MULTI - LEVEL MEMORY CELL SENSI NG Fi el d The present invention relates
generally to nenory devices, and nore specifically to nmenory devices with
mul ti-Ilevel cells. Background Menory devi ces store digital

i nf or mat i oWO 2M5/0088hnol ogy advances, nenory devi ces ar BCHHPWIGBHS
increasingly |arge anmounts of information. H storically, information
density in nenories has increased through reductions in device sizes and
increases in integration. Information density nay al so be increased by

storing nore than one bit of information in each menory "cell." Brief
Description of the Drawings Figure 1 shows a nulti-level cell nmenory
devi ce; Figure 2 shows waveforns corresponding to a read cycle of the

menory device of Figure 1

MULTI-LEVEL MEMORY CELL SENSING

Field
The present invention relates generally to memory devices, and more specifically
to memory devices with multi-level cells.

Backeround
Memory devices store digital information. As technology advances, memiory
devices are able store increasingly large amounts of information. Historically,
information density in memories has increased through reductions in device sizes and
increases in integration. Information density may also be increased by storing more than

one bit of information in each memory “cell.”

Brief Deseription of the Drawings

Figure 1 shows a multi-ievel cell memory device;

Figure 2 shows waveforms corresponding to a read cycle of the memory device of
Figure 1;

Figure 3 shows a current mirror having reference current averaging;

Figure 4 shows a portion of an x~decoder coupled between a stepped voltage
generator and a wordline;

Figures 5 and 6 show voltage reference circuits;

Figure 7 shows voltage reference circuits coupled to a wordline;

Figure 8 shows waveforms corresponding to the operation of the circuiis of Figure
7;

Figure 9 shows a flowchart in accordance with various embodiments of the
present invention; and

Figure 10 shows an electronic system m accordance with various embodiments of

the present invention,




Figure 3 shows a current mnor having reference current averagi ng;

Figure 4 shows a portion of an x.-decoder coupled between a stepped voltage
generator and a wordline; Figures 5 and 6 show voltage reference circuits;
Fi gure 7 sW&/a0WGsBage reference circuits coupled to aPRBAGHI0GES0RBI gure 8
shows waveforms corresponding to the operation of the circuits of Figure 7;
Figure 9 shows a flowchart in accordance wth various enbodi ments of the
present invention; and Figure 10 shows an electronic systemin
accordance with various enbodi mrents of the present invention.

Description of Embediments

In the following detailed description, reference is made to the accompanying
drawings that show, by way of illustration, specific embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. It is to be understood that the various
embodiments of the invention, although different, are not necessarily mutually exclusive.

For example, a particular feature, structure, or characteristic described herein in
connection with one embodiment may be implemented within other embodiments
without departing from the spirit and scope of the invention. In addition, it is to be
understood that the location or arrangement of individual elements within each disclosed
embodiment may be modified without departing from the spirit and scope of the
invention. The following detailed description is, therefore, not to be taken in a limiting
sensc, and the scope of the present invention is defined only by the appended claims,
appropriately interpreted, along with the full range of equivalents to which the claims are
entitled. In the drawings, like numerals refer to the same or similar functionality
tl_;roughout the several views. ’

Figure 1 shows a multi-level cell memory device. Memory device 100 includes
memory array 110, reference current generator 120, stepped voitage generator 130, sense
amplifiers 140, 150, and 160, current mirror transistors 142, 152, and 162, latches 144,
154, and 164, and control circuit 170. .

Memory array 110 is shown including multi-level cell transistors 112, 114, and
116 having gate nodes coupled to wordline 118. Transistors 112, 114, and 116 are
transistors capable of storing multiple bits of information each by being “programmed” to
have different threshold voltages Vr. For example, each of transistors 112, 114, and 116
may be “FLASH” cells that have floating gates capable of storing charge. The threshold
voltage of a programmed transistor depends in part on the amount of charge stored on the
floating gate. By varying the amount of charged stored, transistors 112, 114, and 116

. may be programmed to one of many different levels. For example, transistors 112, 114,
and 116 may each be programmed to one of four levels to effectively store two bits of

information in each memory cell. Although this description focuses on embodiments in
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Descri ption of Enbodi nents In the follow ng detailed description,
reference is made to the acconpanying draw ngs that show, by way of
illustration, specific enbodinents in which the invention rmay be practiced.
These enbowiOeewgssss e descri bed in sufficient detail t8CeUagBHEESE
skilled in the art to practice the invention. It is to be understood that
t he various enbodi nents of the invention, although different are not
necessarily rnmutually exclusive. For exanple, a particular feature,
structure, or characteristic described herein in connection with one
enbodi nent may be inplemented within other enbodi ments wi thout departing
fromthe spirit and scope of the invention. In addition, it is to be
understood that the | ocation or arrangenent of individual elenments within

each di scl OSgffcteedon ulee ive Ry id)ftogMRflinch ' UeRRPAE Ul (b BdiG:sSP! 11 !

and scope of .the invention, The foll ow ng de escription s,

therefore, Rbfheipvastion sleaqt sojimited; For exagplee %@mwmﬂgﬁ fhe pyésenthe

present i nveaiNenfido, iedchabitiniect] 6eM tiayplye frbgaRRRANSISEE dHlefhiRveld BP (f] figtely
i nterpreted, along with the full range of equi valents to whic eclalrrq
are entltled h the drawi ngs, like nunerals refer to the sanme or simlar

fulnct i f)nal : ty thFougimphd:lty; Egumavshbwboﬂélgmofcensmtheﬁt une, fh haws a

mul ti-Ievel - g%y I ev 100 nenory array
110, refer ence curreh Eglt%%?s%%rxs? e %@ S:Eﬁ%?’ *3P™E30, sense
anpl i fiers rrbodinggts, Wm@mdrnehbckn andcnmmbdmécssteomludbdamhiﬁz and 162,
| at ches 144 mekify d&ﬂé&ﬂd@‘lme?ﬁwyﬁaﬂéer%n‘fd Heldh &&%%ﬂ:aﬁ ierabbif y array 110

i s shown includin nultl-level cel | tran5|sto 16 havi ng
gate nodes CBEM aﬁ@gﬁfﬂlﬂlvﬁmpﬁtbems&smgnvenqm and 116 are

transistors Capahi@eﬁinoﬁltﬁﬁvﬁ-@uﬂ%ﬁcbdﬂn&tbbf&e f-esérm:%ﬁﬁ%h' wovigesh by being

" programed’ dlffer nt t hr oI d t age For exarrpl e, each of

transistors T%g %T% "‘ﬁ‘e ﬂéﬂ‘”’?&'?’sﬂ Mgl stote 15 | 0at i ng gat es
capabl e of dsmmgimhm@mnimnﬁﬁemmmndiaMcmeﬁgW tranS| st or
depends in paLtm QN ";.?9 [. he floati

varyi ng the anount char ged st%a%]‘gJrlﬂ ?%tﬁ’sg?s fgfgac i e s v g%o“%%G may be
programred FBCERERYY, Ndr??m@PfFSIUE*FW N-bgaté yoltage valgssearphsed td naiqeslyt or s 112,

114, and 1laet5mn@aﬁmelbga@r ogramed to one of four levels to effectlvely

store two bits oé |nfor |on I n each rrem)r%lcell Al t hough this
description focuS¥EP, (f&’i‘?%tﬂ{ L3( spurcgthe - L geth valtage values, whergd¥ is | s’

progranmed &quabtet. OThFef’mll rgaie%ﬁig‘é,vahbﬁaﬁﬁ&b@bkﬁi @Sgﬁﬂfdﬁplsﬁlﬁ(?ﬁeai bftchipvention
are not so r.ex ts. of the presen
i nventi on, l‘é‘létl(lg:g ﬁg?eq‘?rm%cér\%/'él sni%% ‘34 fs @ge Wg‘ng e‘EdS‘“tcﬂf«?“‘Gfm’é‘feQH | evel s

or one of 1ecndiigmk.cA timing control circuit 170 generates control signals to control multiplexer
138. Multiplexer 138 selects one of the N-1 gate voitage values to be applied to the

wordline. In some embodiments, the gate voltage se(iumces from high values to low
values (step down). In other embodiments, the gate voltage sequences from low to high
(step up). In still further embodiments, the sequence of gate voltages is arbitrary. For
example, for a multi-level cell having four possible states, the gate may be driven with
three voltage values in sequence starting with the center value, then proceeding to the low
value, and then the high value.
Sense amplifiers 140, 150, and 160 are used to compare curents in array celis to

the reference current. For example, sense amplifier 140 compares a drain current in

* tramsistor 112 to a drain current in transistor 142. The output of the sense amplifieris a
digital signal representing the result of the comparison. This comparison result is
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For sinmplicity, Figure 1 shows one row of cells in the array 110. In sone
enbodi nents, the array includes many rows and columms of cells. Further, in
sonme enbodi ments, arrays are arranged in bl ocks, and many bl ocks are

i ncl uded WWOR0/07888Dry devi ce 10th Menory devi ce 100 nBGTHE208G8A8&#3 ze wit h
any hierarchical arrangenent w thout departing fromthe scope of the
present invention. I n operation, the various enbodi nents of the
present invention provide an accurate sensing schene for the nmulti-|evel
cells in array 110. The cell state is determ ned by performng multiple
conparisons of the cell drain current to a fixed reference current where
the cell gate voltage is varied for each conparison. For an N-state nenory,
N-1 conparisons with N1 gate voltage values are used to uniquely determ ne

the cell stafoﬁvmedmabm%wbﬁaﬂﬁe%fﬁ&ébﬂogﬂéﬁyé ﬁiﬁatﬁ e N1 gate
vol t age val ues, where Emaa%%ual to 4. The NN1 gate voltage val ues, are

fixed and ar@UgaRsoRIPwY gi‘ﬂéﬁ‘?“t&?‘{’?ﬁl’eﬁf’%ﬂh?a‘ﬂbswéf’@ﬂéﬁm@?éﬂ cuits 132,

134, and 13Ggainkti, mnanmemdwdensed%p&mﬂnrtaﬁ@ﬁf&&{erﬁmli IRRSme A ti M ng
control circuit 173 generate Si F.:gls to control_ nultiplexer 138.
esRﬁefob‘g

Mul tipl exer SRbO LS PIE & 78V tom3rh arpRlifies fq lakch thy sate valvt i ed to
t he wordl i neAnlemlmdﬂememednmmmv,nmlﬁguml mthmtdhag%eﬂuaﬂtmﬁam@hgh

val ues to | oy, e the ate voltage
sequences from I ow to ‘?"g?{e}%‘“hfg)a Q’JI c‘i gfug%ﬁg} © RSB TEREs, the
sequence of aﬁlﬁ’!‘ﬁeﬂro%ﬁgfés s¢nse ambhﬁqfap‘?ut@@ngeeﬁamme cotnpvalae that teprebaie|  cel |
havi ng four tosHiskit®is HtatedsS AslshSv IR B RY, rﬁﬁhﬂ%‘ﬂ:&@aﬁfgﬂﬁe& Q%%?c tage

val ues in se ence startlng wi.ith the center va rocee to the
| ow val ue, Feh sqseamplifier jsgopaected to a mﬂéﬁ%’é“"&nﬂmsfﬁ“ews mz:mceug Bgbe and

|1:60 are ulsedwdamﬂtmensxlely?wﬁmﬁgwmaﬁmayg@addlm édlis biifp r@H ShiiMaRedatlr ent . 110
or exanpl e [ C re raih current in transistor

to a drain cur%%gflat% gﬁp r?s‘foétf'%eapfﬁgpﬁﬂfg‘%wm&f the sense anplifier is
a digital signal Fpm;‘p&ts@madwgase hgemgsﬂlitmquddwmﬂnmmmomﬁmiw Rvelonpari son
resul't is YOsRA0K &Zéﬁﬁéﬁ&%bﬁ%ﬁ@@-%é@% TRk ik fich ralaﬂﬁﬁ%g)rrl con

representation of the cell state ogl ca y conbi Ning T hé co
resul t WI t h subsgYsPt 5pd epsgations. Fhis F*é'iﬁrpe{%‘mlsg mAybeaichmplished b micompowtingpar ed

agai nst . Varsp&m raatnkﬁad&mamvaﬁymd ihtd ﬂ@ﬁr&&ﬁﬁ‘a&@b&sé&lﬁs}ﬁo&et'ﬂﬁ@ nation.
I'n some embddinents. . one o&ﬁtstg Iatches are_coup Ig to each amplifier

to latch t h&O9F RIS YD fate BreR Y aRRiowd, enfy pqdggRiE | Wit h
| at ches 144 volt#pé valaecard ftentionallyofbgt for ehauadd’ mwwbﬁaéeﬁW& {-Hé|dgﬁi-dacui t

170, d t ed i th
anpl i ?Peraogéta%?&mﬁhggges sasrr%lstom% &glééhnﬂ‘%nﬁ%g anph'lgﬁ%“ﬁé%ﬁ?? & geislense

state is la Aﬁ@h@ﬁmWWmdnmbm¢Mwhsﬁeammefm&rmMr e

i ncl uded, Mugemo§maégﬁ, Efd © @ unique bitline. This
al | ows many ceI I s%t% be read si rrul taneou to [ ncr ease the data

t hr oughput . CECHBITTY §BEFIS |1%Q1F*E=1é}ﬂ%5d'8§ﬂ°§ac¢ edlei22ewhick brweme gat e

vol t age appbmmhmlanits;ugfﬂcﬁdim wm—dylca& For exampleFEerraidé@Eﬁn B¢ feftical

oper ati ons, i ce al fway between

the state betiEaEndEy 3 L8 it yrfoed Sl Sirotagh 19 or

subsequent %a@%dmm@ufﬁlﬁmgﬁ stingroschibwrthedesirad nirrinalaeferaabe shed by

i ncor por at i Bgredt. SRR vii@BoRER &ﬁ[’kgﬂs\{ { F%%%ﬂtofrét a Lhe ‘3 ﬁ_gram and
o Siiy

erase operations. This node is used to ver| e TP
correctly pﬁ%‘i‘?"r"ﬂ??é&““ﬁaéSmt?fﬁfmecwnégm%@éﬂmmw%foemhtsml onal ly

of f set frothnﬁﬁf&rrﬁﬁdnﬁﬂaﬂﬂeﬂ@kbﬁ%&dt FRahL € VEounlft Aotk iSlleflo -
posi tioni ng t %E%gal S0 _be. desirable for verlf npde to use me gate

vol tage ti nfh 2 gipelgaeferrace rell fo grg Pﬁﬁ‘eﬁé‘}iﬁa‘ﬁﬂ%"&oﬁﬂ%ﬂmﬂl{eml ent

offsets in tthﬂngatr&‘ermbehcaﬂl 122 (hpisaafroRa td @adeitdis 1% dnfiV 28 8¢,/ w@th istihus bei ng
cancel | ed.



Ref erence current generator 120 includes reference cell 122, which in sone
enbodi nents, is identical to array cells.. For exanple, reference cell 122
may be identical to cell transistors 112, 114, and 116. The threshold

vol t age vaweed07@sssef er ence cell 122 are adj usted duri ROTAE2006/@824ar i ng or
testing to achieve the desired nom nal reference current. The gate voltage
of the reference cell is ideal (independent of environnment). In sone
enbodi ments, a separate reference current generator 120 is provided for
each sense anplifier. In enbodinments represented by Figure 1, a current
mrror is used to propagate the current of a single reference cell to each
of the sense anplifiers. For exanple, the current in reference cell 122
(I'l) is mrrored to transistors 126 and 128 as 12, which is in turn

mrrored !0 {hAftodlh Sradddors 132, xsa%a%za%ﬁgﬁ?mﬁo@ﬁ%l@gg&ﬁg@ 7

t echni ques nay mpl oyed to provide fixed frelations
I, 12, and s sraployed to provids @E@lmmmegn Ve lorTo@nd Bt 122 i 5

repl aced by many Iﬁ%xhéeﬁﬁﬁ&ﬁﬁe:ﬁb‘ effthcd c%llelﬁﬁﬁsargﬁgcéd%ygﬁé?& @ﬂsewﬁosg HM&W of

an average reference cell. Also in some enbodinents, thé mrror
vol tage on riS@¥Ta8s8 i genemin Hrenhof Mmaveragsreferange gell. c%'ﬁ%l!ﬂ o8t al | OWI ng t he
ref erence CLmﬁlﬁ)ﬂim@l&{l&feazhﬁ'br et Deltagel b1 B6kicaR2b id@agiplddiantl Reldlon@argéxanpl es of

th nbodi d b f F I
errte)ggl reren?sI Qctitnrao eﬁr%crl %ﬁ%ﬁgﬂ%ﬂﬁ%ﬁ{%&gr@gﬁ?ﬁ%@é%qlgp@ ence ceIIn
122, the ref@m@@%emmmmmﬂwpmﬁmmmmtmﬁmb t he

i nher ent te”peratméﬁbgﬁﬂgﬁgﬁ%\gﬂ%ﬁimbﬁ&uﬁgﬁdmeﬁﬁ tﬁﬁégm%% recnetcell

t enperat ure dependenc mat c er at maln array

cel | which i&2 a‘lhga‘-'f?fé%‘"élcﬂl ﬁwtt%ﬁ@mrmwpm%d@ﬂxe lglme@t tpmpp:ag:ee Thi s
tenperature dcpaﬁ&dyg;fW&nl %ﬁ&%&%ﬁ&ﬁ&ﬁﬂ%ﬁt&%ﬂ%ﬁé&&%&h@?tb@bt ai ned

during verify is pre erv ring read, even if the tenpérature changes
bet Wegn verl%p%\?fgm “g eo‘%gmamyceﬂwlﬁffgﬁraboze@wg{%am@m )

f:or r Iesr L%ndlm@ppbmﬂeat gm@lﬂgalﬁﬁmfeaﬁphfﬁmﬁﬂmgq?fmﬁ@-tﬁﬁur&@?ﬂt? sate The four
evel s . en e 0SS st at.es .0 e _menor
cell. The out puts §g§m§33 Mats) t%es%g?]g'é“%fﬁ?‘ﬁﬂ@r'gﬁﬁ d at g
known statech@naehbctbeglmfmgld)ﬁadmme operation. In enbodinents
represented by Fipgy @%o%%vgﬁhﬂs&meﬁ?cﬁﬂfgie%%d@ag ythg?llehm\{?‘&l?%m p: H ne

vol tage) ste P(i z hr ough different s to re erence tage val ues
shown as 11 $he %’Hﬁleﬂgw,&sl L& eLvsprssenh the fopn noguble sigfss ofithe memorst at e
]9}‘ tEe slelrmsee%wpheéquﬂsm;%ym Qﬂ?&ﬂ:@@&cahpﬁfi&l@bif%t 1&6&6&%&%&@&[@ the

ash ce bLaS at iC S ifier t put changes state is
re:ferred to 5’5”"5 P&gmg’% F’mp?‘ﬁ'ﬂi‘“%g bﬁﬂ%’e\'r’a &3%€ steps are
synchr oni zedolthgetof theaaemrg |c¢ll (1thn= whrdhnenvﬁl&ge)%pd ip tieowhtdiffartm coll 1pels 15t at es.
As soon as t,g@mﬁmamlﬁgg hanees n t he
counter signal value Ts atc lgyg{zferm neésé %K‘%r‘ﬂ{/el m?g%trﬁ‘lépsfq{pash cell.
In the examPesige EIEQ!‘S?ﬁ“lﬂifyﬁpétpﬂfchmﬂéﬂyawﬂbﬂsmsvmpfﬂxiﬂamegure 1)

has a progr anweshind bt which B sbid %In%‘iﬁ diﬁSHPEIY statd {s3B864r A a VI
pr ogr ammed Iﬂ-ﬁlpilﬁe LI stceg st ar?d o ceI Ianggdanastl sstor %%r Me SQEV%'

programed i Ertﬂlﬂpglﬂat e gatevR IR E@YRAbquizsd wit as‘t"éﬂtﬁ’ééf’htfb each

sense anpl i cowts the different data dutpgi yates-Xs sompagthe senS2amplifier output changes
state after sensing, the counter signal value is latched and determines the level of the flash

cell.

In the example provided in Figure 2, memory cell transistor 112 (Figure 1) h'as a
programmed Ve in the L.O state, memory cell transistor 114 has a V1 programmed in the
Li state,gand memory cell transistor 116 has a Vr programmed in the L2 state. As the
wordline voltage is stepped up, each sense amplifier trips accordingly. For example, S2
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trips at 204 as a result of the sense operation perfornmed at 202,. Si trips
at 214 as a result of the sense operation perfornmed at 212, and SO trips at
224 as a result of the sense operation at 222. S2, Si, and SO are used to

| at ch t he WOWA7/07888%e, so | atch 144 stores a | ogic | evECT/HP2006/048043 5t ch 154
stores a logic level of "10," and |atch 164 stores a logic |level of "00."
Any | atches coupled to sense anplifiers that do not trip remain at their
initialized state of "01," corresponding to the last |evel L3. In
sone enbodi ments, the sense anplifiers sanple the differential inputs at
poi nts 202, 212, and 222. After the bitlines are sanpled, the wordline can
start changing to the next level. Wth the sense anplifiers isolated from
the nenory cells, the sensing operation can conplete in parallel with the

wor g: ine c hatﬁg@atfz@a ab HReshiest the &&Be oﬂéﬂtﬁg ; eﬁl&?ﬁb’ﬁ Sﬂ%iﬂ%% Wy AseaFJeéfﬁc 3
wondline is r eed and perfor i gure
shows a cur roéﬁ]frg)ﬁﬁ“%r"é’gmﬂ%f{?‘ﬁg}) C@dcﬁﬂ’rtf%g*ft 2348t %15?‘”5“ the,segte

enbodi ment s,opletation ar220i 82,815 al\$0 are uEddgtU TRck3thi Souns e4lud, 96 ldtdlﬂm%ic@és%n ce

current gener E 1 C “ f Fi gure i ncludes a
pl uralrtg ofel E?Jrvg%%qug’f ga?g’nﬁ‘;%r?sa[}%?g g&t éx’a ﬁ?k’ c]ﬂ?rggﬁ‘fsarlgg'ﬁrence
circuits 320¢ve822,00dnAng Riichas eovpledid exhst amplificad ﬂhefdottmt tiparagie at their

i Vi dual 1S RRGRD B bSreshdidingo i TbARLE 01 | 5 shown i n Fi gure 3

may be individually trinmed usihg programmng crrcuitry (not shown).
Transi stors 126 ah@qw@denmﬂwmeammﬁw@ammmdlﬁermmmutx at fidints

clrout i Foaunm, 20 AnGe i Uitnd it 302 iRl 800Gkt Bfandf 1o FRE

switch and ca crtog‘pma be used . to sanple and hold the voltage v

node 129, v\/rﬂe & g Wé“'srf?‘?lf‘t&‘? frpmhemempgy.cells, the sepsingns e
anplifier. Bypestioptinngmatet: ihphdilagyithihe wosdling ghangatrhhoiext &ep. eI ni ng

current mrrg turned off. to save Figure 4
shows a port%lfé&{nﬁéﬁgsx eco&ge TSI BRPaER A2y E’gﬁ%@’&%ﬁﬂ age gener at or
and a wor dl ipggormancelecoder 400" decodes a portion of the addr ess pr ovided to

the memory, devi Ceignlungkechiud niRbrhhis o ELaUL Cuko? AR ShOGRE

wordl i ne, but .in some enbodi nents decoder 400 can
wor dl i nes. BFbodimeBHcthe girputptornda Figym bisased fgnte sefasacaiumerigcatgigl s at

t he i nput tqzblmgugay erma&meﬁnmmgm@@ iftdRads @ phathtf oB &lrRAt RebreAND gat €
412 drives a.la t ﬁe on node 41. rives aoutput buffer 420.

c
Gt put - but £ S350 FPEEEpis U b g G120 v 20 B oI paraiel
Accor.di ngl yto uimgemerldﬂwﬁaal@éﬁrenee agteptst Edch dfithe POABH csuusmhbwn rhom@uwzl t age

Vpx is driv : i p--wa
supplied as%%t %@?ﬁ%tﬁﬁﬁt ag%p g‘rﬁ#ﬁ? R'nggﬁﬁe he"rQ’”r11 naraﬁ%'\srv afgb
Figure 1, W@ﬁ?ﬁm’emamsa%ﬁgmhbwrrgﬁdme\ﬂerﬁshcmtﬂnﬁmyeStabppwdes)htage

gener at or 1%%@@%@@&&&@@%@%@1%&' RO Msed bfjstamg niRW a
wor dl i ne can]?be sel eaﬁt ed t be coupled to the stepped vol

enerator.
Vol t age ref &refRlBeT YAl Anmee ié%g is gryyided i the risser WF@#@% SPRfemany
different wanplifiéii Bysamplngad Holdink mfstmstegk, hetiowE the R peiRteatmatorsui t abl e

vol t age ref %{rgg m%| %CH”"‘%OEFPCSEIY‘EP ure 5 shows a voltage reference

circuit. Vol e &Y F enes may be utilized within a stepped
vol tage gener at oFisuzetshogs g partice oaawmﬁmdnecwpleﬂbgwﬁefmm@edwplt@ge vol t age

reference Cigbdtithr 2RQ WORNIRE H-B5b #9980 dBccabEL &ﬂoygﬁtf, &g{%sgﬁr@ o 130

(Figures 1, E Furt her addi tional instanti at ons erence

circuit 500 ﬁr%ry%mﬂm%&%@%ﬁawﬂb@ \R;gl!radéhwﬂamle)womgme Huhins one

enbodi ment s soM@thBEBmERE, QWrW@d&'sEle@tQﬂxe'o?uﬂﬁ Whfitles? Pri Abdoaliey 1061 €r ence
circuit 136t0.vgo uce et ce volta%ge | evel R

recei ess sign ves signals af.the input to NAND gate 412. When

wordline 440 is to be selected, NAND gate 412 drives a low voltage on node 413 which

drives output buffer 420. Output buffer 420 receives a voltage Vipx on a power supply

6



Vol tage reference circuit 500 includes flash cell 510, transistors 520,

550, and 570, and current sources 530, 540, and 560. Fl ash cell 510,

transi stor 520, and current source 530 forma first stage; transistor 550

and currenwosmer/a7essSs40 form a second stage; and currentPCT@s0e048608 and

transi stor 570 form an out put stage. The second stage is coupled to the

first stage as part of a feedback loop in a unity gain configuration, and

the output stage is coupled to provide an open | oop out put response.

Fl ash cell 510 is an exanple of a floating gate transistor having a

vari able threshold voltage (VT). The threshold voltage of flash cell 510

may be nodified by changi ng the anobunt of charge stored on the floating

gate of flash cell 510. This nmay al so be referred to as "programm ng" fl ash

cel | S10. Flivah Ketdramdh. Whth PoaRiOMoAlTReh bl oBL MBI HBE hbglvbl i (Ot

shown) useful for programmng floating gate FaRST St ors: sed

herein, the dvERpntoyeding440vol t age current’ refers to the current that

flows through a Wh%ﬁ%lt&é&!ep%%vﬁfoﬁﬁhés%ﬂﬁiéﬁfasi%%@%%\}o‘é‘caéérgeﬁélg ars
. e_drai’h vo

across the cq tﬁ{or term ngarci og_the transi stor, and, " . ] tage is

set to a nonPlaReiETiRgnoy-packds Bignred. wopiliog 12 isishewm beirg digeendiresthihy of an

whwos tL ansi stepped solagelgd:net'dluox{lbe. ﬂfg&i’d’-‘%ﬁf@viﬂ&ﬁrﬁe&_ 8 am@!éreh%minﬁ]{u th!ﬂ:%h&\{réilnSi st ﬁr
en the gate-to- rce vol taqge substanti a . so for ex e, the

thr eshol d— AP EORiing SR spfia lobeX R b suatpsd vlutes Spparston VTR 12 ¢ o

source 514 whtsrenpheirapis ¢32,d34,cuod 236 mey bayaplbetnistin mmagl diffepdbbwayd 514 i s

substanti al | : I | rent. source

B .? and 6, discudséd 'ﬂl&&,&ﬁo@ %Q?ﬁn SleC@URlR: %%é%%?ﬁr&'ﬂé gircuits.

530 and flash cell 510 In a cascode configuratlion. € no
transi stor 520 i $igsedskawsvoisgrreramcopirafit. Moltage refidrenge cirayft S0CABEbeVcasc

is a vol tag&u‘ﬂiﬁﬁiﬂtﬁnﬁhagg&iJ&aﬂ@ﬁéﬂﬁrﬁs@ﬁ%&&b&@a%ﬂhﬁb%ﬁé%ﬂ” drain

node 512 of flash cell 5 For ex l e, i.n_some enbodi nents, WAX i s chosen
to provi de £ HFRPN'YERE S °’6‘§’c‘\/®gpﬁ“aé'&9&l‘°l@°;?’@/ml§daﬂ]@gfBE‘%P‘{]@.O I'n
s(ézg Ce rrbodib (Bigusss 1MTABG hes, aﬂ&iltioﬁrﬁ &Btaﬁﬂftidn& osva?gsr&am&aﬁé@wsmmy wxanpl e,
V may I an on-chi age reference that r ins static.
I n ot her eé%‘%?%ér‘f?%%ﬁ&ﬂﬁf%%ﬁ% %33’? g“ég"‘%@“‘gb‘{?;‘??'gﬁ"g@ﬁﬁr g98°% ef er ence
circuit, so cirpgt 59his utilizadies voltaga erferencefciraaih 13feto| présiide refarerize voltege iéve.

The gate nogg of transistor 550 is coupled to the drain node of transistor
520 to receive a_voltage that is influenced by flash cell 510. The drain

node of transi st ofeltagsrefesence cisuidop includss flesh csll S yrapsidters 53MiS86, avdy be
"ground"), &nd, dnlQueiiceacRad0, SHD, ind88] BlaH b 0] SaksRibP5ES ah@cRfayi de the

f eedback vol tage RE n. node 554. Jn sone enbodi pents, transistor 550

is operated™n e -1 I gnm of
spies %’M "lé\’gB a%\%é?ﬁﬁqﬁ“?%‘g’i %4? | Pt s S srepachetaes

t he transi staod cirsenpsmioce 360@and kratsistdrt330 formi an antput eage. THeisscoapemgdison 1S in

contr ast tocg&g i i i j rat’ion, redi on-wher.e i S

propor t i onal toéﬁé?%g#eé}%gg%ﬁ;{%a%?%% '%ﬁ?mrlgrﬁa.g“ ‘f°r111ﬁ8‘t"ﬁé?n’%%§, in

t he sub-t hr S¥WY} Bagedyrapledito pyxidgan open lppoutpituespotseg” | i s hi gher for a

given drain currpﬁghcé[moqyg,p&amgf) mqmﬁné)%atéaﬁmﬁwq,gﬁnég{,g%r stage is

equal to 1/4q,,, of transist and nmay_be_ adjusted by choosing the size
of source f%f’ﬁﬂ&vcﬁt?%&'fitﬁe’g%h%wlfa%%ﬂﬁﬁe}iﬁwwﬂbw%ﬁ%@’ by current
source 540. changing théheln bf datgecmr&lXh the QuitiRgat of AbdeRll shy TTRvksganti al |y
equal to th | ur nent, of. fl.a el 10. .The operati on of
t he feedbac(é]?f'g%ge%lgﬁé%g _i‘élrg%g%'%m\/ﬁ ?ﬂasl%:ﬁe#lrgequt ﬂ%ﬁf%t@%ﬂvyc rﬂr%ﬂ'gmg’ﬁérce 530
forces the @itherogranmingabreyitiy(neshofn)iusefshfoc plogratithiing fodimggalettaasiston] | y VT,

uhich may vary DASESkadiindifhd P Anfelldia SdfheD APl QU ATIRG mdne OUt PUL

vol tage VREE is provided by the voltage on~gate n
flows through a transistor when a voltage of substantially V- appears across the control

terminals of the transistor, and the drain voltage is set fo 2 nominal value. For example,
the threshold voltage current of an NMOS transistor is equal to the drain-to-source
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which is substantially equal to VI. By programming flash cell 510 to have a
different VT, VREF nmay be nodified. Transi stor 570 is a P-channel
transi stor coupled as a source-follower. P-channel source-followers my be
advant ageoW9I 0758885t o pul | down the output node nuch PEEUSIHEN3t he
initial voltage is higher than the nom nal voltage. Wth the gate voltage
fixed, the initial source-to-gate voltage of the source follower transistor
will be higher than its nomnal value and it can pull down the output

vol tage very strongly to the nom nal val ue. I n sone enbodi nents,
current sources 540 and 560 are designed to source the sane current val ue.
Al so in sone enbodi nents, transistors 550 and 570 are mat ched devi ces that
exhi bit substantially the same operating characteristics. In enbodi nents

repr esent ed cbﬁeﬂf'oﬁtﬂe%aﬁslstbfﬁﬁéi b gataté%@%lég& mmﬂﬁmwsfg oy O1TToN

gate vol tage. e)C[Hese enbodi ments, if transistors 550 are mat ched,

and the t\/vo"i"ﬂiﬁﬁl ¢ thgsshald yoliage qumrens (Ive) of fiash celbk0flosvsciemmn doain H1200 ar e

mat ched, t heofué PLA wiel thgste WRERrod oltadetbehiden ndds 56l S48 sutlsRniifiiyer nal
| oop voItage,VThrrase on node 554, which is in turn substantially equal to
the threshol'd voltage VT of flash cell 510. Wth the gate voltage of

transi stor 570 hé‘baistbioxézt)is)coaﬂl&ibﬂm&adufra&ﬁoﬁeaﬁi(gaﬂd&hkmébll 5lnam§i stor 570

may respond vol.t ut put
node 552 to %‘(‘ﬁga}\%ﬁ ”'\t%%ln%gég\nf 5?{2 ?@ﬁ%“’ﬂ?& g% of the
f eedback | o@pyoltage OfVCAﬁ- d(ms:lﬁaghbm ﬂ@tmhpsemmpwfvs%e@rwwm M|W!tag¢ol t age
reference Cloh%&ﬁn&ﬁ%m%fﬂ%déﬁlshozf&e%ﬁ b%%o %@@ﬁ%ﬁﬁ dt\%qe HEAREAL OF -

For exanpl e, voltage reference circult Ih stepped

vol t age gené‘?ﬁ‘l"&d"fw*( Eeltpge @bbetwosn abP‘EPrOe%‘é‘?hS apdidi2yobpaln omst ant i ati ons of

\{ggt alge r ef eﬁﬁaﬁmeﬁw%&s@%d&ayndxe?ﬂaﬂ@iwﬁedeﬂ %ﬁ&ﬁg%?l d bagdegener at or
n sone_e ment s reference circuit used to
i npl enent vt 2 d[ﬂéeg%yg‘? 8?@%’ t feémel@it TEmang 8¢ d’é‘??éF‘&P@ﬁ‘i"ﬁ?t%r ence

vol t ages R2 Varg tR® be providedint 4 wagiable abltage meference ditcinit, soGhat itteadraid @sltdgeash cel |
510, transi gﬁﬁgsh%g,ﬂ@ggyéggﬁs%cfdsource 530, which are all described above

with reference to escri bed above, flash cell 510, transistor

520, and currentTW%%@WWPISWéFP'&nﬂtwﬁn@e@ﬁa@@tor\‘i@()tcage
reference Cidceive b vBlMikehat & xhﬂﬁénuéiﬂ@ fi4<A RS ST TH M aif AR cﬁ%hé?st@r 5594 ce

foll ower arrangenment with cur nt source 640 providing a drain-to-source

current for “TPHILP apgpesipply b Teprmd e pdthe sovsge nofapki st or 650
and curr ent tramsistare 56 dconpied to prov1de the feedback voltage Vinmrer 0n node 554. In some

cmbodiments, transistor 550 is operaied in the sub-threshold region where the
transconductance (gm) of the transistor is proportional to the drain current. This operation
is in contrast to operation in the inversion saturation region where gy, is proportional to
the square-root of the drain current. In other words, in the sub-threshold region of
operation, the value of gy, is higher for a given drain current. The output impedance of
the source follower stage is equal to 1/gm of transistor 550, and may be adjusted by
choosing the size of source follower transistor 550 and the drain current provided by
current source 540. .

Current source 530 provides a current 1yt substantially equal to the threshold
voltage cutrent of flash cell 510. The operation of the feedback loop in combination with
current sourced by current source 530 forces the gate-to-source voltage of flash cell 510
to be substantially Vr, which may vary based on how flash cell 510 has been
programmed. The output voltage Ve is provided by the voltage on gate node 516,
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coupled to the first anplifier stage in a unity gain feedback
configuration. In sone enbodi nents, source follower transistor 650 is
operated in the sub-threshold region. The operation of voltage
reference ¥iOr20e7/078s890 is simlar to the operation of vBCTHFSIGEBEBence
circuit 500 (Figure 5) except that transistors 650 and 660 of the source
follower circuits are n:ehai nel devices rather than p-channel devices.
N-channel source-followers may be advant ageously used to pull up the output
node when the initial voltage is |ower than the nomnal voltage. Wth the
gate voltage fixed, the initial gate-to-source voltage of the source
follower transistor will be higher than its nom nal value and it can pul
up the output voltage very strongly to the noninal val ue. Figure 7

shows Vol t a0gbRlRLBRRRaY &l bSv:C WiHrbaifhidh AR b1l IR0 to bl blinteedl0py, 704

and 706 represent output ‘Ci CUItS 0 ge r erence circuits suc
vol t age ref eYrenBay &¢modified. 500 and 600 (Figures 5,6). Switches 710

correspond to W'Mis&%%ﬁoik%&?—cl%ﬂeﬁ:%hﬁﬁbﬂéb%bhédﬁ@&'%&ce%ﬁo%&i tpaga.deef erence

circuits to nodeé, Node, 450 is an _internmedi ate node that finictions as
the power sUBpIEHH 83y beadvantagsoptlk psed de BEH dpn heoubhtagde mrckistr e 4.
Transi st or 7Adiknithe initiabedltape BhSdhst han tHeabmipvelsgat Withithe g Osltage BRed, St or i n

out put buff en.t signal on de 413.i.s l.aw .t he line is
sel ect ed angﬁel= g‘@%ﬂ%}r;%ego—tgg%ﬁ}ggée © source fo C\V?Fﬁ?’e“?’e"\”@%@ &Df“b

out put st ageroniial valoé amfiit can ;pﬂlcdoamrthé otttplarvsltaeo'lerytsh'on@ﬁrlt@ﬂnembinympvdlﬁe down
the voltage on n ;gmlﬁ mg%

stages 704 and 78%%%%“ néict:% anne s%%ésngﬁg?{gfgs&{%gg%ﬁ%%‘lﬁ Eebtlgtofmg up the
vol tage on rfaggEuuent valus- cftdsg in some embogimentsp sensistass §%b@dv§é(0efedmwiwéy be
produced on debieed/MarbkhiBR sbstemBilly 1Ak biriopeydiing GRaracldhibiad) dnleBBdkhQr 720

Si gnal s ATD<I : 3> e closed in sequence tqQ provide a stepped voltage
wavef or m on "HIGE™ %ggy ?t?‘ér?gpg‘f‘g:F'?Omg‘i“?"t%JrarFé’m ga?en‘@ 385 tlHge on
node 450 is th@apinbckimmtb hEtrauaistirs 5% andi330 afeanatied) andfthd fwe I6a4d Qitleh® Shown i n

Figure 7 is Q&a&erd'lg el gsmesfst%g%?ﬁ?s&&eF'agcg%@%? .{i‘%%%l ev%mlfmg“fe 8

shows wavef drns correspon & opera & VR igure 7.
As shown in W!BBQWR ﬂ@tﬁ'ﬂﬁﬁd@ wHBge Vewser 0p npde 364, whigh i imewmRI , to 92,

and to 93. Qiﬁdtélﬂ &:Rta.l]to M&v&l@e%%@hhﬁl@eﬂ%?bt b\ﬁthttﬂc gaté'voiggé bf19 Step

2, they settle to
transistor 570’ held fix.ed by the closed loop configuration, transistor 570 may respond

very fast and may be able to pull down any voltage on output node 552 to the Vg
- voltage value without disrupting the operation of the feedback loop.

Figure 6 shows a voltage reference circuit. Voltage reference circuit 600 may be
utilized within a stepped voltage generator. For example, voltage reference circuit 600
may be included in stepped voltage generator 130 (Figures 1,4). Further, additional
instantiations of voltage reference circuit 600 may be included in stepped voltage
generator 130. In some embodiments, voltage reference circuit 600 is used to implement
voltage reference circuits 134 and 132 to generate reference voltages R2 and R3.

Voltage reference circuit 600 includes flash celt 510, transistor 520, and current
source 530, which are all described above with reference to Figure 5. As described
above, flash cell 510, transistor 520, and current source 530 together form an amplifier
stage. Voltage reference circuit 600 also includes transistor 650 coupled in a source
follower arrangement with current source 640 providing a drain-to-source current for
transistor 650. The source follower circuit of transistor 650 and current source 640 are
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during Step 3, they settle to R3. At or near each step, sensing of
multi-level cells can occur as described with respect to previous figures.
Figure 8 al so shows Vpx being pre-charged to R3 prior to being coupled to
t he wordl i W& 20078880, ATD3 i s asserted to pre-charge VBKT/USE6/¢48048920, node
450 is allowed to electrically float by opening swtches 710. Al so at 820,
node 450 is coupled to the wordline to all ow charge sharing between the
capaci tance on node 450 (Cvpx) and the capacitance on the wordline (Cw).
As a result of the charge sharing, the wordline is pulled up in voltage as
the pre-charged Vpx drops in voltage. . In sone enbodi nents, the
vol tage | evel s, capacitance values, and timng are adjusted to allow the
wordl ine to approach 111 from a hi gher voltage. For exanple, as shown in

Figure 8, thgunbefdse ﬁ&a&hﬂ%&esé@&iaqai%aﬁ%&dbéékwﬁﬁgmowﬁ:ﬂé&;ﬁ@ vol t age
&mre R prior to ATD1 being asserted. en ATDl 1s asserted, the voltage

reference ciembgfimentsssousss folloyeer pansjgton 650 43 gperated ipdhesebtwesholdregignry from a
hi gher vol tage r gthbeperkticofVdltdgeRéfetehe oMR0H BOMR sibifild fo tBE obpdr@tiBntbfl over

vol t age. I n,sonme .enbadinents, the voltage reference circuit that
sour cos R MELSGR TR SR agh CORIE Pk PReres TRl a et es AL Gt et
Qut put st agdoll@ericicuifsfardh-elinne ideyitds rather tHayw channelplavitesh @& ehmacltsbarce-

p- channel tr. ' r i I ent i ,
Bur i mg 5t ep O ey b8 b 8HRLEHsly Bl B o b 5 b ndte v IRBENValle . g
Step 3, ATD3slowenthen theqgntinal yoliage.c WRh theigate volagoubredl, ihgdnitialgatechosource

enmbodi Ment s .yl thd RlRe FllcReLRaRist: Wil bl Righf8han iR HoRRnd¢188 thdiBchav e
out put stages_simlar to output stages 704 and 706 (Figure 7). CQutput

stages 704 &Y updes ottt yoltqee verystrarely ta the peming vajue- part because t he
n- channel transi Fgute 7 shov@upliad réferefaidiRAitCttupRato £ (orllide.Cigkiak 7ppt ent i al .

Figure 9 sh a. flowhart i ccordance with vari,ous enbodi nents of the
present i nvgﬁ?ﬁa&ﬂ%‘)?ﬁ@%ﬁ?} 08%%{"#%%2‘{0 tﬁ%et'ﬁg"ﬁm@?)ﬁfc“bt?s ¥ VY18t hereof , is
per formed byefsreneneiropits 8200 a6 600 (Figirkes.6) rivotthexsti0sorespoinbieh 9@ Gpleserper f or ned
by a controly,gi Litogis ' | bf o @M em

Vet hod 900" 125 aft8ptherBf) JoBbiE Ble3nfikerbteihd ciclis @holls 860, WMASBIERET o

per f or mi ng trtermrdigttyepde that fupgtions g8 thepowenspply neds fos thegodecodsy oppuplaffeor med
in the orderhiesenEaed 4. GrantRir PR BREPHR Rt hat Ehikdals Y uppeLi-dfistor
Further, in_sone e di nent.s, -tﬁo actions listed, in Figuré 9 are omtted
from met hod ®egPut buffer 420. en the RA signal on node 413 is low, the wordline is selected
and is coupled to node 450.
Voltage reference circuit output stage 702 includes a p-channel transistor to
efficiently pull down the voltage on node 450 quickly, and voltage reference circuit
output stages 704 and 706 include n-channel transistors to efficiently pull up the voltage
on node 450 quickly. '
A stepped voltage waveform may be produced on the wordline by controlling
switches 710 and transistor 720. Signals ATD<1:3> may be closed in sequence to
provide a stepped voltage waveform on node 450, and when transistor 720 is turned on,
the voltage on node 450 is coupled to the wordline. The operation of the circuits shown -
in Figure 7 is described with reference to Figures 8 and 9.
Figure 8 shows waveforms corresponding to the operation of the circuits of Figure
7. As shown in Figure 8, Vpx on node 450 steps up in voltage from R1, to R2, and to R3.

During Step 1, Vpx (and the wordline) settle to R1; during Step 2, they settle to R2; and
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Met hod 900 is shown beginning with block 910 in which a power supply node
of a driver having an output node coupled to a wordline in a nenory is
pre-charged. In sone enbodi nents, this corresponds to an x-decoder power
supply nodWo#pHysgsse- char ged. For exanpl e, as shown i RCEU§2N06048043aN
x-decoder may have nultiple power supply nodes, where at |east one is used
to provide a power supply voltage to an output buffer coupled to a
wordl i ne. The power supply node may be pre-charged to a voltage val ue
corresponding to a wordline voltage used for a read operation, or the power
supply node may be pre-charged to a different voltage. At 920, the
power supply node is allowed to electrically float In some enbodi nents,
this corresponds to decoupling the power supply node from any circuit used
for the pre SfepCh 940 on to
share chargéﬁgg%meen %&@%Hggéfﬁiu%p y né%apﬂﬁ%ggﬁﬂ@hgg%¥éﬁﬂél or’%&anple
referring beRR"t% “@‘l?F‘éWZF fﬂP‘i‘-‘-‘\?E’rPrﬂ‘Q opsfigarese "t urned on" by asserting the

i nput si gnal on rrgige 8 biko sSHVCVPLBRSHBQ ed@l@eﬂrﬁﬂd & 1\4@%&%
"turning on' drété &Bﬁ word|i.ne is coupledto rlver power
suppl y node \‘/’\ﬁ’fpﬁﬁ S dsspertef typrerchiree x’s“lﬁ‘é\ﬁﬁ@%nﬂegﬁpé“ a,-llowed

t Lan5| st ﬁr RB@IebmcaﬂyﬂasatWeperﬁmvdfchés@nm mstgiut 820 nﬁ?bﬂ@ﬂ%&dﬂlaﬁt@ﬂﬁw des the
charge sharijp evvor lne. oi

wor di i ne and ﬁ p@v\erg&supgfy no ar e%‘f?ﬁﬁé‘“%%ﬁo‘{e%a&gwsﬂ%d%‘ﬁ t he
"wordline i m@m@#eﬁ%ﬁﬂﬂg&er@uhoﬂhecha&ge Béfing, thestailreds vol t age
vwavef ormi s pneyinsletdpa é)ﬂ% LOn a selected wordline.
The wordl i nelﬁlis sel ecte %Qh gm?%{ggéydﬁﬁgﬁt‘%gg%omr supply vol tage on

t he out put bufferhﬁﬁ‘rﬁ‘?/i”a mepds, Shesyoiiagp lovals, sepeciiznge vdnes sl tiokeg wer dl | ne.

At 950, cur radfiistd ithallow thie WoRlBlke t€ SiprsacRRE SRR RIRC Wthde. FosHbSHANLE al |y
constant cur ent ile_provjding the stepped voltage waveform At 960, data
representi n& ’I%V\fl 8 {he h@ ?T%Iaf‘f‘g %%f 0 p2Abrings fherveqidiine voltRgsrabPYRy now
3ac_k to Fi glRI@rfoxtm\AH'ﬂlllh&mﬁsﬁrte&c%amATBls&&paﬁ:dlm mebélmere\mﬁﬂfegirmuflgd
rain curre epd on the

pr ogr amed ?‘H‘csh rmﬁd"t%e:?oﬁrd%ranm s%ors&onfﬁgusg@“iﬁi ?ﬁ%@’ﬁ’i‘s are
conpar ed agéiuﬂ%%‘ﬁgfldhmﬁmﬁ‘)l%i Zomn stewsr vollageent s provi ded by mirror

transistors 142, pl&3ne @sbdifduts, Ak oL Lifcut et 4 b0 rmke
the conparison. Latches 144, 154, an 164 latch the sctﬁ%%egkg?ia%%pg 'ﬁ

cells in reSHERSBIARO QP sires702 (Figure R Oufpwt segeotP2 is efficient at pulling 10 shows
an el ect r onidowsyiatparmbethugcthe pEhaGR tdnbistoy Afdoapled BV RANiuRALS adwdrhe present
i nvention. IEI geknonic system 1000 includes processor 1010, nonvol atile
menory 1020, 'nenory 1025, digital circuit 1030, radio frequency (RE)
circuit 1040, an@uanzétm@sAIw(isa&mmmcelm&tmmﬁdimyaddmﬂngﬁt
processor adapired ;i &s@?&%?ﬂtﬁ@ﬂp}:ﬁg mewm%r%}mgeﬁn %Ené?'x @évgBZS For

exanpl e, processor M Cr opr ocessor
processor, ACHRERGERITHIL HAY SQFI“B? apd B3 IhPY@utput stages SER@M elltB51§taecﬁe704

represent ed ahxy’lfh_d @iee I Odlﬁﬂt'dﬁgescﬂfﬂaﬂdl%ﬁggﬁﬁﬁmt BERARA, iHipdh balause
assi stants, W r% ess | ocal area network interfaces, 'or any. otpher sult abl e
B erael et

system Non i$ GHPIGTED SppECeRmSRLRPT 8 bigherpqtsitish mat i on f or
syst em 1000. For Figuerthshews adlowohat inlaecoptaiios wtﬁﬁ)&@mﬁ&mbbahﬁnﬂ Q¥inee

fi t f t
settingsfo &39‘35'9’?. RrepRif 1o 3omE SR flnel TR 4o ool BB PR ot 1 ¢
nmenory 1020 P¥amamsry dexics: |hﬁﬂﬁaembdd@emmﬂm9pﬂmmmmﬂa}mcmei c files.
Still furt hefeuit) AN iMeRited SrlRIRaY ¢ @%teﬂ?'ﬂgtﬂ&@%(?ﬂ}ﬁﬂ%ﬁjted%% execut ed

by processor 1010. Nonvol atile nenory e an

embodi nent sPYE WWP@PWSWWEHWOWHBWW%@?O@HQWQWIEM) Many

ot her syst emethise @00 iy b parfeRi id Be BRIPpréschd00thSle pBFfm&A Tifforent
nonvol atil e nmenory 1020 nay be used in a desktop conputer, a network bridge

or router, or any other system w thout an antenna.
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Radi o frequency circuit 1040 conmuni cates with antennas 1050 and digital
circuit 1030. In sone enbodinents, RF circuit 1040 includes a physical
interface (PHY) corresponding to a comuni cations protocol. For exanple, R
circuit 10W9 2eH078888| ude nodul ators, denodul ators, ni x@CT/US200eEEICY

synt hesi zers, | ow noise anplifiers, power anplifiers, and the like. In sone
enbodi nents, RI circuit 1040 may include a heterodyne receiver, and in

ot her enbodi nents, RF circuit 1040 may include a direct conversion
receiver. In sonme enbodiments, RF circuit 1040 may include multiple
receivers: For exanple, in enbodinments with nmultiple antennas 1050, each
antenna may be coupled to a corresponding receiver. In operation, RF
circuit 1040 receives conmunications signals from ant ennas 1050, and

provi des si g&abs Pilﬁhﬁﬂ" RisbAk eftbb@itichts LORM actolls 180 in AeBlelo?: o 030 may
provi de si gna@?%g circuit 1040, whi ch operates o the 5| gna S and t hen
transmts th® 0<9nt ennas 1050. Digital circuit 1030 is coupled to
communi cat e W t h NEREPSmas sﬂ&mm@ aekingRvig iﬂ&&!d 91010 4lichlaboRRPRppiiREL BENE S,

di gi tal CII‘CUIt 130|ncl |rc "élﬂ\;‘? erformerrar

det ect i on/ cot ¥&8 vl’i“g’?nrﬂ B‘&M‘F@m"’@!r‘s?’*‘l@hﬂ"ﬂ% Inpl so in

sone enbodi mamegmbddxglenaj thISI qonas;ionds&&@n mcadﬁpbmrshplﬂ& hod¥beihgippé-t i on of a

nmedi a access, i.cations .proto In some
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and at varlo%fre uengi es. For_exa apted to
recei ve ting’ @FMWﬂW%W%B%@%Wﬁ fagiagpad @eraélewr@mmwrm pl e
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enbodi nent s, CERPEHITS dy ‘Frainggng thedrver theovarilineds  ant enna
such as a dmpqileﬂmnheednm spbwa-sﬁmﬂsrtnedemlséa&tcﬁim néhtfg. faRrheainl e, in

some enbodi @ 10 0 ude. ectional antenna

such as a par%%oh C d nna e\#ﬁ‘ ﬁf“é?‘iﬂ‘g‘ a‘F‘ﬂ'!h?tﬂr? "?efsta??et her

enmbodi nent s chafee @m&m@@gmvpn@djﬂi@wmcpmmmmb vandlime radthe For

exanple, in I upport
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mul tiple-input-nu MO proceéssing or spatial-division
mul tiple ac é%’??SDIVA) processi ng. Menory 1025 represents an article

that” incl udes a WRB4U, AgtepPRICRINLE: WRNERHA is Eﬁhdeaamﬂ{eq:oufé?%b}y nbaé and on
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At 950, currents in muiti-level cells are compared with a substantially constant

current while providing the stepped voltage waveform. At 960, data representing the

state of the multi-level cells is latched. Referring now back to Figure 1, wordline 118

receives a stepped voltage waveform, and drain currents in the multi-level cells 112, 114,

and 116 depend on the programmed V7 of the memory cel! transistors. These drain

currents are compared against substantially constant currents provided by mirror
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processor 1010. Menory 1025 may store instructions for performng the
execution of the various nethod enbodi nents of the present invention.

. In operation, processor 1010 reads instructions and data from either or
bot h of noW@Gdet078385 nenory 1020 and nenory 1025 and peP¢HESH0AEEM4dNs i n

11. 2ponse thereto. For exanple, processor 1010 may access instructions from
menory 1025 and programthreshold voltages within reference voltage
generators and reference current generators inside nonvolatile nmenory
1020. In sone enbodi nents, nonvolatile menory 1020 and nenory 1025 are
conbined into a single nmenory device. For exanple, nonvolatile nmenory 1020
and nenory 1025 may both be included in a single nonvolatile nenory device.
Al t hough the various el ements of system 1000 are shown separate in Figure

10, enbodi NRpksisEs 19b, tﬂzaﬁndq%ﬁbdna%eﬁée%mﬁhﬁ&y hk6, %56 anR 1 6F faPthe 1010,
nonvol atil e nmenor. ry 1025 and digital circuit 1030 in a single

neno
i nt egr at ed é’PF‘@ﬂF‘% gﬂvheéigﬁ’p]l 8, a"l‘f‘e‘ﬁﬁr“§’°11@25ta¥9r° #@W%&’P?@‘ﬁﬁ?ﬂ?‘&sei‘ozo may
be an i nt er ni scaEEniplifiet btiratiop) ocessor 1010 or may be a m croprogram

control store w in cessor1 S.one Eiﬁodl nts, theﬁxarl oug
el ements of syst § HEE crsé?tgwnﬁ‘é‘i‘,’ Y FPRRAANTS OF o o
circuit boarthe pmnbmhextme.nﬁbdm'ms)stem mommdwpmeémms, mheolaElpar at e

i nt egrated e Lti. dul e,
and P o ity 10, GEaBAr @ACRehA YELIE 030 HER Riudily frfubish TOU AP

i nt egr at ed @P?eéﬂﬁstwél‘?ePfOC&‘SDI‘m%@aY?p@lmm?ﬁmwmnedﬁptedmowbmeen processor
1010 and noﬂlﬁﬂﬁiﬂléﬁﬁeﬂ%ﬂpﬂﬂomﬁeinﬁrﬁgésaf’bﬂ éﬂ&nta?fe ﬁgcéggo{tlbﬁ)fﬁ%?ﬁ@gt

i nvention. Far exa a serla nterface

interface, &UFQPHC r’Fﬂigg?lfsé@élprﬂ?es%ﬂfya'ﬁt%“w*ﬁé%ﬁqwgface capabl e of
transferring conmaﬂplasyhtaﬁa&pﬁsmfédmymwm&ehw&mwm ersbRal0,

latil d St | t t
Vol tago. r ot SBALibisn uind 8 1R SR ety o & T B S5eon r of
circuits, amNbnyolhtie memyoyliRdnhay hn‘admbtedmlm&bmfommﬁbrmtenamobemﬁpl enent ed
in many mygxa&ﬂe,%ﬂ?ol@tﬁpﬂfyn Pgﬁ%l@ﬁe%mewﬁﬁ%?ﬁ%ﬁqﬁ rkucﬂ‘&se&)rugac\.e d

circuits. In sone enbodlnents escriptiro e varl ous
embodi ment s IPTRGEN YABDbAE RUKbETH Pmﬂmgéfqrﬁwnemmit h03Q an R ¢ieswittlR4Q. enabl e

desi gners t @uithé] siRolbiiR Rdntbre myﬁm&ﬁmﬂr&é&ttﬁ& SER bIRtoghiphs §¥aNPI €,
any of the disclgsed ﬁ%&ﬂ%ﬂ% SatiS meidry 1020 may hold program cods to be
executed by processor 1010. Nonvolatile memory 1020 may be any of the memory
embodiments described herein, including memory device 100 (Figure 1). Many other
systems uses for nonvolatile memory 1020 exist. For example, nonvolatile memory 1020
may be used in a desktop compliter, a network bridge or router, or any other system
without an antenna,

Radio frequency circuit 1040 communicates with antennas 1050 and digital
circuit 1030. In some embodiments, RF circuit 1040 includes a physical interface (PHY)
corresponding to a communications protocol. For example, RF circuit 1040 may include
modulators, demodulators, mixers, frequency synthesizers, low noise amplifiers, power
amplifiers, and the like. In some embodiments, RF circuit 1040 may include a
heterodyne receiver, and in other embodiments, RF circuit 1040 may include a direct
conversion receiver. In some embodiments, RF circuit 1040 may include multiple
receivers. For example, in embodiments with multiple antennas 1050, cach anterma may

be coupled to a corresponding receiver. In operation, RF circuit 1040 receives
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I npl emented in a synthesizabl e hardware desi gn | anguage, such as VHDL or
Verilog, and distributed to designers for inclusion in standard cell
designs, gate arrays, or the like. Likew se, any enbodi nent of the present
i nventi on ¥Ah2041/478%85e represented as a hard macro tar g@CEASRY6/Bd8843eci fi c
manuf acturi ng process. For exanple, nenory array 110 (Figure 1) can be
represented as pol ygons assigned to |ayers of an integrated circuit

Al t hough the present invention has been described in conjunction with
certain enbodi ments, it is to be undisibtood that nodifications and
variations may be resorted to without departing fromthe spirit and scopdof
the invention as those skilled in the art readily understan d. Such

nodi fications and variations are considered to be within the scope of the

i nventi on angbnimictipendeshiciah BitennaV1a30, hed ﬁb@iidﬁgaﬁ’%da&:to dibitalR1EE P30,

circuit conptising: . . . .a plurality of nenory cell transjstors having
progr anmabl e %Fﬁ#"é'sqigllt% ot %@8 ay provideygnalsdo B% \Airs¥f {QA0awhigh Apsratey.en |
transi st or s thawighals andyhétrieaéts dhidth ta efileanad 109gle; a wordline coupled to gate

2 sequence of vorpaiu BB i o LABBRNESE i proes BufiphdE" o1 0, 2T
of nenory ceditcyit 10k rlpisome embodjments,digitab cismifli®AR mchides/dichingds paf@embet ween
the progr a”%%c&&fcﬁmﬁje&o\ﬁ,oiﬁe@lg%g, coding/decoding, or the like. Also in some
erpbodiments, digital circuit 1030 may implement all or a portion of a media access
control (MAC) layer of a communications protocol. In some embodiments, a MAC layer
implementation may be distributed between processor 1010 and digital circuit 1030,
Radio frequency circuit 1040 may be adapted to receive and demodulate signals
of various formats and at various frequencies. For example, RF circuit 1040 may be
adapted to receive time domain multiple access (TDMA) signals, code domain multiple
access (CDMA) signals, global system for mobile communications (GSM) signals,
orthogonal frequency division multiplexing (OFDM) signals, multiple-input-multiple-
output (MIMO) signals, spatial-division niulﬁple access {(SDMA) signals, or any other
type of communications signals. The present invention is not limited in this regard.
Antennas 1050 may include one or more antennas. For example, antennas 1050
may include a singie directional antenna or an ommi-directional antenna. As used herein,
the term omni-directional antenna refers to any antenna having a substantially uniform
pattern in at least one plane. For example, in some embodiments, antennas 1050 may
include a single omni-directional antenna such as a dipole antenna, or a quarter wave
antenna. Also for example, in some embodiments, antennas 1050 may include a single
directional antenna such as a parabolic dish antenna or 2 Yagi antenna. In still further
embodiments,_ antennas 1050 may include multiple physical antennas. For example, in
some embadiments, multiple antennas are utilized to support multiple-input-multiple-
output (MIMO) processing or spatial-division multiple access (SDMA) processing.
Memory 1025 represents an article that includes a machine readable medium. For
example, memory 1025 represents a random access memory (RAM), dynamic random
access memory (DRAM), static random access memory (SRAM), read only memory
(ROM), flash memory, or any other type of article that includes a mediuwm readable by
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a plurality of sense anplifiers, wherein each sense anplifier is coupled to
a corresponding drain node of the plurality of nenory cell transistors;

a current mrror circuit coupled to each of the plurality of sense

anpl i fi er sWOROpHIREBEle a substantially constant current PEHUBHIGOEHAr ed
against currents flowing in the drain nodes of the nenory cell transistors
during the read cycle; a plurality of latches coupled to store data
when out put nodes of the plurality of sense anplifiers change state; and

a control circuit to control the application of the sequence of voltages on
the wordline, and to provide data to the plurality of latches. 2. The
menory circuit of claiml wherein the current mrror circuit conprises a

plurality current reference.circuits coupled in parallel. 3. The nmenory
circuit of C+1%bé§bc3' lb’ﬂ?rlﬁ'eﬂloﬁaﬂﬂs ?ﬁaytsﬂﬁ"e Rlitiiohd Pérfcﬁ-lﬁlfz{gQHé tﬁfn%i}@lﬁe
circuits include a transjstor having a progranmable thresho vol t age.

various method embodiments of the present mventmn
. In operation, processor 1010 reads instructions and data from either or both of
nonvolatite memory 1020 and memory 1025 and performs actions in response thereto.
For example, processor 1010 may access instructions from memory 1025 and program
threshold voltages within reference voltage generators and reference current generators
- inside nonvolatile memory 1020. In some embodiments, nonvolatile memory 1020 and
metﬁory 1025 are combined into a single memory device. For example, nonvolatile
memory 1020 and memory 1025 may both be included in a single nonvolatile memory
device.

Although the various elements of system 1000 are shown separate in Figure 10,
embodiments exist that combine the cixlcuitt'y of processor 1010, nonvolatile memory
1020, memory 1025 and digital circuit 1030 in a single integrated circuit. For example,
memory 1025 or nonvolatile memory 1620 may be an internal memory within processor
1010 or may be a microprogram control store within processor 1010. In some
embodiments, the various elements of system 1000 may be separately packaged and
mounted on a common circuit board. In other embodiments, the various eiements are
separate integrated circuit dice packaged together, such as in 2 multi-chip module, and in

. still further embodiments, various elements are on the same integrated circuit die.

The type of interconnection between processor 1010 and nonvolatile memory
1020 is not a limitation of the present invention. For example, bus 1015 may be a serial.
interface, a test interface, a parallel interface, or any other type of interface capable of
transferring command and status information between processor 1010, nonvolatile

' memory 1020, and memory 1025,

Step voltage generators, voltage references, flash celis, feedback circuits, x-
decoders, control circuits, and other embediments of the present invention can be
implemented in many ways. In some embodiments, they are implemented in.integrated
circuits. n some embodiments, design descriptions of the various embodiments of the
present invention are included in libraries that enable designers to include them in custom

or semi-custom designs. For example, any of the disclosed embodiments can be
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4. The menory circuit of claim1 further conprising a sanple and hol d
circuit coupled between the current mrror circuit and the plurality of
sense anplifiers. 5. The nmenory circuit of claim1 further conprising an
x- decoder WRRAWP78EE put circuits coupled to receive thBCHEGIBHMROS

vol tages on a power supply node. 6. The nenory circuit of claim5 wherein
the power supply node is coupled to electrically float prior to providing
t he sequence of voltages. 17

implemented in a synthesizable hardware design language, such as VHDL or Verilog,
and distributed to designers for inclusion in standard cell designs, gate arrays, or the like.
Likewise, any embodiment of the present invention can aiso be represented as a hard
macro targeted to a specific manufacturing process. For example, memory array 110
(Figure 1) can be represented as polygons assigned to layers of an integra_ted circuit,

Although the present invention has been described in conjunction with certain
embodiments, it is to be understood that modifications and variations may be resorted to
without departing from the spirit and scope of the invention as those skilled in the art
readily understand. Such modifications and variations are considered to be within the
scope of the invention and the appended claims. |
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7.The menory circuit of claim5 wherein the control circuit is coupled to
cause the power supply node to pre-charge and then to electrically float
prior to providing the sequence of voltages.

What is claimed is:

1. A memory circuit comprising:

a plurality of memory cell transistors having programmable threshold voltages,
each of the plurality of memory cell transistors having a gate node and a drain node;

a wordline coupled to gate nodes of the plurality of memory cell transistors;

a circuit to apply a sequence of voltages on the wordline during a read cycle of the
plurality of memory cells, wherein voltages in the sequence of voltages are between the
programmable threshold voltages;

a plurality of sense amplifiers, wherein each sense amplifier is coupled to a
corresponding drain node of the plurality of memory cell transistors;

a current mirror circuit coupled to each of the plurality of sense amplifiers to
provide a substantially constant current to be compared against currents flowing in the
drain nodes of the memory cell transistors during the read cycle;

a plurality of latches coupled to store data when output nodes of the plurality of
sense amplifiers change state; and

a control circuit to control the application of the sequence of voltages on the

wordline, and to provide data to the plurality of latches.

2. The memory circuit of claim 1 wherein the cwrent mirror circuit comprises a

plurality current reference circuits coupled in parallel.

3. The memory ctrcuit of claim 2 wherein each of the phurality of current reference

circuits include a transistor having a programmable threshold voltage.

4. The memory circuit of claim 1 further comprising a sample and hold circuit

coupled between the current mirror circuit and the plurality of sense amplifiers.

5. The memory circuit of claim 1 further comprising an x-decoder having output

circuits coupled to receive the sequence of voltages on a power supply node.

6. The memory circuit of claim 5 wherein the power supply node is coupled to

electrically float prior to providing the sequence of voltages.
17




7. The memory circuit of claim 5 wherein the control circuit is coupled to cause the
power supply node to pre-charge and then to electrically float prior to providing the

sequence of voltages.
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