a2dJU§l?9%3
represented by bits Wi, WB, WO. The first resistive device 117 in set 123
15 is characterized by an admttance Y7 that is 10%the value of the

conbi ned adm ttances Yo, Y1, Y2, Y3, Y4, Y5, Y6 of .the resistive devices
120, 111, 112, 113, THeldovel hybrid bharg weigletet ébeimyornbterpoeiel apgroach to PVT

positions WO, W, . %OV\B W, Vb Y\ﬁ fghe dm ttances Y7, Y§, %/é of the
resistive devi cé outplydriver contg piRe! '_Fﬁl‘ﬁ)ﬂ‘fg_%EOVﬁ@V&F P § PYhted to
i npl enent a bi NaERsaEREahe Sand deBdSbf y&%ﬂﬂgﬁﬁtfﬁﬁ}%&ﬁ%@éoﬁ I60 have

an adnm ttance Y7/, resistive device "FET 118 IS Size _ an admttance
Y6=2*Y7, and r exitptl irpedance withHgwet tonirel linese darexzavale ain thani t t ance

Yg=4*Y7. en, .and only.when. all -—resistiye deyices 11 112 13 in the
(Pret wet Ho1 ARRRRPNES] BnndLin TARLE S8 LBYoiBe priputtipadthie s econd
set 122 have begRgéstrbrad wlo.zmyti:ﬁeytt?éingéedd?mr@‘&hétauw&ysiswméd tdistivkl 8
and 119 in the third set 123 be activated. It will be appreciated by those

skilled in the davice Rfl (endhamaemust impedance inghadHowP\Of cags).sThee

devices in eac Ry LSeLec . i 1 Ng . e. f the
resi stive devi ?esg’i glénbt%%%é@%%@%%&gﬁtq}é@ﬁgpfrpgﬁt"gbéaéﬁ@éeiﬂé@&@g chr :
application; h@mrmanﬂymﬁgﬁe’ryent lon applies to 30 and is intended to cover
all such variations wherein each set of resistive devices is activated

accordi ng'® o a t her fdtred &t adlomehartdiystiating thaimethpdof the fiventios. 4/ ces

wi thin each se | ' | Y, gorithm
12 1 0 JUN 200glL%f[rﬁgébﬁtg\ﬁgﬁ#@@bﬁf@%Lsﬁk%?jg&\%g%ﬁ@é@nﬁ’@%@f hied 3"%?%% e approach
| t*()}Pl\D/T vari abl bemaeqnﬁthectﬂﬁimrout;gnéarm sighaipdd isqrﬂrtiﬁoﬁe&ﬁ@%ﬁe a)plﬁralttylef pri ?r
art by increasin e range an ree of sensitivity within the range o
variabl e out pfRUt ﬁﬁs@%ﬁwgﬁaﬁ%ﬁﬁ- e S@bﬁ{m resisiiug derigesds prpgrammed de 5

i mpl tati ' ' Gont ok & ' -
anges 11 om 1 Fady tpeldor A of the REIGHR' ot dng 1@ ot s EIRcally
resistives devicoendded betweeen theedniwerioutput ampksignakepady The fithtoset PvEy base) .

L oS g BT reita Bobt 6 2B SRRk ARSI e
S?L ggg mg; b.} Secg@ﬁggt{ t'ggpgftﬁ% tralsniSsibAlURE inpeRhHEa Vhlie. Obrdf&Rib, iMPedR¥ ces
: 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 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
/9 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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bet ween the driver output and signal pad is partitioned 30 intol8 pUNr 2005t y
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 15 connected between the driver output and signal pad.
The first set may beFiQrogragsmsmand Blockatagrafeod & congeltert DI Ooforrai n an

out put inpedance value closest that of the transm ssion |ine |n8

~ val ue. Prefer abwrpgramwm@thei impedanee nstwpes @R piEIGedi Aeshown e

nore than once F [ e r

performed in a15 ep- ﬁégtqg@rr%%ggd 0 rrs'e ¢1?901?§e0§§%ér)1{? ézghgiﬁ ia'r‘\ethe
out put i mi)edancmeﬁ&reblywatmﬂaengmbnnterpadch it they tloaidt roll onaefroMet ive

devices in the first set are electrica connect ed be en t dri ver
out put and®si gHHQ{'%%ichtBUtéoﬂBﬁtb"g%?t%f‘J é@“@fﬁ%i "H& ' 1§I4e3?§d fromthe
remai ni ng unpr geEMES o??fe%rél%eﬁﬁﬁmb%hé@ 2 Bﬁ%heuﬁ%ﬁﬁdﬁ%@w 34. Again,

the selected next set of resistive devices nmay be programmed nore than
once in order tanoobdlagrhome diregfianal Btﬂd@fﬁmputﬁRuﬂlQﬂ theeelock input oELKhis

Lransi oot on | gl S UGl eyl HA2L A0 el IR RAL A
cal i bration Se%ﬁéf?éls Whea]f W["4€&f ARIVULT:9F cBER be Wikt |'sfhs%d9tb€d?rv@the@ta%>of

manner to reduce the ahount of change in the output edance seen 30 on
the out puto pad.ore efthe Eiy inve resseskive set 62114 2arnithe igpedpreanahvasl set
of resistive dlio\ﬂ'rces until the output inpedance of the output driver nost
closely matche hat of the transmssion line it drives. 13 10 JUN 2005

FG, 4 is a schemat ikadH esintel FEZ, APNM78 1eddr ehbble iAp6t ERrwERRMT ng t he
dance network 100 of FIG 2. 'As shovvn controller 110 includes three

3-bit count ers asgerted afows the coduier ¢e increment grdearementddeperding o) e

oot put 102t o e HHE Birbfln B R Bfibe 5 cariiftiise bR BBck flARAR.
decrenent4 he b Boder todhpeeradnt & ebl-by-eepiiririnoenetoi M@wh@t@w gdil bftheo t he
directional state of input DR when the_clock input, Is strobes. The

out puts of couﬁEeTssl"'lﬂ?Q h'Q'TQI‘O"WBOf{H@thégﬁé@f F’U-@It ﬂfsééﬁ?eﬁi%ﬁ"@te%P@Waqos
W3] W ] s M e 36Tl I BB 58, ', bt  of 10

one of the FET e pect Ive se € Tnpedance network
' 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”. ACcording!y, 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 controtled 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 ali have a
value of “0”. Accordingly, AND gate 178 receives bits W[1:3] output by
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100. r Each counter 172, 174, 176 has an enabl e i nput EN whi ch when
asserted all ows the counter to I ncrenment or decrenent (dependi ng'f OnJUNe2535
state of the direction input DIR) once for each pulse of the clock input
CLK. is In order to inplenent a set-by-set thernoneter code whereby all of

the FETs in thc?oﬁHt@P?f Ofrflgly ut@%WND‘QQte’SWB EH&ttn\f(ért:ﬁg imsutaND rited

prior to progranm ng [Fe e aer ord magni t ude_set, and so on,
each counter cagd féddythbenpu’ﬂsb:bfeftNBtgatet@SBeﬂ'ﬂW&JSnC@dﬂtﬁr dré I%ﬁnﬁh@d only

Cnail 60 whan DonReRBtsMel SRl BEFaPRaTe 'S pu T RAT M EL BRARY, 0 o

other counters &ifRe@¢¥d %ed gl*0 n other words, bits W4:: 9] out put by
counters 174 and 176 respectively nust all have a val ue

Accordi ngl g, invertiAlgoiinthis exRMplggantarsty amayely pe ‘?%\é’h?n@élégltt}%

bits W4: 6] and 9 74 '
of inverting i n KNE ﬁh@l@s‘fﬁ%@%ﬁ%‘“ﬂ@ gn'% ﬂ Eggpﬁﬁﬁ' é%ﬁe%{l&%ﬁpm >
186. The out putpigd W3 ;mﬁmehf&@éetw&xaar@aaﬂwwednﬂmbtlﬁﬂvmrdeobltﬁt er 172.
Accordi ngly, counter 172 i s enabl ed "0

Also in this ex¥ipie] OIEBUHP]éPO‘il'F@r%W @ﬁﬂﬂménﬂﬁta%'fa\é\‘g ‘fg?]l"éq’agfu the FETs
in the first SeIA—E'JI&aB-' Bg%[t t@ﬂ rQJE%]@& Bits W[h%g\efvﬁp@’ﬂ byAEGuREF 1YAL gheand

30 none of the 1‘ongi n rd se are controlled by
bits W7:9b areo@plisvolt AND datestiT8rantot&lsfed the inputs3jf ANDgate 390c ddmiser

172 nmust all have a val ue of " db

nustgial | have gcowﬁenﬁ%fs e@abieé\ p‘ﬂhﬁ'lbi’is; %DBng%aﬁmgi rggef\?ggtgrtgm
out put 14 1l

V@ y ‘k@ﬁg%’g@&rﬁ?uﬁﬂlﬁﬁﬂzoﬁﬂ&ed b\Pa GeipdratccirtP 198t €ings

inverti ng i nput the inputs of AND gate 188. Thus,
counter ‘174 is thdht e outbut oftherinpedanug netar}'orkutqms aiylrwuhmﬂtemwﬁ@ge al |

1" d 7::9 b "
counter 176 mayt eﬁr%ﬁrf%‘f%t 2balos A aRvai gL G- Rverthd ToBRs PRab el P
second sets 121.44 g?| for ’((3%2 e sand é’\/bﬁé’%@&hv:dértférr%dmﬁﬂh resibtotk 4

respectlvey are'a I n ot her words Its 1::6] output by
counters 172 angnd 796nResistirs 19dvanda1Samay b Oll-Chfp Rﬁt&iﬁ)bﬁ Al gre AND‘%?@

180
receives bi ;[nssev\re étw&‘éﬁ RRS pggltwe %HE)SIE( aan:lA'theT&egat'Ve 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 comparato.r 192 is connected to the DIR input of each
- of counters 172, 174, 176 which controls the direction that the counters
?1\ }) 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 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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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 didr gotd 2)[]1]3
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 conpar at orThEircukihef FFIQJMii@\mo\ﬂﬁe@merplytawﬂluatnailwgoﬂﬁow ar at or
192 is connected to a voltage di vi der forned ﬁﬂﬂéh re istors 194 &Tn)d 196.

,Eefi storsh194 aontrodBpyiks fas he impadancereask d0848ay @Q%‘ﬁﬁ%t@ edM®in series
e connoct Do HertidfiaPHiaRng 80 deholanbf O these SURASKd!TbttGn ol InkisiDR ' ©

node connected ‘nve ut o arator 192. In one
enbodi ment, . r eSJ;ﬁirﬂh& iAPentiond IthOiE Heaamreheterbmwmneudhggthmtcuﬂmft

|t h
out put of t@tnaf@ﬁlgz@@#géeéx%iﬁrgi@@ M gayshodedtled§aRE tottearafars 2o d %W"The
counters 172, 14 nt%gtﬁ@%eibr%ﬁ E&Htﬁoltv#tﬁddaﬁ&merefbréhﬁé oulpsutémpstianse of

count, if enable inverting input of comparator 192 is |ower than
t he non- 25 |n\thetau1t;g.ltld1me1r of anal og conparator 192, counters 172, 174,

176 count up (when | e to t f
i rpedance network 10 cﬂéﬁ'}a&@ ﬁ@qﬁ'a%a?ﬁ@%&ﬁﬁ‘eﬁ{%%g én{é%asnoe‘fgv\ork 100.
Thi s feedback ﬁﬁ%ﬁ% éb%mdt'&ﬁérmwmm Fl@@amcm:snémbwmmmmeuwmrk
100 nearly matc the inpedance of the |load driven by the Fad 10

Counters 172, mcmimfthgpreaamnv@@mnm@ratew aslriver cirguit apvirorsRenidiaYinG: or

192 i s higher t he on I nver gt

turns of f rmre'%lP‘?] LRETE lgm-glcgc[cwt?nggafi%§yggfogﬂp®{e%w%f3%§jlf%% easi r?gTPIhZ
edance of 'd‘%ﬁﬁé‘%@rﬁt@%@n‘&eﬁﬁﬁouﬂ;ﬁxth@aﬂﬁNnﬂQO&:’wsﬁte tmablghtstaﬂe ands. 4

|\5 rovided nerely as illustrative of how the control

i npedance net wdrdm H)Imgh@;atbéogel@wgtﬁtﬁj(or‘tthé trlpﬁi@ﬁei),crmsaﬁc iy &n lB’fPed%"CG

generati on of the e SJ n t

PE i 11 be approtidl Bictifaan SBRErtRs poRFE disio08 qrifl2 a8 REthel fofiml T e | on

system tosgont 'daualcb&ioh WErR! RU[1vi%} ahli P D{d PR vettich areiqdanfiectiwm thedata oy s)

the calibration control word, and therefore the ogﬁ% ?%n&{edanc t he
o5

output driver. prediiverciwuis 29 eB2anshadtivelydpigse Vesiug ifu'gdvarl abl e
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 inﬁpedance network 200 constructed in accordance with the invention

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 output driver is showmm in FIG 5. In this enbodinent, the driver
10 circuit of the present invention operates in a driver circuit JUN 2065
envi ronnent 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 g ddcidaict QitRfk pldi@ned ehiiidipkat ehé PRET awagtete (or
to a tri-state), respectful l'lyﬁ An |rrgedance control circuit 250 %enerat es
i de

control signal singlydesden FEET devipes 2ef? bt 2012, 248i Bil4t2 bh 246 &3 7pef §: and
and PO ST vl Codhlicl b U e Pl LI 1 5 202

232 respectively generate respective ration words

CPU*[1::9] and Rigfjricté@] togatiedri dri @ conmhom sighiabline\@0t swhittid 4t a pbie2itial and

PD*[1::9] 234 e used . tg control ,the op ti the output | e
network 209 co Vpizrc'ﬂe?f“ﬁﬁr f%(?ék?t“dﬁ??c%"%y 5%%@5&%6%@% '%U‘kl‘?ﬁ kﬁﬁ%ﬁf as
wi || be descri ; Inlolu ' i t he
out put irrpedang&elé{lrégtgmg%’ %‘02{2;2' g??’é%%f%éﬁ?ﬁezg'g%%ﬁ Oén%@é erence
i's now made to MFET dewde 280 mdyise peavicksd anthdetudpiit totlightlp pedi lovadan

T T

i ncl udes an ar aieRHbR! ROl icbde THe ArARGiodes TSR ERY 986 and

211-219 which are electrically connected in parallel, such that the source
node of e&th PMRET dewicestare eestiicalyoannestediogethenatdioar2ds, waeh isf atdheh
ot her PFET and ¢t he drﬁﬂ\gq node of each PFET is electrically connected with
the drain node pﬁe%téﬂ! Neer PFET in the array 210. The network 200 further
307y, ncl udes an arr ayriR2PFET A 2400 flciidedl Akt PFET bBesaSE ArivehNifetsy .

e{ ctrically connected such that the source nodes are electrical I\é
connected t ogéyHibe aiput2d2 ebthequiinge peatiriver cineuitiz82 nSinglaely, tite Nh&Tar r ay

JOUN 206 1n AL AR e PRI NS ofiEE 2R 3B M KN RR PR 75 051
i ncl udes e PR pdfdonepiafivediicuitith, Thientifiderdfthe 319 T8 1hd REETSIN

219. The source nodes of each of these PFET devices are electrically
connect ed t ogetth#iie Byp arrapsatmdeygihiy cpntiel signalgmhatiarepravidgd syt bugses 5

Gevrcos" 23, o204 955288080,k 34 RO FITFT AERISI HERaLES, (TCT

NFET devi ce 23@lustratdiband desddisbciin ddrmeotivmulitht BIG. i7ghihé yontrbl sidoae an
| 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 ouiput 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 info 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 Y4, Y3, Y3 of the resistive devices 211, 212,
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ot herwi se undriven output so that it does not float (as floating inputs are
undesirable in CMOS devices). The drain nodes of each of the pitﬂrml\té ﬁ
10 NFET devices are electrically connected together at line 203, 0

at the potential DVGND. The PFET array 210 includes a first PFET 236 that

i s driven direcahd218yn tHeefigtspl4 Par akighted finploment adsihargrcodde! ddtete 202.
Simlarly, the NFET array 220 includes a first NFET device 238 that is

driven by the JGEive sexicsiFiE 21ds sined tadiaveareadmiftance; Yie (gsistivadevisr
remai nder of the=PhidSe %%%g#gﬁ%?geésﬁ"ag@ﬁﬂéaﬁg% ‘fz‘zs ?YS a?'foere%{étl\’ls Neee Oﬁi?gr ol

signals that are provide , esi gnated by bel
PU[9::1] and RX] @&:sidgd torsave ah doim:ttamejk’g:r#hfed and descrl bed in

t th FIG th trol ded on | Q4 and 234
Chat compri s the diAReapndRadtionarsht 242 ieeludes tHaRtve PaNsae 1o 16, uyt
(negative true)fgbpréddrited by tﬁﬁqsu* ﬂepwtps]) aﬁa@u%ﬁ?dﬁle ré@ils&ﬁo\e\ﬁ'tuet Ur n

on and off the various PFET and evi ces of he arrays 210 and 220 t
ef fectivel y vargsistiee gevisgs 21|4=p3c'!§n%@d aﬂﬁﬂm&aﬁﬁamd set 24|2ram|also welghted

31 250 and 2210 VRSN RF Gy PRAE MESe ek iy okieB T T 3 Th s SRad38aER,
partitioned i ntan admittiinebi Y.y rédisthel 8evidd FET4215 dishzé@d b Révk arB 4dmitiziée

respectively. Preferably, each array 210 and 220 inplenments the binary

wei ght ed tther nofsEReY 4, @bdlresistvp deniceABE E246 is mizpdito ihawp an adwmitienger ay 210

includes a first _ t Vi 211,
)15 ‘ond 213 1 ok ThEPESRE a&iide BR TP RIS OhRA i O RERR BT
registive devi tav@kh a@nﬁimm@f@ﬂ%@ﬂtlm oithe adm:iﬁe’@mtﬁn\‘lanhbaif dctivaed t he
V@J Ue of the admittance Yo of the resistive device 236. The adnittances

Y1, Y2, Y3 of fe@sivaderipe2dev?tbe 2 andAt3. Wheng apd soly whes, alhresistive i n
e L eS| R UCBE a0 TETR o 24, R0 B gl S5 12

devi ce FET 211 1's si ze 0 have an ad T 212

i s sized 50 havesistiveadewitéac4, XP5-2hdi216dndhe eatoid vt Y be achitdied213 is
sized to have an adgittance Y3=4*Y1l. 5 A second partitioned set 242
i ncl udes resi sBPEYUNGIREMENY ingFementng 216 represented by bits PU* [4],

PU* [5], and PU* [ 6l thiB&drGEdridcP9®24 inklifles 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 admiftance Y v, resistive device FET 218 is sized to 'have an admittance
2*Y7, and resistive device FET 219 is sized to have an admittance 4*Y,. 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 dévices 211, 212, 213, 214, 215, and 216. When, and only when, all
 resistive devices 21 1, 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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resi stive devices 214, 215, and 216 in the second set 242 are al so wei ghted
to inplenent a binary code, where resistive device FET 214 is sﬁﬁeﬁj;{gq»gb ve
an admttance Y4, resistive device FET 215 is sized to have an adm ttanc

10 Y5=2*Y4, and resistive device FET 216 is sized to have an admttance
Y6=4*Y4. The resi Stizmwﬂg‘gbgsre%%ka%@thsﬁ SRR fvitHeyamitiatRhlk 4lumbersifzed to
have an adm ttance o iO oof that of "the conbined adm ttance of activated
resistive devi cess, 286 nudiber of resistiveideviges Ieach paditiones sehamn the

resistive devices 211, .21 nd 213 in t . . : n}%ﬁ*r
activated, may Weigh @ngfcéﬁa\?ee%i\ﬁ#c@g r%%i{'V§§év'gﬁ%'r§§%c¢%¥§he scrah(!:%nd set
242 be acti vat eghconfingtdanfivéwdasighrrrapplicaticrmboivevér, ithe inverdioni agpiee dos et
243 includes resistive devices 21 218, and 219 represent edfd%. ?Iits PU*
[7], PU [8], eand Blntengpd taisevakal svethkakatigns wirrefieach sokolf&vistee 217,
218, and 219 ingthe t.hi i i VR tha

bi nary code, vw%t\}gc%'se'gi%cﬂ }’%@H e@g@ﬁﬁghﬁgﬁﬁgﬂgﬁfgﬁ oéiggcﬂgm’an adm ttance
Y 7, resistive rdeitive dEFted Wthis each edt are dctivatexhacehriingdpcepue-Mpanand
resistive device FET 219 is sized to have an adm ttance 4*Y7. The

resistive devi G@deEAIgOHt M -epresented by bit PU* [7] is sized to have an
adm ttance of 10% of j HcH S b d st el dal @iRdakeSi sti.ve
25 devices 211, 212,T'§§§;E4§%4{},r8§f§,8®§r@3€g'16. .één,' arl;f(? %'ﬁfsz/ whezﬁfj( al |

resi stivesglevi airawB) bf trzlearins tParsistors iestratedtin £66. B4in agsgrdancewithtae

ol vat od, may PretRTacempeARSas Ee orasent R tonn Shhyt e ARERAIREY. .
(ng)be act | val abwfer ot i indedtion RAidt infii@Rk vaibdEdtTorhiimhe eble,

ates according to the same principles as PFET array 210, inplenenting
the binary wei dhitéhatthertablets provided mgrelyApifaliadiscloge tae pheferieeTs coupl ed
9 0 JUN 2005 It will be

~to VDG\D to pull do the qutput pad. 1
appreci ated by qrngg@mngq{]mqfﬂbe&?sgqglr}yﬁpg?%at t he nunber of sets, the number

of resi st?é/e devices in each partitioned set, and the weighting afforded

to each of the resistive devices in each set, my vary according to a
gi ven design or application; however, t tion applies to 5 and is
i ntended to cover all ' et &g i f resistive
devices !'s actival ed aCNgmeﬁgﬁeto mlcrorrls et e(mlcrgr?s)al gorithm while the

236 44

211 44 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 46.24

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 A4 5.78

228 A4 10.66

229 44 21.12
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resistive devices within each set are activated according to a pure binary
code algorithm TABLE 4 is provided bel ow which specifies the phy%ﬂc@&ji@sﬁ{}gfg
(as 10 drawn) of the various transistors illustrated inciFIG 6, in
accordance with the preferred enbodi ment of the present invention. It

shoul d be appreciated, v th ' ' | b d Lt h
val ues set forth in ﬁﬁ@sgg%ﬁe‘&hmgérhéae{aﬁ %Qe{?éz;%#gﬁqéséfpiﬂg\ﬂréééﬂkr@?% tg)r{’oe
fully disclose tecaitas@ircalirye28mHIGeB) mafy bd émpleesetied imaeatietynof ways. TABLE
4 Reference Length Wdth Nuperal (m crons) \;rri,crons% 36 .44 80 2t11 .44
8 212 .44 16 t.ig impertaphier parposesef the gventive £05 eéﬁés?’lﬁit%%."ﬁ” gh 7

.44 23.12 218 ; : : i 144 4

223 445 224 CHI290 Epiol fEbile e oy  RTETS e T Ay e s

10.56 229s. 44 Q4rylthe Kuitpatimiad2@6e 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 pull-up transistors, one for the puli-down transistors) that can be used
g 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 flows 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 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], PL._I[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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Consi stent with the concepts and teachings of the present invention, the
control circuitry 250 (FIG 6) may be inplenmented in a variety dw@ﬂvz&gs
What is inmportant 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 UnPiderie impigmentiangridaneat thermometiri oosie whereby &l ofdhe hat t he

out put resistan e ant k.al.l ual s the | oad i npedance over
vari ous ranges %?Et-[rs rmhg%&%%ﬁh}%& é’% %ﬂwak%@r&plﬂ@gr% ene
structures and lﬁwerwdtsaﬁtaSO be, eaémb@mm@i@énbﬂ ﬁ@bﬁﬁl@leﬂ%ﬁm?fc‘éﬁéwoa' and
FIG 7 |Ilustrates j ust one such circuit. ferring nowto FIG 7, two

sets of cont r ol PStighg of the grograaniieg P(@FF%SS flarthlﬁwa;mmlerctqyrtterazﬁ g‘tsy(r)?‘}lyone
f h | -d
08{ th edPlu\%er gﬁ\?%ég%?c@éeé glbpr%{b"f‘&hé e so%ggmérg? ﬂ'qepg%t%?fﬁa%@xt er nal
resistor. Duri n@pmpmmmng)&:rmemihei a?tfzﬁérsb%'m |27TBO&:'|@t .'—,I\tsigatldglzsﬁﬂi @héﬂ%s?l%f,) has

fl ren ows from
Chrough PFET arpiy POLE oL Eristerscbitand 2aPdenesciuebrmay! Abhaveat on
o ool o VALE Y GO NodoRALA B FRIRANIPSRRETer 40 28500N) | 1O

pu contr ry

gr ound. Cbntrol circuit 250 inc udes circul 52 and
pul | down cont rrespectivaly reoeietbits Rb{4:6] aad PUE D) fom celivteged?4 ahd 276

Fespect vl y cdRoPBRNaG Theehtss obinvenmiiopubehthories 2680 20piked e ont r o
circuitry 252 iiAgliddFAND Y68, Fhe o&éﬂgg%&ﬁ?%@éte%?\‘eg%&h@éﬁab?48%9643

of PFETs in the PFET array 210. Counter ar e ‘satur
c@’)u iters such t&NtOfShapt&ﬂ(Z?ﬁotAQOordInglyecoﬁmltenﬂifzes bhgihied tonRbwheh bits t o the

| 'owest and vis L£rs 272, 274, 276 increnent or decrement the
bi nary val ue oﬁ:q@e ?aFeEEEe tive out puts according to the directional

state of {nput D Rowsiher e nidsly Ib@réﬁablé&WhehsallséfrtHQWq@ﬁPﬁ{? uts of

counters 272, 274, and 276 each resBectlve generate signa
PU 4: 6], Hnd PYhichypre sartrollsd ynbithPLg1:38 ate activated and mengatfehe PREEs 30 of

count or 272, 25RO KESSGDRMnE TR psnirour i B THIERS A aftited Tows
é he counter toothemeseat bits PULE: BFBB!thut b?%@ﬁ@r@%u&hﬁil hé&é‘té%gﬂ? H‘Z“g "
rection | npugnd bitsulguf)?n%?oijt%rut le)?/%ountersze'isomust all have a \;a?upeuof “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
alf 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

\"‘-W.

(not shown) to divide down the positive supply voltage at the pad 206 node.
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JUN 2005 In order to inplement a set-by-set thernmometer code whereby all
of the PFETs in the first set nust first be activated prior to pflo@r @mpms
‘the next |lower set, and so on, each counter can .only be enabl ed during
certain portions of t he programﬂ' ng process. In this exanple, counter 272

may only 5 be eilhld rodevecan inpue tothe ineeRirighiermdiiad 00 angloh @onsaratir2604 The243
correspondlng to_the other counters 274, 276 are activated. |In ofher words,

bits PU 4::9] olPPUBveRing dnpitaf anslpg carpparaior a9 iceannaciethins? valtagtave a
I fr 0".
{espectively r oouiia Mithbd Wi fREistels JenPina 40P, ReLiefore 201 M 2 may b 1
respectivel y. Tho-chip pegistors anchace cor;u@cte.dum séNESG gatvﬁgmt&hpmaaﬁmply het
t f AND gat 63. T t eeds e en e inpu
BN of “counfer 393 8 Bapaive,TOPPIE il e Dt edils agre opR e g noe-
PU 4::9] are al|nveffing @Uﬂbﬁéna’i@ ggmba?atdl‘ SZ*% P‘Péﬁ‘é _ehpdeRRept, 'reﬁfstdré‘QSﬁ)FETs

I n set 241 15 which are control bi t 3] are activated and none

Dy
of the PFETs bandz§Lrhpvechssanme valigisshthat theveltags! atdbie mpnbinvertinglimpwt]ofar e

i i . 1' t 272 |
ave & val ue. of 20956 FHTRIct 2805 Vgl 11 bty Bt AR S D 1oy
a val ue of "0" cdtmemetu fwthe DR i uteofzcﬁgutala@;ﬂdmﬁ duhfer§dlrd; 8¥40mtput by

\D
counter 272. The 20 outputs of Al ate 66 and i nverting | nput’ AND gate

269 feed fihe |n\£5bl°§'<%9‘1r°}§\lbeg%lt€@t'964 awgommnur@erszma 4[eﬂadl2]€6 asniny, )
wh bits PU1: are all "1" and PU 7::9] output by
coegtelr 276 <[3.I’ e?§ ?Hl%gu qg?)ypter%% %ﬂ@ only be enabl ed when all of the
F% in sets 241 andhzhhetinediting inpLarfioohigetatey 2601s idhdrithdh tag doRLI 4: 6]

respectively are 25 activated. In other wor bits PU 1::6] output by
counters 272 adavelt'ngdﬁelttoanal%waao%tpnafietcmmters Po2dAngVe conNbUpat e

267 receives b| D gates

266 and 267 fee &%e‘ﬁ"&rﬁtﬁ%d t@tﬂd&uiN@{O ateqéggrﬂ%torgwﬁpgpé¥g1l@enabl ed

only whenti t s deRicbdse fie iarpedaince 'of' bullﬁﬁ irhipeddhee abtvestki(PPET &4ép200). each
a conparator circuit 278. The

?gggfjg:tcégzof 2t ﬂb‘ i%pla%k?s&;terﬁl@ltai}t@qsﬁgheEgﬁe pRrdancesf RBET &gy 2687 form
a vol tage di vi gigj)i tﬁQ chBs R iR ncfeféf OIBa (0L BYWND o208 VEDGnepYn
Pha add

t he positive supply vo tage at
272,274, 276 count down when the mvemng 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
puilup impedance network.
- Pulldown control circuitry 254 includes a counter 292, 294, 296 for
/ VY each set 244, 245, 246 of NFETSs in the NFET array 220. Counters 292,
204, 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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21 LI .0 JUN 2006 This node is an input to the inverting terminal of anal og
conparator 260. The non-inverting input of anal og conparator 26074 % JUN 2005
connected to a voltage divider forned with resistors 261 and 262. Resl std“‘r'g
261 and 262 may be on-chip resistors and are connected in series between
the positive suppDygatss 283, 264 26fHR86283uppsyavd 289 chetroltheranatiaairgubofie

d h ' ' ' f I 260.. |
enbodi ment , 1 ecrabreUdg; 292, E4 e, ald Ebadie YR 2 B uomarThe Vol t age
at the non-i nveygsigiérsi ZHUANPLE2 FdrhiAg LRITRYAiRHeP it FeddedonlMiefifigPut

of anal og conparator 260 is connectéd to the DI Rpu input of digital
up/ down count erigpatof camparapra280) oantrehtheodireasios inp iRreafiesehtassintaip/ down

the i nver t3ny (292 288na B oo FaRT g eRa s Fnblebe b RVance o
i nput of anal oghequlidbahMNFEEGurayRAT, efeneratihg thépulldd@ndepedanpe contren
enabled) to turn on_nore_of the transistors of PFET array 210 to 15

decrease the i Me@RPE:®- pul | up i npedance network (PFET array 210). This
f eedback system stabjli:ze | 0 QL : y
mat ches t he irrpedancAééécgﬁ’ %%%?@5%“@%'%%%ﬁé{h§g§@é@f %gﬁu?t]1 g sfa‘ﬁg%
2%4, 2%6 count rriemly abdlustrative ?f/how:thg donfrot inplitsciomtres mh%edéaﬁié metwoﬁ: gher
than the non-i i ng i t o conparat or 26Q. This turns o 20
more of tho tr EELEORNER ﬂﬂ@vsgﬁaﬁﬁmwﬁe@@a@rﬁs&ﬁ@d thpeagicudror
pul | up i npedan : d | | : ount er
292, 294, 296 a6 deneriicf S ies8 i s BbREH gfqﬁﬁgﬁaﬁﬁq@%g?ézzo.
Zognt ers 292, id@htior9k veili besappuieciatety howeves thatkthetcirchiitof &y 7 ddiowsttheol |
@ver fromthe 25 highest output to,the ) onwest and visa-versa. Counters, 292,
259, 206" | nor SHSIRT & coRTT el URdISiviadhs ComHpEH AR P FRupEoHM )
out puts —accor ghagal; aﬁBﬁc@herPWbF&&?'an?ttﬁén%f&fe th@%ﬂ&zp@'iﬁ?@d‘é/ﬂgé o e Cl ock
i nput, CLK, is strobes. The outputs of counters 272, 274, and 276 each

respecti vl y @edpuiadrivesi gnal s PD{ 1: 3], PD[4:6], and PD[ 7: 91, each of which

i d to 30 dri he, gate of f the FETS i i t 244,
245, 246 in the NFETEOISAPBBHeSSIRIQIRAS PR PhrsoriRe [RIRUIRGFFLBht o

circuit 254 is jishiatiah an@ ddiRription. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Obvious modiﬁcati.ons or variations
are possibie 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
(ilustrated herein as nine bit words) may be of differing size, either fewer or
25 greater than nine bits.
It will also be appreciéted 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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operation of pullup control circuit 252, whereby control |ogic inplenented
by. 22 AND gates 283, 284, 285, 286, 287, 288, and 289 control th@[prm %005
i nput of each counter 292, 294, 296, and conparator circuit 298 '
(conprising resistors 281 and 282 form ng a voltage divider that feeds the
non-inverting thepsdopaf ofdhemaverttion E®e nited il anhwayitodhe iitustiatipat DI RpO
of each counter 5,292, 294 296. The pul | do ntrol circuit 254 controls
Che'mpedance. opmbpREhedh sHayiinangroahbey babhat Sik, ivepfing beim B o8l

i npedance cont rgle ciapidapbtddePheref@ai n, and as previously nentioned, the
circuit of FIG 7 is provided nerely as illustrative of how the contro

i nputs for the inpedance network 10 PFET and NFET arrays 210, 220 nay 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
the 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. Qovious nodifications or variations are
possi-ble in light of the above teachings. For exanple, it wll be 20
appreci ated that the nunber of sets 241-246 and/or nunber 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 wrds 204 and
X (illustrated herein as nine bit words) may be of differing size,

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

t hat having separate and i ndependent calibration wrds for the pull-up and
pul | -down FETs enables 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

enbodinents



wi t hout departing fromthe spirit or scope of the invention. It is intended
that 23 10 JUN 2005 the scope of the invention not be linmted in any way
to the illustrative enbodi ment shown and descri bed but that the invention
be limted only by the clainms appended hereto. 24 WHAT IS CLAIMED IS: 1. A
nmet hod for vari gHxTadiCBAMBD3Y; out put i npedance of an output driver
circuit that is configured to drive a signal onto a node (104, 209) using
an output driver control circuit conprising a plurality of resistive

devi ces 111-120, 2]1-.21 2 and 1- 229, 238) each of which is

progr anmafz)l y 5 elect!] @h‘l’"ﬁ%y"%gﬁ’ﬁgéfiﬁﬁﬁ@‘&%%ﬁﬂr% %@P”g@mcﬁgﬁﬂﬁumﬁ t age
source (VDD) andriveradirdun i§ t8Adiaure ik R0k bl nary
i ncremaglt al ) manng\; ellegt_(r??%eil gcé%%eg{tiagrﬁl S}ﬁé{gﬁl?ﬁ{t@?&d{%&% ' %?Qsl%loé :
resi stive devi c@d opgtulslsivesepnirglicirsuit comiprising a plurality af cesistive devites 10

' 34)4 41 ' [ I el.ectrical. connection of a
pro0r AT 19, SA A0t AR o 2 SESS Raat oA oSLERH LRl OSSR
sour ce’ andssai delsouicalbpntynnértablalih pafalehbeiwes éﬁréf%oﬂﬁyé §6§rcb_’fVB@B%ndf T st

set are enabl ed. % A m%t hod in accordance with claim1; conprisin
progranmm ng i n SIBPRLE TP COMPRISIIY: manner el ectrical connection of one or

ddi ti I t j LSt i tween .said first

Vol tage source ana SAPdranmiio i) pBha M GeREN g TadireduEd. ces
said 5 previ ouxinpeptionyoafiest seti $2 1)1 baid RR)stivealaivds! dwesn sdiggihod in
accordance with claim1l1l or 2, conprjsing: electrically connecting at |east .
one (120, 236, ¥ 39‘3&9”%@1%%‘9?94&} of resistive devices between sai](ctl

kgt vol ourc ' cal |t circuit for
03y i abl P mpedance ST @21 &bi) incrofEhtel o ol o G ve o
si ghal onto a wonee¢tiamot 26erond sepf128) ofisaid réSistivez degigg?BéMem‘n s$Hd E)if‘ettl ve
devices (111, 11 113; 211 212, 213 and, 221 227 % pr ogr ammabl
el ectri cgl ly cgﬂﬁ%‘? 38\"@95@1%@% npde; ‘?'ﬂl’ when |g%fzsa‘d résistive devices i 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. Amethod 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.

S—

=

4. A control circuit for a variable impedance output driver circuit that
is configured to drive a signal onto a node (104, 200), 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);
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5 source (VDD) and sai d node (104, 209); 25 a second set (122) of resistive
devices (114, 115, 116; 214, 215, 216 and 224, 225, 226) programably
el ectrically connectabl e between said first voltage source and sai d node;
and a controller (110, 250) which prograns in a binary increnmental 10

manner el ectrical co | Qf ' [~ . f i @3hLSh i ey, ees
between said first V(r)hlp ?g%%ﬁlfs‘%ﬁr(g%ﬂaﬁje ggs?'ge?gg'é’%wﬁi@hﬁbb%ﬁ%ﬁr ?ng
bi nary i ncr ementaild 22k iS5, @26 pragramnneabiy electrivallp tornéctabledssdess saidlfdd) of

resistive devic etween said first voltage source and said node only when
all of said res@tgggsag(ﬁec@l‘%?‘l‘d d¢: fNAst set (121) are electrically

d 15 b ' ' i i I
connecte et ween §@¢,qr5“e|;- ?110{?5028%&? f@%ﬁgﬂ’ea?ﬂ?{ﬁ}g&%@"{ﬁ contro

circuit in accordance with claim4, npri si lonal sets
(123) of sHid rénarnenalectdoalmannettiaon of said firdtiset (P27), of 2é8istiRd Qevicets 227,

228, 229 i call b said fi |
sou ce_ahd” sar d EAbeeH s YdiBgEseuEEh AR PR Tederand SBish PIOGEERD i o
bi nary incr ememba’uarymm?éﬁfenﬁleﬁéﬁﬁéi?}!e&ﬂeél%nh@&im oﬁédaeig%%&néggtét V\gbz?@f d

one or nore additional sets (123) of said resistive i ces en’ sai d
first voltage sbefeivadevicembetweshsainhfigstwoliagabourse arwi shid esidstonlyewbeni ces

[ i d [ 1 . | ect,ri I d
botveen Sard 11 plof BaBAEEEHRE dRicks il €31 heCdet T2 EareioibahBal sdinastact ui
i n accor daice wbetwadresaii4irstrvaftage @oDFdesan@sainddeast one resistive device

(120, 236, 238) is electrically connected between said first voltage
source and said node at all tines. 7. A control circuit in accordance with

cl-di'm 4, 5 or 6, whegein: i [ St ' 114, .113; 211, 212,
@’g]nd 231 220, 293 contfdhcitofif H e a&%ﬁ’ﬁ%ﬁé&'ﬂ‘e‘ﬁé’ﬁ’}'ﬁ'ﬁ"ﬁi stive

bi nary wei ght ed codeon®or marertdditional setsi (128 okeo ISR dbvidesci1arm 48, 5. 6
or 7, wherein: v ISkl ve Vi (114, 115, 116; 214, 215, 216 and
224, 225, 226)1f§ gﬁ ?ﬁeé&ﬁ@“@%ﬂ(ﬁ%ﬁ) 228 progeammablyealiestrically bi nary

wei ghted code. cathcbtatle HRAVESN sS Ll ol a%q@ ' laim5, 6, 7 or
8, wherein: said resistive _dev?c[gsfﬁ%lflgo}{,a@fl : 51%”&%?‘?’ rtu%i , 219 and 227,
228, 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. |

S

¢ W
5 i
e

7. A control circuit in accordance with claim 4, 5 or 8, 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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229) in at |least one of said one or nore additional sets (123) inplenment a
resistive binary weighted code. 10. A control circuit in accordance with
claim5, 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. 27 ABSTRACT BI NARY WEI GHTED
THERMOVETER- CODE FOR PVT CONTROLLED OUTPUT DRI VERS A bi nary wei ght ed

t her nonet er code is @nHl esndp! cmlaﬂinlmcordmmwmmnlanmrﬁq@jé'rmes avheseinar i abl e

networ K (100, 200) cHbPubYd deviairi, J 7, TG 288 HabR Bl o8 120

211-219, 221- ng)qn@lnmrs@@n@mbicwmé sﬁMdr@aHHmongpgélgqﬁ@@} :ﬁ]pilé‘méﬁ{él' el
bet ween a first voltag% source (VDD, ground) and si.gnal pad (10

209). The resi gesistive aféﬁv%lﬁeﬁé;ﬂdeiu oned into a pI urality of sets (121,
122, 123). A first set (121) of the resistive devices nmay be programmed in
a binary increnental manner to electrically connect one or 10 nore of the

resistive devices i mM@.hA dontdl cieatlit iheicoBrIAncaaNith ERim\9) 6l 208 of L vhereiand
the signal 'pad. Only if all_ of the resistive devices in the first set are

activated may a seccid &esistivedsviess ingachafisaid fl@téét/(@éé s9dd peerjicheted in
a binary i ncrer(‘??ﬁ)glanﬁséﬁ?@bne%qqhéﬂe%nﬁ%%ﬁ ?e{shléﬁb%m 0 e ﬁiéﬁé&e devi ces

may be |ikew se priogranmed only after a Ve eV|ceS|nthe
15 previously (rangisionsed sets are activated. FIGURE 2 28
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