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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
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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
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speed or | ow
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 1 DJUN 2005 power |I/0O . Excessive voltage swi ngs 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
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characteristic " 1npedance of the signal transnTssion ne i s problematic
for several reasons.AsknoRinr by thoseskiled indhé art, dis imporiantrto matchitbe output

manuf acturing process of inteqgrated, circujts, such as the transist
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effect transi st@agsmigsion lind ifdrives TKORRS 16 bvbidsigidlTefditiths i to voltage
transi stors, and the diffusion resistance, can cause the output inpedance

of two supposedieyel switehiggondhe pad: and dherefarerundesirpblet signaldegradatien.i ons
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as "slow', "nonimpdancedf thé aiinal traRsWiidifin M ESprobidin PP sedkbal iréestrisc al
integrated circuits can vary 1n any or all of the process paraneters. As

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

t he oper ati ng \all ofdbe aboverproceds pamnssterd capeadda diffevanttiniggraiedaioite
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vary in any or all of the process parameters. As these parameters approach
the fast case, the resistance of many components within a chip is decreased.
20 In the opposite extreme, as the process parameters stray further and further
from the ideal case, the performance of the chip is degraded, specifically, the
resistance of the many components within the chip is increased. This
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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devel oped to al l ow adj ustment of the driver output inpedance due to
vari at Pons I n manuf ac!t uring process, voltage, and tenperature. 2 10 JUN 2005
2005 One prior art technique for acconplishing inpedance matching of

output pads for integrated circuits is described in U S. Patent 6,118, 310
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activated (set cbmbided impblamde &Ihﬁeb%fcgéé 110):) gﬁéc{a%'té}fé’i‘ibﬁm)?ﬁdﬁﬂc%f i]hetar € a

al so activated. In a pure thernonmetér co i rpedance matchi'ng ci rcul
first FET |eg fr@ngavssiemddeand t hen each subsequent FET leg is activated

il the,desired t, | a is__achi eved. cor di ngl at | east one
"eg i s aiays act i vtBH RipTERE IR Inp8ialida g toHb i P g e pirege. on
or off, the FEﬁmérﬁgﬁn@t@ecaaé%rmwapaeaﬁé@ma?éﬂingfcbni Ii‘?‘l'érd%g%cflim]{' ce

versa, which would result i-n a spike in the output npedance.

i § ehangshin oytput imprdanceodrn thenRYEicontrehcoddiig updated. itn t he
EQ}ES”M s 2 e TABLE | WO

VL Ve VB va verHE e MRS RE o FIEaS £ SR8 rpBmstey <088 T 0 0 0 0

0-0 0 00 0 1 whefiebly Whén@nth-drder Sighall, Is a8fated (set to “17) all of the lower-

' 15 order signals Wy to Wy.¢ 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
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111000000001+ 2"! .833 11110000000 1+3 .769 ,1 1

10000001+.4 .714 11111100000 1+.5 .667 11111101‘-@%\]12@5
001+.6 .625 11111111100 1+.7 588 11111111110 1+.8
.55 111111111111+ 9 .526 '25 310 JUN2005 Inillustrated
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by TABLE 1, a pure thernonet d ' bi . f h .
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range of output I ance. 1€ number of control |ines increases .
exponenti & | y amchhetepedraserdifiglyeoue obthesdeawhasksiafiapure thewnemetsy cadgyis

To 10 | nor ease FRIAGETsTBSt PPl (au8 ReEals SoffSTuhel it fRrte ik  BET
require 101 C(?Qﬁggof|oiu'ftﬂ§biw®'édhﬁ6é.0ﬂ'ﬁetﬁlﬁnm”@fediorﬁfol lihe noreagdy ed for

adjusting it tot nearest 10% Alternatively, if it were desired to
i ncrease the r axgenentialyps hedearesafyeauiras stiemsengitivity, INCEgsgs2£0r| n t he

e e e L A e L
al though an i ngh@aasd theRehsitivi: ¥f Eastosteho theaBMTStntepl cireuit Rdlilcb recprte
i npedance is desirable, the nunber of bits required tq inplenent.
si gni ficant rari@d eanteallipesi o tepfald thgynumber of ines Eﬁﬂmﬁe@%éa S&!gg?i% the
b oy PSSR SRR ote BRE S0\ e hed Mihgens [ o 0
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each step changing the admittance by 10%, an additional twenty bits (control
15 fines) would be required.
‘ Accordingly, although an increased sensitivity range for adjusting the
PVT out'pdt 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
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 ca!ibrétion 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.



l eg of the PVT control circuit conprises a resistive device having an

adm ttance corresponding to a conbination of its binary weighted bit 25
position. In other words, each |l eg has an admttance of 2(bit Posltion)Y,
where Y is a predefined mninmumadm ttance appropriate to the design. In
accordance with the binary weighted code, if bit O of the calibration word
controls a FET with admittance Y, bit 1 of the calibration word controls a
FET with adnmittance 2*Y, bit 2 of the_&&ﬂratlon word contfols a FET with

30 admittance 4*Y, W‘sw*wg“—l n-effect “"a's~-t'1're bi nary
count increnents,, nore résistors are added in! pﬁf e driver FET
array, and the oUtcpub igrpgdance ZouT drops. Hﬁtﬁt@at es an exanpl e

(
114
bi nary  wei ghted codeg 4 THBLE 2 V\D\MV\ZV\a '0-1( dmt{oance | npedance vy
(Y =12) (2) 000 Q@Oqinfipite y1L 000 . 0.1i301 0% !0.2i51 100
0.3 X3.333 001:0.9.9+2.510100.5+2 o811 0;48$ 1.667 1110
0.7 1.429 . 000¢ql g0.48@¢.25 100 10.91.1p O bzglOlllOl

'1.1.909 001H 6.2.633 101113.. 7695011Lz. 1.4 .714 1111
1. 5 .667 As lid | tstfraped in TABLE 2, the bemefit of1667 ng a binary
wei ght ed code Is'itstaldil®ty to achieve a Iargeﬂ range bé2%ut put i npedance
. 0. ,

using fewer bits .0 0 0 1 1.26

10 0 1 0.9 . 1111

0 10 1 1.0 1

11 0 1 1.1 - 909

00 1 1 1.2 .833
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22 A1 R 3 667 1
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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
R 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 Zour = 1.429 (corresponding o 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). ‘



5 (or PVT control lines). However, in a pure binary weighted code, a

step-wi se increnment does not ensure that all legs currently acti viaf egljii 2005
remain activated at the next step. For exanple, suppose the current binary
wei ghted calibration code is a binary 1110 (corresponding to an adm ttance
of 0.7) and the codep] PP Y, &ﬁ%l to
10 an adm ttance val ugﬁg#ﬁ&&ﬁéﬁ%@@[&%&ifb&aggt“ ca mggﬁ%%d'clﬁgons s
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.switches may be in state such that all the FETs wil | ff or all the
FETs w11 be onbre@atd shlitaingre bUBusmpetitonn hd Yopel Gy
respectively). This can result '"i in an undesirable spike in the output

i npedance seen on the signal pad. Eln 15 thls exanple and according to
TABLE 2, the output inpedance coul ge from ZouT =1. 429
(corresponding to an ' f. ng to
an adm ttance of 1. STﬁgrﬁrééle?a?'%’oe&'tPPg a)@\% 6%"’3?&’?@%’?4 e§{5{5’ﬁ’ggggg 0 an
adni ttance of Ogoitrdleiréoit &nd methodifoe amneipgang sathel tha8mpitiyst 4 aiegy of
1.5 (all Gs). 5 rQ erNO g@ Accorglrdnmlal agneed exi s?s for a PVT
control encodi n‘gelgé@ﬁlmﬂﬁ@mﬁf ﬁ@@%%@eﬂcﬁ justing iheroutputimpedaped #5@8 r ange
with fewer cont | npedance
on the signal 6@?” gngérntﬂgg%/é g}m%ﬁgé‘lﬁ'ﬁl‘{/‘@#ﬁﬂg%ﬁgdﬁ%éehfﬂlﬁg gF"fji onis a

novel vari@bl e termmtaﬂae aersgaUundiionaly idestidal ehipsi Theicodmgsoheinie df tes
programmi ng the sane that enploys a binary weighted thernonmeter code when

ad j st ing the JOyelion ﬁ%am:é high mge@ﬁ%nswtymm a pripigmal numberLfddvint

t t t
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of sensitivity pad.h a mnimal nunber of PVT } control lines while

preventing spi kes | the o ut J npedance qn the_si gnhal ad. | n accordance
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vari abl e i npedairver confral cichuitve vaciablyradjust thewdutpiutdimpedance of an output
driver circuit. The variable impedance output driver control circuit is
configured with a plurality of resistive devices each programmably
electrically connectable in parallel between a first 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 fhe 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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configured with a plurality of resistive devices each programmably
electrically connectable in parallel between a first voltage sour ¢q qﬂm lzm
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
progranmed in aresistiverdevicesie thenadditionainsst Hetwebn éhe fishvbljag®aoece andtk or

f th i sti devi i the, fi t t. bet he first | t
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the previously programed sets have been electrically connected between

the first volt&d source and the signal pad may an additional set of the

resi stive devices be _p il I Locr I
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the additional gheuitfer aeariabledmbpedahcs outpgairier cireuibindludes sTighabt pad.
Preferably, at |east one of the resistive devices is electrically

connect edibet wiefistive devicss pregreglaakly wiecrisaly sonfipstatia betwvean A firthes t o
prevent. an oul RidlabERBAAICENG Ble‘Sighll AAE 2500d Barbr EGilid ABALEY, cach >
respective set o € resistive vices 'preferably 1 nplenments a pure binary

wehght ed code tppogrenmably ¢lbetricallyoconricvablertatweendiee first voltagd sourspand i ve
\é\g} I n accordance_w th anot her enbodi nent of the invention, a cont\rol

circuit for a Jhe ﬁlﬂﬂaépﬁﬁp@@&ﬁﬁﬂyﬁ‘yﬁfuwhiﬁhi Rregrams i pdinaryineresental (st set
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resistive devices in the first set are electrically connected between the first
voltage source and signal pad. The control circuit may include one or more
20 additional sets of resistive devices programmably electrically connectable
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
e - 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.



I ncremental manner el ectrical connection of the second set of resiliiti\{ﬁ
devi ces between the first voltage source and. signal pad only when 1J #2905
the resistive devices in the first set are electrically connected between
the first voltage source and signal pad. The control circuit may include
one or nore 20 additional sets @rief&ssstibtien detHecBawinggr anmabl y

electrically connectgbl e betwe the first voltage source and signal . pad,
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first voltage source and signal pad only when all of the resistive devices
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bet the first ' . trol circuit
refarabl v i ncl udes TP s SUtETatilopk SRR o ViatiE FhbdiaPe Stk oo

bet ween the fi msiveroirtwige source and signal pad at all times. In the
preferred enbodi nent, the resistive devices are inplenented with field

t
effect transistors (HETE)SARFhematicdiagigm pfandmpedancmnetwarts ésplemeniednt s
Lplans . _ .‘ g5t rom
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network } controll E&iﬁﬁ%mag'@“&%% irEratiergmbadiment ohaivahiablg g ' 5
s a block di ag tive enbodi nent of a variable inpedance
pelaicetoutplit GVt

output driver; 15 FIG 6 1s a schqna'g i c diagram of the variabl e inpedance
out put drtfver of FFIS. &js asahematic 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 outpuf
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

8




FIG 7 is a schematic bl ock diagram of an inpedance network controller for
control Iing the inpedance of the variable inpedance output driverl 8f JBNQ005
6. 20 Detailed Description A novel nethod and systemfor increasing the
sensitivity range of a variable inpedance output driver control circuit is

descri bed in-detgai ' ' t4i | ) [
ternms of speci flEjE“’érlI Ppﬁé?rogﬁ"{t/gf gh%%%llﬁlﬁéﬁ%}gahﬁr' cl'q[\sé;%? J'sg;h %ﬁﬁgggggﬁﬁh:ﬂ?
the ill ;JSE [1 ati yprétﬁi\@ﬁbtvdmmm,sreapects#egimehnfbdnw aifcuid catplids thatywalurisedr
scope o0 e invention is.not ,jnten t dmt t by.. n

fo FIG. 1, 't her EMgesuITETEiSIbR SagraanNeseR Roim el fir i rBdel "
having a controt 194 'aﬁ&ltﬁ‘e QHLREINIJBBERPET: 1181 whRRSfdriterldescriboe

driver circuit i'ncludes a pul'l-up predriver circuit 132 and a 30 pull-down
predriver @i rcuin cdidectias with kithh an impesiarceuetyogdl 0§ i interpesed bebyeen

Togi o zero to IRsenaie g dnd e pivROerRAop IhFibBetailiePdh o i s
to drive an OUBRWidé@h%nfrbﬂﬁbl%véﬁﬂfleﬁﬁﬁe@ah@e,&whi@Ws‘bﬁ’@éﬁo viirz e bidputnd
115 are 8 1 0 JUN 2005 driven by the output of the pull-up predriyer

circuit 132 andimpedgnigs oidbasiriveeaireuitio aratehiihe heard tracejrgdascy. T

. . . . . . . e
ol cotrical _connbibbinesop Rl AR HEARnER okl H4G i{EEbYRg ty Kontl
source nodg Of Bt 11@.-be§0me{ obthef inipdtinceamtwolie 106 is routed ettt driven t h

FIG 2, an inpedance network 100 is interposed between the signal |ine 102
and. tBF driver pad 1066/ia vaaducipetBhce network 100 provides a control | ably
vary abl e i npedance, i S | he
me};}er circuit to m%ﬁ&ﬁﬁrﬁéﬁahﬂd égéﬂ?érpaﬁ%%%@merﬁgwﬁ%p@@n@@h%r ovi ded
by the i npedancenpedantcknét@ork $06,aefarehteds hywanatie ¢b FIG. 2) whichtillusttatedhe

out put of the inpedance network 100 is routed tqQ the drive 06 via
conduct or 104. this cirguitiginmese detail %W'fﬁéhﬁlrthﬁémpﬁ agee U@f"\’ﬁrg IS

CheLaL) 81 e o ERG e Wo 101 Y SRy gl e, T 2
i npedance net woinkpdddhdesnetwork includes a plurality of resistive devices 111-120
electrically connected in parallel between the line 102 and line 104. In the
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
(;) : 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



15 -shown in relation to the signal |ine 102, 104, and control cir h 110,
The inpedance network includes a plurality of resistive devi ces! 1ﬁ ﬁbﬂm5
el ectrically connected in parallel between the line 102 and |ine 104. In
the preferred enbodi nent, the resistive devices 111- 120 are |nplenented

wth field effﬁ@#l' 12?%&%@%\@8rlg%-ﬁﬁ)ractgtl&ed:ﬂfhﬂ é?ﬁ'mit?ﬂ%@@? ?ﬂ offflgNg ot her

20 conponents s in serres w e preferred

enmbodi nent, eacbombiricbdeadrhifianté bf BA®fitse gedviowsiielyg, and tive redistivieddevidasat
defi nes the adm ttance of that FET devjce.

t ted (i i d
to J conduct cuWFE‘ﬁ’t?aCh%r?"ﬁ@T”WM'EB@daIH\%Vgﬁ 'Ig\éﬁcgé'ﬁm@étthéh'"ggl‘?\%@egn
line 102 and |y Sf&ﬁ%rb?ﬁ&@bﬁ'hél'éfﬁl’é Qﬂe ‘&Hﬂé&ﬁb dJLJtBMY mﬁe%mrbl Bléick Rg ot 0

the 25 conbi ned ara resi stance of ance networ k. When nore
than one of thmal?li‘émbas«as&g[taﬂcahbﬁatlm wmdeI olo, aativate selectedkeneseefitbeor s,

utput | mpedaniepisie s VLT o8 to BEtisely LR SR sy Miiecibn i B,

the invention, élr'”\%rrdﬂ%ﬁtih &ec&@éhee%wﬂrilthelrﬁamﬁ%e&ﬁbéarrferé:hgﬁeﬂm I 32
plurality of sets 121, 12 In the enbodi nent of FIG 2, set 121

i ncl udes resi stimﬁbedﬁef&f@ qmbodment ihesbitss 41:9 o the erlibfakan wosd Wt i ve

Prof or abi y, "t heITEEONERGita VAEIES 1 biles 108 YofiBndndng FilL, *155
9 1 0 JUN42005 denigesl281-111es deaill W@prrdc%tébQﬁ@tQherdlréﬂﬁi’yb)f legicasfithé t ance of
10% of the conbined adm ttance of of the previous |egs, and the

resistive devi cegntrahiplagknt thwill Q@deaeedwtrtmn RISCEsE Moltageand temretatuc e

vahues that inc e r e [ ut put
of Jt'he control %I"o@ bﬁ%e%j hggﬁggre\%"%és@ge@giﬁ? a%&at'?%tk\%\%'lgsﬁ
activate sel ectgssignabsath tHat at (ezst dhevpatiénamely, itésistib@dewc@rleamssle 2)
control the output inpedance of the  driver circuit in accordance with the

net hod descri b8 ways @\@Na@d toperrait agignglifo prss Hios slgnalling ] 9ditasignal ¢ he
b 1. 9 f h
gates o he caneoTd AP o iR GRS RPAR b fpetRniS doeniEhu, L1C

that the ci rculéi?ryalquadlﬁwwhdﬁhmlaqocmnh’mherbtbutyleslé@ew!t of deitchipg ofl thet
upon process, and tenperature (PVT), but need not be descri bed

herein. The ingedh ¥i°ﬁ§t work 100 is
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 : W1 W2 W3 W4 W5 Ws | Wy Wg Wg Admittance Impedance _
(Y = 1/Z) (Z)
1 00 O 0 000 0 O 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 |14 714

- 10



desi gned such that at |east one path (nanely, resistive device 128 n FlI G

2) is always activated to permit a signal to pass from signal d 1K 2605
signal 15 line 104 in order to prevent a spike in the output inpedance seen
on the signal pad 106 which may occur nonentarily as a result of swi t chi ng

of the FET devif€€Sq TEBLE 3 i1 gSthal e qn ex en«p,L gry bimary ghted
t her nonet er codle i qdaln@)e th t‘@ i v%nt .pnsfor a 9-bit! put
i npedance callbrf;\tloln 2 \{vor re ag ' 0 |t1’9,n in T B
corresponds to pecti es stg age C 1 W"?:bgt '
position is shosq»u |3 T BL% 3 és 01, tge or EI gy Si s e devilce
is not connected and id therlePoré ndt | §nd ufed ( zﬁa?fg“l el- 4 si stance
of the network.| WWerd t it| dosfti®n|i& Ghwn (ﬁ'iﬁNB@E’@%% a462"  the
correspondi ng rleki tli vé dévijc®. Os 1:0 wrfectled 025 (And )t hére2&8 (0486
contribute to tjht ¢dnbilned paﬂaIDeI1resﬂ sttan®e |dfi+{ME.5wcR:\&8r k| .30B. TABLE 3
0; wiw2 w3, Va8 W wr I80VO1AdM ttande DOnpddauTo®1.6(=2721/1ZB672) 1 1 0
00, 0000001111111 1090100 0® @ 16 % (1909*1.2=02189 03460 0 0|0
1+.2 .833 11110/ 010 9 0 9.14.37.760 ¢l @ 0¢ 1407p107)@19=0 1344 .714| 10
10 JUN 2005 11 0j{1 ~00QO0O0O0 1+45 .667 1 1& (_—100?16.625
1111f 004 040 3+. 4 1 7 8! 1nl 4 & =
1.87 535 1»114;.1 i 7 Jrolsﬁ '81*11120:%5%)353{)% 5?811000
0 (1+.7)*1.3 = 1 0,0 1 A.7,2. 38,,.420 111.
1 (1 0 1)0 00 (%‘+ 7)1*1? L %5 3912 R @ q (11;17)0%3)01-?1# 7289 6 = 2. 72
3*67 1T 11 1 1 11 1 :0 0 1 [ (1+1.7)*1.4= |.247
oy 4,046
T 11 1 1 1T 1 1 1 0 1 (((I+7Y1.7y"1.5= | .231
4.335 :
1T i1 1 1 T 1 10 1 1 [{(I+£7)"1.7)"16= | .216
4.624
1T 11 1 1 1t 1 1 1T 1 1 (({(A+7)"M.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.
7_ }) o Also in accordance with the exemplary embodiment of the invention
| shown ih 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




1111111000 (1+7)*1.7=289.346 1111111100 49
((1+.7)*1.7)*1.1 = .315 3.179 11111110 1 0 ((1+. 7)%1.7)*1.2' 2 JY#g2005
11 3468 1111111110 ((1+.7)*1.7)*1.3 = .26613.757 1111111

1001 ((1+7)*1.7)*1.4 = . 247 14 046 1111111101

((1+,7)*1.7)*1.5 = . 231 * =
4:(624 )10 1011 Rseotnd partirb gt pzindiulsd sdsighviadiiods 14 15 ane 10
with the exenpl aqg r%ﬂ‘@@éhf&lrﬁy Isits WaewWnvent Tha fusehcvmswe fece 2 14aneeasza| SO

illustrated in TABL , the bit V\Drepresentlng resistive vice 120 i
al ways activat el§ c(har@ctenée@by@@ adNiRH6e o tEﬁ'(e‘ét"rq 5“9 EBlHﬁégeih%ﬁ’O”é’ ween

|ine 102 and 104}l 3l \eg K ofithe r&u%%eg@@seqlﬁﬁcﬁ‘i N i2hg43sl ow PVT

case. AI SO i n accordance ET‘FHe exe [ ar I ment t'he 1 nventi on
shown in FEG 2re;iré@erited$iytherm'e\t:oambd pmettlohzwbrl\dﬂm‘ﬂéngsTm BdmittRndeses

111, 112, d [ \é\% b Sd
deV| ce 111 ?8 |¥4'§fa$)gﬁezlggt£§?%t% ci)ﬁlYts H%@e%@ 'i‘rﬁg‘? fsﬁég'li%@gftéﬁ égqeue of
the admittance 5¥g \@égﬁ@% toSi féﬁé{ SIBMHaFE cddd, WhEreReRtivd deyide FEWIM(@aI d

anot her way, the fir resis |ve evi ce 11 1's characterized b
i mpedance Zi t hsized $o have iamsximittance MaetesistiveZevide FET 1120 sizageto have an

adm ttances Y1, Y2,.Y. resisti.ve evi c 1 .1 he first
set 121 are Wei@%f‘gtf‘rlc@ %Tp#%ﬁeﬂ'?d eyiethig ‘i%efﬁJH%%e‘# éolﬁg\’?\?é devi ce
FET 111 ig§gsi Zeﬂhmgtdme{@u m Wﬁe@eaﬂaloni s tHlMe sidivé devices 1112 112
sized to have an a ttance YZ2= 2*Yi, and re5|st|ve device FET 113 is

si zed to have aanchdnBiin thecfirsiset 12vhava been aptixatedsmay any of the resistive
: }) . devices 114, 115 and 116 in the second set 122 be activated.
~ A third partitioned set 123 includes resistive devices 117, 118, and
119 represented by bits W,, Wy, We. The first resistive device 117 in set 123
15 is characterized by an admittance Y7 that is 10% the value of the combined
‘admittances Yo, Y1, Ya, Ya, Ya, Ys, Ys of the 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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A second partitioned set 122 includes resistive devices 114, 115,1' gné“?l%o{ia
represented by bits W, Vb, W5. The first resistive device 114 in set 122
is characterized by an admttance Y4 that is 10%the value of the conbined
admittances Yo, Y1, Y2, Y3 of the resistive devices 120, 111, 112, 113 5
represented by the pTrBa/hmé higbtid jpirsary meskghtéd thﬁ&noM@ter\A&der@radorh td BhGes
Y4, Y5, Y6 of the resi stlvg devi c s 114, ﬂﬁ% in the secondﬁg 122 are
al so wei ght ed t"@rﬁai?fﬂ QUHRHE dHvesiGeR §’l giggifica mppg?Pﬁvﬁﬂg‘%BWrc ¥T 114 is
sized to have gRc3g8IN gttﬁ@ and #egrdd Mﬁs&?é{ﬂl \Eﬁﬁn %l%rérﬁzébiz\%’néme have
an adm ttance Y5= 2* resistive device 16 is sized to have an
10 admittance m&puﬂlmedmeenwﬂarfewenlcgmmmelmesalFforra;@lnmle,vle thevices 111, 112

S0, 153 0 e ot oY B DB WS BY i 1

partitioned setradgés from V&8, zoa&nﬁés e teyedefeeldf the bibaya6tivatdd res:stlve
represented by bits W, W8, . The first resistive device 117 in set 12

15 i s char act erdexicg 10 b6 dﬂﬁ]m%ﬁw impedance in theBlewdVhicasehf Thae

120, 111, 11z, GBI ol fensiivy Wit the Shnudibbid By BBai e i BRis S
p03|t|ons WO, gnifiantiWhigheMd, Wb, W6. The admittances Y7, Y8, Y9 of the

resistive devices 117, 118, =119 in the third set 123 are also wejighted to
inpl ement%a binary &dded A dlowchertilusteatingdhe snethedmfthe iventiosi A&l to have
an adm ttance dm ttance
Y6=2*Y7, and r(}aﬂg gt%fe\?é% IMF&II&%@%@IS?Y%E%FC%SZD? 8§to hgb& %ﬂ’\ﬁggﬁh ?ance
Yg34*Y7. \Wen, betwleemth,e aivinem oughut and&agnallpwi "departitonetdL30 irtd2 plltadlity of t he
fi_Pst set 121 and of the resis hl ve f: ices. 114, 115, 116 in the second
set 122 have bBERU@ WA@%\? satgy Afitst 56t of theesistive deviresde prewrammed 32; g

22% llég : 2 :Egsgﬁ 'ﬂﬁgsz%?o é?ﬁ]otl‘@ of fid ?é%ﬁsqg/e devi é@lh'tﬂ%‘ﬁr& %?é%ieﬁﬁ'n&ﬂ t hose

nunber of  set’s, er o resistive
devi ces i18 eachbopredted ibeteekrs the, driver dutput aveel gghahgacaf Thediest sei reacbeof the

resi stive devices in each se nmay var to a given desi
app: i cia%ll on; VIthlémm? @qrﬁ@@ﬂ % érqeég rR}'Pg%mﬂ%lWE \%('P%over
al | such vari agjapst BEHEIH t ﬁf&?ﬂ?@ibn(?ﬁ'nerlﬁﬁeﬂbr¥§vEﬂf°eV'lﬁi%?er‘a% f?ﬁdﬂw\é%gﬁ

according to a thernoneter c gorith resisti evi ces
wi t hi n each sesetafaeaistive deeides icprogirammexd srope tiearbonee in a givkn cdlipoaiicehm

session, the reprogrammsng 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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12 1 0 JUN 2005 The novel hybrid binary wei ghted thernoneter c'bﬂeJHNpZﬂggch
to PVT variable output driver control significantly inproves over the prior
art by increasing the range and degree of sensitivity within the range of
vari abl e output inpedance with fewer control lines. For exanple, in the 5

i mpl ement ation def i neid. igis B EdHeratid bR ck dddrah aitd eonwdimit1i0Meedance
ranges from1l to 0.204 tines the inpedance of the al Wa%g; acti vat ed
resistive deviRegiaroming the impasdanerinaiwerkpeRanElsis AashavacelTolslse) |
The degree of 5 ot | & R a [ c e
Is also signi ff‘éﬂamcidy Sitéhégrs%.'t%%wg ﬁzha%@o%ﬁ@ﬁmi1%3??’&??%%@%
met hod of the iprefablyrsatdatingldousteratsadh thatthay dbiriof roll ovesirsmithe devi ces

programabl y connectabl e  be en the dr.iver output and sj I dis
partitione® 30 'F’HF%StePLBP%tSIt}‘%‘M?St%ﬂﬂﬂﬁ?‘l"?r@ qunters %ﬁtrg’%ﬂg gr st set of

the resistive dR¥idrgentict dilcRehent e tﬂaagswmﬁb bhaﬁeiz?ésg)é&ivmu@pa& t he
| ec Iy

resistive devices in the first set are trica 15 connect'ed bet ween
the driver out pagcoadidg$o threatireetibnalstate iof irpus EXlRnlyerbthe glook inpute@l-Koise
than once in order to-pbtain an_.output i,gpe o alye closest th f the
tr ansni ssi on | IERE A8 L YR BouRlELs d7BoT (4. T76 Eae reshetidl deiptard
resistive devi GfgndlS VMO PAES], ARA QI 8B Bf Which i81used toarivertht igafe of
session, the reprogranmng is perforned in a step-by-step nanner to reduce

20 the antunt cfnecoidhgdETs inhe reapasiive iseh@dhnta2, S&dnndhe impedangg netyek

Only if all of the resistive devices in the first set are electrically

connect ed betvve1 ‘the driver output and signal pad is a next set of

registive devices sRidCéRmhtél P12 TR, MG &9 eHabledspanERAvEieh svirin
resi'stive devices and pr ogr amed 34. Agai n, the sel ected next set of

resi stive devi @ssertag allowsdhe coyntanie inaiement padeerement {deperding ®ndbeai n an

val be, and pr e drpEEE g PR hnelfor <R )SF ke P8 IR EAIET

progr amregs nor dn ohdeér tenepldmenta geiby-sedttdimaeter 66ds wbereliyngll of the
reprogrammng is perforned in a step-by- step manner to reduce the anount
of change in t F&GuNGhe highrspideeoka@gnityde set st Hirt he aglivatedspdey t94 may

be repeated for, GacH,hATRhA! Akt WL ASHHEIBEhadRituds 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”. 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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resistive devices until the output inpedance of the output driver nost
closely. mat ches that of the transmssion line it drives. 13 10 ﬁwNJgﬂQﬁﬁa
FIG 4 is a schematic block diagramof a controller 110 for progranmmng the
I npedance network 100 of FIG 2. As shown, controll.er 110 includes three

3-bit counters %Jl?nterl‘?f% %ﬁgtm_ﬁﬂlt{@to?%cNIjﬁate ﬁélanéﬁﬁvémﬂg irmtﬁfﬂﬂ*ﬂlal@a!e

saturating counters suc do no over fromthe 5 hi ghest
out put to the |t &dedihe mpstso;fe’k!ﬂlagattE)l‘iBBeﬂ'bUWQOUl’lfﬁﬂ1717%en?h[@ﬂeQPéY1t or

d t th b

direct onal st avBoubit YHUEaER R Rh oPRABE 2 e AP bid W72 UL 11T,
out puts of couné&;rgell ?@aﬂgé“ “«@76 each respectively generate si gnal S
W1:3], W4 6] , each of which is used to driv f 10
one of thesFETs in aAISeSpélclt‘:lGXé\n“ﬁé@ copmter1 8 maypn| )ﬁb?t?é‘qaﬁfg\?fgg rﬁgtt%rk
100. 1 Each coupber, dfgy §i4.dd0:baso@n.SaaRcldsd vﬁﬁ’cﬁ"ﬁté?t’omréd by

asserted al |l ows |ncrene ecr enent ependi ng on the
state of the dipieE[eB] lahﬂuN[DBB)espmﬂvélpar@acﬂmaieﬂsm othemordsoblks i nput

CLK. is In order to inplenent a set set _t hernp de wh b | :
Che - FETs i n RIS aNpet BEPoR BN FOBS T4anURAL NaTe Ses BEL Fva od
prior to progr '

bach count er  cARCARgh) AN the T8 rettiass ot WIRGH] AulE PLouBE 7. The
programri ng preGpats oﬂAlNngaeeﬂiﬁmrmi 18hfeeld thetinputsmfAND ated POonliitishe

enabl ed when 20 none of the FET | o sets. prres ondi toth
ot her counters CoUHeRt(t (serrble ﬁ’”& Egn&g§5f§[1 g?? » 9] ogt pu!t ngy o e

ﬁ(}dﬁ o ﬁglm and 176Tgé Iﬁﬁ*%ﬁl[%ﬁ m@ul' DRSS cahtrollevsy 8 dbﬂh pHragdr @it 198. Line

ly, invertin ates 182 and 184 respectlvely receive
bits W4:6] and10y 4t the dutpat obtmtlmrmdama'a natwiork 76 issaretnpit & the mMertivgt put s

of inverting t . AND_gat 182 2
186, The. out put GGG JaPEEETPRRRY e | Nel B EVERSS BN 8F 08, o 172.
Aecordingly, - COuhhratd?142 IR o voligndRider fUlied Slitraresistbrs 194

Also in thrs exanpl'e,” counter 174 may only be enabled when all of the FETs

in the first seand296uResistars d 9dand 596 owydie bhohipyesigpreaard at FORRICENd

in series between the positive supply and the negative supply with the
intermediate node connected to the non-inverting input of analog comparator
192, In one embodiment, resistors 194 and 196 have the same value so that
20 the voltage at the non-inverting input of analog comparator 192 is VDD/2.
The output of analog 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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30 none of the FETs belonging to the third set 123 which are controlled by
bits W7:9] are activated. In other words, bits W1:3] output byl GodttNeP(is
172 must all have a value of "1" and bits W7::9] output by counter 176
must all have a value of "0". Accordingly, AND gate 178 receives bits

W 1:3] output by 141'51&'93éik&\hit?dﬂﬁG.magﬁwtdédmerélyeawﬂlumaﬁvmbf owthet e 178

and inverting input AND gate 184 feed the inpl,i of AND gate 81? Thus,

,'(':(i'l'mt e& \1/\;? |3]C@|ﬁ!érbl inputmfoy thairepegance Rptvosk batrﬁ@( S)Qeg'@ﬁ%t?ér B92 are all
an D ; s - A atlimhi

counter 176 rmpantirebatingt BEabfrafie of Hiesk signfle does Aotoit & e P

second sets. 12} poncthé3dvetionh ltawil becappretiatet, hpwebver sthaf thesgirauitpIZ: 6]

respectively are activated. |In other rds, bits . W1l .6 UL UL

counters 1572 ardllowsshegyptem to FRUWNUPUSY PRAaje (!‘a."h%?gb?%{?ﬂ"g%%?‘ d%\g e

180 recei ves bi i fle iR MiorPYoPoIWEE, Ard thdrBford@ne BuRpLtsmpEdanER oft es
178 and 180 fee tnﬁ% ?nputs o?ﬁ%\NDogate 19D. Thusr, I-count epml76pi S enagl ed

only when bits thgbut@)t criveral | "1 ". The direction input DIRis controlled

by a conparator circui 98. Line. 10 t_ .t he f | F an
network 100 is an i_rf%b[o_cﬂl‘dﬁ?w@”i‘ Rf/@?talﬁﬁﬁ"at'ttvgrerﬁ?tz‘g@%efn?gﬁgﬁ%\éé@%ﬁn%ar ;teor
192, The non-i nigeliRee oifilit dFiveR ARV i FIBTE Rithis dBotmentpiiecdeder o a
voltage divider forned with resistors 194 and 196. Resistors 194 and,196

may be onichi p citesitsf the pesseniinventinn OpeEates ima sEivesiIrgEt QRUFPIRNIMIRG ve

supply and the negative supply w t ' ' . :
non-i nverting i%B@?“prrﬁaﬁ‘P%ga{@HH?@Fa{}ﬁjrangggowb?rﬁlvgﬁgg%ﬁﬁg%#%g gt E)Pg
and 196 ha\(ﬁrchﬁgoﬁéfﬁe\t@ldﬁeesanbhe;szut% Hah frovehtiagstate tolechighrstatevand i ng

)

input of anal og conparator 192 is VDD 2. he out put of I
192 i s connect dtbro@ high stair toreplew enatected o adfi'siﬁ‘?ﬁt'@sﬁ’e?%& %%zliﬁ"o r“%tﬁioi:h

controls the direction t. th inf
i nverting i nputcoﬁr°18%‘ﬁrg$%Pe%%q#és%ﬁ@\?\%r&%%% 2t0 Eearﬁf‘()%@é g-gthle\r@grﬂtcisfgg I nput
of anal og$onpaAbaitichMRerdsdRUfE10s ahd PD[179], wiHich araigtialified withée datebbyd)

to turn on nore of the transistors of inpedance network 100 to gle rease
tive quall 84

the i npedance dfredriyeicRifesiss 282w88R resrectivalydomengraleespec
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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system stabilizes when the inpedance of inpedance network 100 nearly

mat ches the i npedance of the | oad driven by the pad 106. Counter #j

174, 176 count down when the inverting input of comparator 192 7§ gher
than the non-inverting i nput of anal og conparator 192. This turns off nore

of the transistors ﬁhfaémﬁltﬁﬁé\gféferiﬁ@ehfbﬁmehﬂghé WE'FTE&@ i@ of
| npedance network 100. 15 JUN 200 The circuit of FIG ;é)r ovi ded

merely as il usiheldesden Rowdeviees 83641 1.idgud 31 3141 A5, |3‘ﬂ@e3éﬁ’e TRe@ufr k
100 may be geneéféeﬁ,l %mce%ﬁtebwlegﬁh%?m%eolﬁﬁEgedwfﬁs%%é;%cﬁlgﬁﬁf si gnal s

does not forma on the inven preci-ated,

~ however, that td:tmrtecrtedttdgeﬂierl—‘dr& cénimaon bigna! lifee20y stidch tsoampbterntlalel y

updat e (VI a the_conparatqrs_ a down u the cali brat r ol
word, and ®her dP¥pe | m%mﬁatfﬁaﬂlqnnﬁtedarrewég o?t\ﬁ‘rcf%%wa@smq %@5 HF&&L

di agram of an e to r d’ﬁaeg%m

driver is shomri&%‘ﬁé%a%gg’?ﬂ I'n th?ggerg gﬂgﬁtﬁé 2%#) %r 1'ver 0 crafrzllé]fljtrmtrH "of

the present i nMSRETaeviqee2ad ewy be pravideceat thierautput terlightly pudidowraaiing a
dr iver, ci.rcuit ,232. These

P i T s omar ni@heRviss Hiporivan othus Sttt 4eT nBl SR (58 oBhg Yo Hhe o

‘state and f rOfUzﬂié%'irﬁBleSﬁ'ra@IﬂdS)déwb@éI)( YhalRaintoded &F ddchr StAEPlurality of

respectfully. An inpedance control circuit 250 generates control signals
208 and 238 in NIﬁEchtavme@farealecetrwaﬂyaaormcmt@gegn_qrat liog 203 whith is: & the
whi ch are quallf dtavm@the data by -predriver circuits 202, 232

respect ively tcP NPespective qualified calibration vvords PU[1:: 9]

,PDF[1::9]. Qual ItheepFEaﬂarbéyaM@mdwe%Saf@ﬁmwhe%ﬂﬂ narwlweﬁ*d:rlecﬂ] 234

at "used to control the operation of the output inpedance network
constructed i nbydberaudp %oﬁtmmllrmpmdrwargmculm n%tnn@rrlyaﬂwa/\NFETbe

e tca met w5230 Indhideid st NPT g tice A R 18 Urivef DY B Sulfiuf2348t .,
made to FHsG 6 thdpal-dowrngiedavescirduit Ztet. Jite retﬁ‘éin@éﬁéﬁhé@FET’Q%ﬁdfﬁFEw

the output inpedance network 200 constructed in accordance wth the
present invent ibie twp affays are devempyganicel signale thatzue provided Qrubessesm

| array 210 of Pehaiiebak) fsorilibd Bl the M PUMS: /b 839 Hwil be

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 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 erray 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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211-219 which are electrically connected in parallel, such that the source
node of each PFET is electrically connected with the source noﬁi of(ﬁ\leaﬁlﬁ;n
ot her PFET and the drain node of each PFET is electrically connet &

t he drain node of each other PFET in the array 210.. The network 200 further

30 includes an and 23 Z2theofirshseta4mate iekjhdedtd Bodlebront ai ey codd-where
electrically connected such_that the source nodes are electricall

L .ne, . zally
connected t ogdeRBtivas@vice kRE21ddhsiedda hayeatcadmitance ote Eestive evigs ay
210 of PFETS, ] r]%%sa N Cah - ther. 16
J JUN 206 1In a@%ﬁﬁjgﬁégfﬁd{‘ﬁ the p’?é?gﬁﬁ%eﬁ%c?d{i(ﬁeﬁﬁq%? ﬁ%ﬁ% ar'f%i;; 210
i ncl udes ten PRHR daizetto B86& af btimitdAce ¥3:34*Y314, 215, 216, 217, I218, and
219. Th d f each of these, PEET devices are electr] y
connect ed T oget her A SBORERRAHIONEHSE! PARISIHeR iRt e SSHOR B4 A0 ands
DVDD. In sim | ar1d gypiesehted by bits'RY* PAOPOF [HFERdFaY 1655 ThE Ghéidamceet thEET

F
devi ces 238, 221, 222, 223, 224, 225, 226u 27, 228, and 229. In addition,
NFET devi ce 230egiglivedepicesi2ddd24b, and2dGimthe secaridgsati3d2parel also weighted

ot herwi se undri.ye t h |t s not. float ( Loating ,i.nputs are
undes\iMr Zbl g i n't%%ﬁ%ﬁc%gﬁ_aﬂﬁédér\gﬁ% nf88§§'v%f’%§%98rf%’¥ Ef‘%és ﬁﬁzgpa‘? !ﬁlﬁyepf .
10 NFET devi cesarpa@mitprblY S addistiveodenss Pe Tt DR {shasedito havtear @dmitbhéd i S
at the potential DVGND. The PFET arra%_f_ZlO i ncludes a first PFET 236 t hat

i s.driventddi r ectsP¢"Ybpndesisiive devieeF T 2ifds pized-tohayeamr admittagicecui t  202.

Sinilarly, theNEER 220 | nGls j st i 8 that,,is
driven by the. Sacgure oS lse8d AERETR 4 Feretied BB LR To iR 2
Pl o ot e e G R
1 ML 3 ) €
PU*[9::1] and P@?‘F@\fq devices 2P| £1be2 12, |andsd 1oat Ahesn and @dy wbea, alhresistive

ti it , ' ' i 234
Chat compri se. Rucse 2, P12 1S |n Heiet fot ARV oo alhiRS, iy )
(negat i veist r ueyesistiveRiiB\ifes 214 (B ahi \2d6tin tieg setsnd SEZU2 be Setigstetdvel y turn

on and off the various PFET and NFET devices of the arrays 210 and 220 to
ef fectively vaPFCoiinGia phinanmaiemedtor the driver ' circuit.

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 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
‘ 3} 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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In-accordance with the preferred enbodi nent, the PFET and NFET 25 devices
211-219 and 221-229 in each of the PFET and NFET arrays 210 aﬂh@Zﬂpﬁqmgg
partitioned into a plurality of sets 241, 242, 243 and 244, 245, 246
respectively. Preferably, each array 210 and 220 inplenents the binary
wei ght ed t her nonet ery gadg. SRRMRIAtEd HBhEsSskilleéd the gt tisat th@Rtmizerraly 210
includes a first partitioned set 241°30 conprising resistive deyi ces 211,
212, and 213 r eptethatrecnl®yr diresistig fleyices pLeaghppadiignedsel gnd thge 1 r st

resistive device 211 is_characterijz . I ' j 0%t he
val ue of the adﬁ?'géérr‘&@ﬁ‘?@% OtEﬁ"é:hr@Pgﬁ?ggtwﬁg%ééf%%?&ﬁg}g%dar%?et‘ nces
Y1, Y2, Y3 of thaor@ifgis b‘ﬁﬁvé’tﬂdé@igﬁ ot bpliedtihn; hbwelef thelnaogion applies1s in
the first set 241 are weighted to inplenment a bi naré_scoche V\%ere. resistive
devi ce FET5211 4ndl isiintended taseuerall sdeh varatiobswherel paeh §et e ePBIVe FeT 212
is sized to hav 14 = bRt ' Elhite?the 1 S
sized to have atﬁechgg%aig {Qg&l&%@@%:c}g @ng&t’o gqggggﬁ?bgéarrdtbﬂe ?%%gﬁmggt 242

i ncl udes resi stroyigtive dievices Nithin 84sh sehdre AdEateshacsordingdolsy puie BiNRY [ 4],
PU* [5], and PU* [6]. The resistance of the resistive devices 214, 215,
and 216 in the goddiM.242 are al so weighted to inplement a binary
code, where resisti iC; : j j i e sHysisH s e Y4,
resistive device FE&%@@E#@%S@%@@Q@%@{/]?hﬁgg%énﬁiﬁiﬁﬁlc.eﬁ?o Y5=2*Y4, and
resi stivesglevi airaWhy oR e Variisteahsistormillustaated dmilGabicie acesedance withdhe

i ttance of Risiested SALOBEREI bR R INATion | ShEhee PpretfHed”
resistive devi TR, théd e Fléntidi i fdtlimildieto thanaliRe setibeth.in th table,

resi/stive devices 213 in the first set 241 have been
activat ed, may Hut¢hafRhedsblstis peovided merely1a fulndisalese the prefermed second set

- 242 be activated B accordi to a binary.increnent. Athird partitioned set
bedipien b s tiRRtion 4 519 ¢

243 incl udes r 4NRPHINE RresgatIng epresented by bits PU*
[7], PU* %@] and PU* [9]. The adm ttances of the resistive devices 217,
218, and 219 in the third set 243 are al so wei f}hted 20 to inplement a.

bi nary code, where resistive device FET sized to have an admttance

Y 7, resistive device E‘é'fe%ég,cés S:Léﬁgthtu I'“"“V\?ﬁHtl‘F‘d”i ttiance
Numeral (microns) (microns)
236 44 80
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 A4 46.24
219 A4 92.48
238 A4 20
221 44 2
222 44 4
223 44 8
224 A4 3.4
225 44 6.8
226 44 13.6
227 A4 5.78
228 44 10.56
229 .44 21.12
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2*Y7, and resistive device FET 219 is sized to have an adm ttance 4*Y7. The
r esi stlve devi ce FET 217 represented by bit PU* [7] is sized to ﬁaﬁeJ@ﬁ 2008
adm ttance of 10% of that of the conbined adm ttance of.activated resistive
25.devi ces 211, 212, 213, 214, 215, and 216. Wen, and only when, all

devices 21 . :
i ot ve Sé'vfiis2%3}2'1%%?%@@%*%1%&'”%%“‘%Z%%&E"%Szﬁﬂﬁgﬁﬁi%@' rertith,
activated, may tHe\GoritRsliciclitsy 2BV (FISs 62 iy Bd &nplentertédin a vahetytcbfways et

243 be activated according to a binary |ncr enent. 30 NEET 220
oper at es accor dV¥iptti® l"t"ﬁ@@&h@"ﬁﬁﬁﬂﬁ%l@% gdnvstye cQREeRis s a %Fgﬂgﬂh ng

t he bi nar £
AR %’J’S'{J?P&g@%ﬂ?%@ﬂgﬁ{s e%@ﬂ%&tg@%ggsﬁﬁFgg‘ggn‘iﬁ% 'F@EMEJ?ZQOW@' ed

appr eci at eg by valtysthesdutpllmmpedambe cdithe thver cirauits sedbat ‘ib"B @-éplslt feﬁh?éamﬁrber

f d
Co cach of 't ne fessge el sapplsdiRioaTimoddinctver BHEl: iifodt o
gi ven design Org%@sb%& , dhRVBMDerafufe VAR stRittadeR! drrScitauitd rﬁév:lbes

i ntended to cover all such variations wherein each set of resistive

devi ces is actiinpletherted taiashieve thisteadgast @nddde 7dllgrates st AREIStIChhe
resistive devi ce.s vx{thi n each set are activated according to a pure binary
code al gorithm® FABYE 4 is provi ded bel ow whi ch specifies the physical size

(as 10 draggn) of theReEmiAYSHAW RNEIGIRMwoidets of tantes! dignafs Gre ﬁroduned (one
accordance wth the preferred enbodi nent of the present invention.

shoul d be appr efnrah@@ull-umtmn@stors e foRdhe nu&ﬂpmﬁr%ﬂ%fs} tha gasbe Hs?ﬁe
¥g¥§sdfgzl ose. %rr‘gﬁfré o BE e Qitbul ibes %hﬁ?ee?%lr"g%één R bS8, e e
g Ref erence Lepgiiihldofibh ehbiiRl Adsidior. Oy ngmhaliopesatictse catibratibn driver. 44
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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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 I’J@lﬁ%%@
. 44.8 224 .44 3.4 225 .44 6.8 226 .44 13.6 227 .44 5.78 228 .44
229 .44 21. 12 19 ~ao JU\/\QOS Consi stent with the concepts and teachi ngs of
the present i nvlherdsitoimplementcosetdiy-gafitheymaBetdriiode whenshy aliof the

| mventi ve. concehlE teath Tt Hust VAR belfotile b o ato it RRAReRt o

i nventive concep
t he various PFEIEﬁirverFSelﬂmld:Eﬂ' of[ 680h 286htbPcln \valybé BRaBeHRIingGeedance of
the driver circuits so that the out put resistance remmins substantially

equal s the | oadPPriopaHidhe plagramming peoeessyda this example,eumter, 232 maygenly and

Lhi & br oad goal > ShACECHAGH Pfie 87 fhd EEE s feldind T e ReBih 23, 2™ ©°

this broad goal
Referring now teoméspording tetheaithentouriets 274, A7 @lesactivatad. OdLEREr wonss, for

e A TR A OB o P S M I O L
rultiple of an Gbeora. 'AscHingly, elthh ARLIRNCPB&ted 2t land'26g! | br ati on
respectively receive bits PU[4:6] and PU[7:9] from counters 274 and 276
10 respectively. The outputs of inverting input AND gates 268, 269 feed 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
w 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 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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PFET array 210 has current flowing through it. Current flows from positive
15 supply DVDD t hrough PFET array 210, through el ectrostatic di Sp‘hﬁr.g@N 2095
(ESD) protection resistor 207, out pad 206, through an external resistor
(not shown) to ground. Control circuit 250 includes pul lup control
circuitry 252 aiitiigoobde isen inpubts the mwéﬂmgﬂéﬁﬂg@‘lo'{ lagalob mﬁiarlalﬂﬁm@ﬁd%@ y
generate the pullup control 20 word PU 1:9] an u own control wor

PD[ 1: 9] that reSpBELY&ENY 'W@@Paﬁgecémpﬁ ta&?@@%@m&feq\mvaﬂm/ 220.
Pul lup control g IthF i I'R&Y; set
pa1, 4o 2ag of Vit fbed wi BEIHIS YA AQ4PHS REdEiors 201 stEa0P et ip
are saturating oothigrasistochandate cheyected inseried betwesn thegosditive supgpiest 25

he | d visa- 272, 274, 276 increnment or
dect ement. Bhe bARGIYS DABav SuRiE Wi 58, Blerimielat npd Conaesied ghe dome
di recti onal stameﬁin%agpug gﬁ&m@%wg%ﬁraﬁw%@% bﬁ@'é?nbo@h‘ﬁent,?eﬁ%fd?@?%i‘l The

out puts of counters an each respectively generate signals
PU 1: 3], PU 4: 6@nd 28 hayerthg|samevalustsasihiat the voltagedatttbe monviovetiog digput aff

one 30 of the F ' i€ g€l 241, 242 43 in the PFET .arr.ay 210.
Each counter 275,13'8?},0%}6%2%2?6&{83??3@% %Bﬂ‘ﬁ“&ﬁ‘zaﬁ?@ﬂ Wfag’és%ot'ad

al l ows the counterindated B¢ tHRNPIRs GhpdiesT GigRAL up/deRaRGUREreB7Dhe7458 78 € of
the direction ing_ut Dl Rpu) once for each }éul se of the clock Input CLK 20

JUN 2005 fn or¥ &Chtczm?rp@ﬂ)% teeditectiondhabyp/siewn eaumniensed 7er 27ddandizdBetspund) |

of the PFETs i falr | be activated prior to progranm ng
rﬁ%ﬁ??'eghg’tg%q%ﬁ]ﬁég% %ganter can only be enabl ed during

the next |ower |
Cgé%};ai n portions of\When thedmert‘m? iputiof CoRtparhfor 2B0Ss RNGERTthan thewaher 272
may’/ only 5 be enabl ed when none of the PFETs bel ongi ng to the sets 242, 243
correspondi ng t/BVeMBddRperofahaingepamparatop 260 sequietsi 4 &34, QKS@FJHBLUQM ds,
bits PU 4::9] t t g t ave a
val ue of "0". ngg%lrﬁdﬁf ng Iéﬁqu\ﬁlferf?ﬁﬁngbr?%l}ﬁ giﬁﬂggsg@%sdf%ﬂgﬁzggdm

respectivel y r assreasdttesiniiddénet aipdiliBplimpeHahce Aet@sR(PFET2dapndoR76 10
respectively. ' ut. AND gates 268, 269 feed the

- o
i nputs of AND ?%?%u%gg%ﬁgsﬁi{‘“ég&éﬂ%%ﬁ@m%'@Mﬂr@@o%f RifeT @i 210 nput

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

272, 274, 276 count down when the inverting input of comparator 260 is
higher than the non-inverting input of analog comparator 260. This turns off
20 more of the transistors of PFET array 210 increasing the impedance of
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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EN of .counter 272. Accordingly, counter 272 is enabled only when bits
PU4::9] are all "0". Counter 274 may only be enabled when all of ﬁt@exlﬂl{:Eﬂjﬁf
in set 241 15 which are controlled by bits PU 1:3] are activated and’ norie
of the PFETs belonging to set 243 which are controlled by bits PU 7:9] are
activated. In ANBegatee288, 2841285486, ZB7088pLaNhR8S contrelrthe Ehabis tnpak bf

have a value of "1' 9J ,out cou 276 nmust all have
Rvel e ot % o eagh epdiitr 292 284p 205, BNy Serirralty cECil bEB G RoRERG DLt oy
counter 272. Th@s.s%’&s%mpaﬁém fing H RoIftRR diRbel thae fdddtotheHH- w&b‘ﬁirﬂ;ﬁte
269 feed the inputs of AND gate 264. Thus, counter 274 is enabled only

when bits PU[ 1: lapummpawthomt@m%d@e@pn input RifkeorfeRChgOUBtRTPUt by

t 27 t
FETs in scts 2P0 294 395 FaRigpeh SRrd rtu 85 SBRCOR 8 B2 rneoct 176,
respectivel y artaeghulldoivn\fET aray 200) ¢jeneratity, theigulidWh impelhaaué rantrby
counters 272 and 274 nust all have a value of "1". Accordingly, AND gate

267 receives buwgrdﬂEPm-a]- out put by counter 274. The outputs of AND gates
266 and 267 feed the p ThiLs t i bl ed
only when bits PU[ f\ gééﬁ %rﬁ%a%{w&%ﬁ??gerﬁﬁ;ﬁegr rec {%ﬁﬁn@a 7 ?%@wﬁ@&
coun'Ej er 272, fZMeréIFESIIIB!stratWeE of hew(jthbmoatmbmatsaﬂbolthe:innmdandé?ﬁetw&ie f

| npedances of t FET y 210 rotection resistor 207 form
a vol t age'di vi Jﬁn ﬁ“ﬁ"ﬁé‘?@iﬁeﬁé% ?églrﬁf% %‘i’@(at@ﬁo@\m thePaftieulE down
the positive SH"HBﬁNer edl Faifd rn 61“%@@%@]%]@5 B?Q@no formta lithitdkibh %%g@ théNi s

node is an input to t Ing term ana 0g conpar at or 0. The
q—l nverting iimgntiont Itamthlbe@gpmeqnam dovweser, |thabthartmu:u&d>fﬁbGa7\aﬂbmghe
di

1 der forned vm{h resistors d 26§ Resi st o s 261]:‘ (caj 262
on-chi p resi st GYSEH 508?@‘@[’%5 ?r("'?i‘ P?é‘é’”ﬁb"’cf &5 AP &PsERY Fl%‘é’"ﬁ%ﬁ})l y
5 and the negalhy @afsBRbY chirbl JVBF%IS' ahaIAEfEEB Silto G aRTREREe ' the1e NOD

inverting input of analog conparator . I'n one resistors 261
and 262 hwve t lmaipuirdrivenl ue so that the voltage at the non-inverting input

of anal og conpar at 0 is VDD 2. The output of ana arat r 260 is
Connected to the. D AAS PRARNG AESEIRtE habPRUNATSSTHRLIL B 276

fllustration and description. It is not intended to be exhaustlve or to ilmtt the

invention to the precise forms disclosed. Obvious modifications 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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10 which controls the direction that up/down counters 272, 274, and 276
count, if enabled, in the PFET array 210. \Wen the |nvert|ng |npqm o] Nﬁzﬂs
conparator 260 is |ower than the non- inverting input of anal og conparat® p
260, counters 272, 274, 276 count up (when enabled) to turn on nore of the
transi stors of feEcamer aithd IitvardiohShatder h‘aiiedﬁrhanj/ ma@'ctartbe ilnfstadive up

i npedance networ k ( PEET arra 210).  Thi en1stabjl zes ,when

t he i npedance of’“"lbéé*ﬁ'%'?tr%ﬁp ﬁngﬁgéﬂ'?/e&rﬁygﬁ'@g H%@BQFJE"'B@ lz(tfyoad
driven by the pgg Qs SpEHEPhertls, 274, 276 count down when the
inverting input of conparator 260 is hlgher t han the non-inverting input
of anal og conparator 260. This turns off 20 nore of the transistors of PFET
array 210 increasing the inpedance of pullup inpedance network. Pull down
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 fromthe 25 hi ghest
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 DI RPD when the clock input, CLK, is strobes.
The outputs of counters 272, 274, and 276 each respectively generate
signals PO 1: 3], PO 4:6], and PD{ 7: 91, 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 simlar to
the operation of pullup control circuit 252, whereby control |ogic
’%Elenented by 22 AND gates 283, 284, 285, 286, 287, 288, and 289 control .
tihe enabl e i nput of each counter 292, 294, 296, and conparator circuit 298
(conprising resistors 281 and 282 forning a voltage divider that feeds the
non-inverting input of conparator 280) control the direction input DI RpO
of each counter 5 292, 294, 296. The pulldown control circuit 254 controls
t he i npedance of the pulldown NFET array 220, generating the pull down

i npedance 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
manner of generation of these signals does not forma linmtation upon the
invention. It will be appreciated, however, that the circuit of FIG 7

al lows the sysygiarqQsQOMAiMRPYS! Yy update (via the conparators and up-down
counters) the calibration control words, and therefore the output

i npedance of the 15 output driver. The foregoing description has been
presented for purposegs of ..illustration and description. |t is _not intended
to be exhaustive or ‘t?‘oﬁ N?F'I°4ﬁévar*ﬁ@'¥rﬁ£%§'n9cmw&%mm negrafandqudeyiosed.
Qbvi ous nodi fi cafivergreart tatris 8bhAGSred 36 Arie 25i | 'i&@e t 8\%@9{

' i i T ec I@éﬁq %tat e ﬂgﬁbggg)o sit S

t eachi ngs. For exang)l{ue, It will be 20 apprecia
241-246 and/ or #uRPWUtgrivergentro] cirguih cogprisingya plurality of essistiverdeviseseased

Chat e cal i braor e 02BN 221228, 2o S ofWBR0i pERRHAMA |

wor ds) - maysbe odledirichly comnestatsie igipahslie] bewRIerP4 first YolA§E 5 Slirck TYDD) i
bits. It wll al sgpggegﬁgr eci ated_that having separate and I ndependent

calibration wortf 4) GPMPISINGAd pul | - down FETs enabl es the out put

driver to offer precis] bl : i Ver various pracess, voltage;
and .tenperature ran&ierég%m/rﬁqe ougﬁam&‘?ﬁ@%ﬁﬁe alr{ﬁémﬁ%reqlg%tgg%ri bed in
ternms of the ildamsecton oba fiesteedi( f2Htaf said resistiveltievivesrsstivabs dalefirshose

skilled in the arlt t hat varligc?us_ changes and nodifications my be nade to
the illustrati VO'BEBSAHHER SWI'PRSF?G departing fromthe spirit or scope of

t He )i nvenjgon. It i béapie - ] .of, the
i‘nye) tionmnot be |i ?’r)irdt)ed [ n@n@a&nyg%ﬂé#e | ﬁ‘%@%’gﬁﬁe&ﬁ%@ﬁ%nt shown
and”descri bed lsonnestinn oha secomthsebii 2B of saitliresistive delives bbvednad i first

appended hereto. .24 VWHAT | S ALVED IS, 1. A t hod for vari abl adj ustin
aﬁpout put | npeggnege gpuLee ?ﬂf%"i‘}g Hode only when aqFoH] 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. 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

S—

=

- times.

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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driver circuit that is configured to drive a signal onto a node (104, 209)
using an output driver control circuit conprising a plurality of fesistive
devices (111-120, 211-219, 236 and 221-229, 238) each of which is
programmably 5 electrically connectable in parallel between a first voltage

source (VOD) and  SalslsBeies {a04ho) GOBRINGLILCE RHATYSG163214 AgtoRnr

i ncrenental nanner electrica on O

resi stive devi canth224,e25, Qﬁﬁﬁpfagrammakﬂj( Emﬂlc&dvrzo&nwdbllﬁ&dwééﬂetaidjﬁ}stf
rograming (34) in a binary increme manner el ectrical connection of a
gecgnd set (122) gﬁggé"PHr‘?’e%ﬁi??’gé‘%@vﬁegs bet ween said first voltage

source and sai d node gabptrotee A, I25g? Vﬁﬁémpmﬁy"\/g bq,iﬂwqﬁ&eh{é nild first

set are enabled. 2. A method in accofdance conprising:
programi nt i n aAaneiglecticalanenneatiomahsaid fm$teaﬂt|(12‘b)lof¢esmm deviced one or

d f t
Vol tage source Leiveh SRRl iR sriRtarnd SakEisd ady eﬂro%%"m%g'séisn
said 5 previoudinarpingensmes rﬁﬁil‘iier(elé’étrfcél?e%nébﬁ‘or? !SQecén ??ﬁf' n

accordance with cl a| m1l or 2 nprising: electrical connec | ng at”’ lNeast
one (120, 236, Pesistivrdevices bﬂ&ﬁeﬁlnl sajd st vo&agesomedmd said nbde\mlyrwhand

f I 4. A.contr Cci rc for
L vari abl e Prpedticf SaRleshAVE dB0EEs B A frst 4121 Lerelpip B odnmests
si gnal ont16 a nbdiwderDdaid IP)voltagerRbURIS SN Baidiidde, set (121) of reSIstlve

devices (111, 112, 113; 211, 212, 213 and 221, 222, 223) progranmably
electrically connect abl e bet ween a first vol tage 5 source (VDD) and said

290215, 216 ana 2347 SINOISSEy A ddedahat Yl i £ SR e ani e
betWeen said first ooéoagwreuiditionahdetsai@3notieiid aadstivecasvicsy (17, §180,
conhecti on of -Shi% 317 28s 218 ehs A7, 280 820} piberaEnARBGSIegEAlen sai d fi 1 st
voltage source @ithertable BRbfedNdaitHrs a2 Yiced 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.

S

¢ W
5 i
e

6. A control circuit in accordance with claim 4 or 5, comprising:
at feast 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 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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bi nary incremental manner el ectrical connection of said second set (122) of
resistive devices between said first voltage source and sai d node only when
all of said resistive devices in said first set (121) are electrically
connected 15 between said first voltage source and said node. 5. A control
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) progranmab®yActardtal ciieit in accordarmeanitle cladmvii &) 7sari &) whiarsin: vol t age

source and sai d node;_. Lein id nt r gl 2 r in a

bi nary increnent al %ﬁﬁ%ggté‘%e@?‘&?%saqﬁ?omgci f%réﬂ?fl%;la Egéﬁd%ggssai d
one or nore add229)dnat lesktone(ct i Gle 6PMdré asiifiiohupsE8Y 1 STSinfidERNg Sai d
first voltage source and said node only when all of said resistive devices
in said previ oussiptive bijlanmweaighied sode21, 122) are electrically connected
between said first 10 voltage source and said node. 6. A control circuit
in accordance with claim4 or 5, conprising: at feast one resistive device
(120, 236, 238) is elGcArdonisrol girauitinectodianeetwitedlaiais] 6f 71 8 or volvhagsn:
source and said node at all tipes. 7. A control circuit In accordance with
claim4, 5 or 6, wh Fesistivg devices; inEagh of said st set (121),198id seeoncbgat 212,
213 and 221, 2 Dedi i ' ( [ , istive

bi nary wei ght e@iq%%)dé%%s.dlﬂoégr??rnﬁ) rfegdrditﬁchaﬁ %é@agggyggﬁ@@g%%PW%#%#m 4, 5, 6
or 7, wherein: traawisforsesi sti ve devices (114, 115, 116; 214, 215, 216 and
224, 225, 226) in said second set (122) inplenment a resistive binary

wei ghted code. 26 9. A control circuit in accordance with claim5, 6, 7 or
8. Wherein: said resistive devices (117, 118, 119; 217, 218, 219 and 227,
29,2 229) in at |east one of said one or nore additional sets (123) '

i mp'enent a resistive binary weighted code. 10. A control circuit in
accordance wwth 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
addi tional sets (123) conprise field effect transistors. 27

W_;
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ABSTRACT Bl NARY WEI GHTED THERMOMETER CODE FOR PVT CONTROLLED QOUTPUT
DRI VERS A binary weighted thernoneter code is enployed to adjust the output
i npedance of a variabl e i npedance output driver circuit. The driver circuit
i ncl udes an i npedance network (100, 200) conprising a plurality of
resistive 5 devices (111-120, 211-219, 221-229) each programmably

electrically cogpes e in parallel between a first voltage source (VDD,
ground) and the —pad (104, 209). The resistive -devices are

partitioned int rality of . sets (121, 122 123). A first set (121) of
the resistive d%&%ﬁn@%ﬁzﬁ? TER £ FOR BF SANFROLIRner to

el ectrically connect one or - 10 nore 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 nmay a second set

(122) of the resistivebitary eefghied tharonaneed code isehipidyed fonadjasithedutput
manner. Additional sets %Lég}aﬂof the resistive devices pmay be |ikew se

progr anmed onl y BPEANGE P ABle imnedange Ryt dityer girewds  TEhe dENaraiet
programed set s jKigd8¢ hh\p8Hancd hEiidirk§168, 200) comprising a plurality of resistive
5 devices (111-120, 211-219, 221-229) each programmably electrically ,

connectable in parallel between a ﬁrét 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 voltége 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

e

15 previously programmed sets are activated.

FIGURE 2
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