WO 02/ 095761 PCT/ USO02/ 21653 Apparatus And Method For A Menory Storage Cell
Leakage Cancellation Scheme FIELD OF INVENTION 5 [0001] The field of

i nvent i orwoekabEs1 t o sem conduct or nmenory technol ogy genecalusp?2sssl nore
specifically, to an apparatus and nethod for a nenory storage cell |eakage
cancel l ati on schene. Background 10 [0002] Figure 1 shows a i)l’l or art
Random Acc dsppavetusy And Niethod &lor A1M9m0m§torpgeg?ellakqakngquaacre lathon of Fi gure
1 includes a plurality of "N' storage cells S, through SN (each of which
may correspond to static RAM (SRAMSeheme). Each of the storage cells S,
through SN stores a bit of data. Data is read froma particular storage
cell by activating its corresponding word line (W) (e.g., W/ (err) for
storage 15 cell S1, W2 for S2, etc.). During a typical storage cell read
oper at i onFIELE: OF INVENRON 101, 102 are pre-charged to a "high" voltage.
[0003] The word line of the storage cell to be read (e.g., word line W,
for sterage cell Si) is activated (e.g., with a "high" voltage) while the

wor d | i negodoay Thdeld lof MetidhOreldtds foase| mm@memirywﬂmo@gy word |ines W2
t hrough WLN for storage 20 cells S2 through SN, respectively) are

deacti vat ?é’nérﬁll;@ andWhdrd s@ec.h@wy toQdr &fRkatus HRG Metisy RE binvethégn of the word
line for the storage cell to be read (e.g., word line W/ (err) for storage

cell Si), s{opg\geségr@%g@egalncggt,g@sag@ﬁle drives one of the bit lines to a
"l ow' voltage. [0004] "For exanple, if the data stored in storage cell S,

Sglr [ gzgo\rll\ﬁlsl go%a%k"g;lgundZ?Oit ?gﬁg?ngegl S, drives bit line 102 to a "Il ow

10  [0002] Figure 1 shows a prior art Random Access Memory (RAM) cell 100. The
prior art RAM cell 100 of Figure 1 includes a plurality of “N” storage cells S4
through Sy (each of which may correspond to static RAM (SRAM) cells). Each of
the storage cells S, through Sy stores a bit of data. Data is read from a particular
storage cell by activating its corresponding word line (WL) (e.g., WL, for storage

15 cell Sy, WL, for S, etc.). During a typical storage cell read operation, the bit lines
101, 102 are pre-charged to a “high” voltage.
[0003] The word line of the storage cell to be read (e.g., word line WL, for storage
cell S4) is activated (e.g., with a “high” voltage) while the word lines for the
remaining “un read” storage cells (e.g., word lines WL, through WL\ for storage

20 cells S, through Sy, respectively) are deactivated (e.g., with a “low” voltage).
Upon the activation of the word line for the storage cell to be read (e.g., word line
WL, for storage cell S4), the storage cell to be read drives one of the bit lines to a
“low” voltage.
[0004] For example, if the data stored in storage cell S; corresponds to a “1”,

25 storage cell S drives bit line 102 to a “low” voltage while bit line 101 remains at

1



1 WD 02/ 095761 PCT/ US02/ 21653 the pre-charged "high" voltage. By contrast,
if the data stored in storage cell S, corresponds to a "0", storage cell
S, driveswbiok/obizae 101 to a "l ow' voltage while bit |inerPt@ASYDEBENS at
the pre-charged "high" voltage. Figure 1 shows an exanple of the l|ater
case (i.e., storage cell S, has a "0" stored) because drive current Isc is
5 obser vethelreemhadyedvbight vatagei Byl dontagtoif thedale staseincpragsrel! $9005]
Because the voltages on the bit lines 101, 102 during a storage cell read
are di f f ecamdsppndetq a tdiestocdgeanptl Sheirines bit tite 10 hte at'lowr’ voliageayeilepkit ng | ow) ,
a differential signal may be said to exist on the bit lines 101, 102. The
di f f er ent iimd 10Ziegaihs pt theiptedhanged Hegitsi volthgeeBigutel ] shogs angxdoplexqir essed
as: 10 Signal = V1-V2 Egn.1 where V1 is the voltage on bit line 101 and V2

i s the volHeagereasdiite.,storagd 0@1 SNadsa "0’ stdretNisecacseidiivécigherd st isow vol t ages
on the bit lines may vary from enbodi mrent to enbodinent. Furthernore, note

that the gpeaied béiRg ddivéh aoermEineetomegstdfhgardl SY2, the greater the
differential signal observed on the bit lines 101, 102. 15 [0006] Storage

cel | | eakfusBYcAiREIRe H)tdgas bAABE bit Indd1E0RMOR[UAG alstorage tell @lads t he
differentral voltage to develop on the bit lines 101, 102 during a bit cell

read.  As aigRereht .es,l%%%ﬁfz @B&hghigfhntrféfotﬁé}%ﬁé@é 66hb IdPQamay be adversely
d By tﬁe S ? | ea

af fecte orage ce age. The rate at which the differenti al

| i S : i ; | jit h
vol tage la\f@rﬁgﬁgagg%néfyg%gggé&eﬂéﬁﬁ Ak éﬁl g@@@)\@/?&c&e Thel @fiétentidit hout

storage ce _ _ expresse _ t = Isc/(Cb + 2Cc) Eqn. 2
the - capadraievigty SRERE bRERERIY B8Ry B ol o T he amount
of drijye Signal = V1-V2 Eqn.1
where V1 is the voltage on bit line 101 and V2 is the voltage on bit line 102. Note
that the actual high and low voltages on the bit lines may vary from embodiment to
embodiment. Furthermore, note that the greater the difference between V1 and
V2, the greater the differential signal observed on the bit lines 101, 102.
15 [0006] Storage cell leakage may cause an increase in the amount of time it takes
the differential voltage to develop on the bit lines 101, 102 during a bit cell read.
As such, the speed of operation of the RAM cell 100 may be adversely affected by
the storage cell leakage. The rate at which the differential voltage is created
during the course of a storage cell read, without storage cell leakage, may be
20 expressed as:
Dv/Dt = Isc/(Cb + 2Cc) Egn. 2
where: 1) Cb is the capacitance of the bit line being pulled down; 2) Ccis the
capacitance between the bit lines 101, 102; and 3) Isc is the amount of drive

current pulled by a storage cell being read from.



current pulled by a storage cell being read from 2 W 02/095761

PCT/ US02/ 21653 [0007] From Equation 2, it is apparent that the rate at
whi ch t hewdiokheszenti al voltage is created increases as | SECTUSIBEZSES.
Storage cell |eakage has the effect of the reducing the Isc termin
Equation 2 and, as such, reduces the rate at which the differential

vol t age i souompequ&t@na@ameppare@tatkagbe ratetahwhichribie diffgresttiabvaltageage 5
cell, that is not being read from to pull current froma bit line. As the
number of is created ganiéasesldsdst imateapes.| Stocageacsl leakagertasfthe affedtof the gh" bi t
i ne increases, the inpact on the rate at which the differential voltage
wor sens. [éldBpgAhevtscsernt asEquatiod i2t araln as suetx eegibdeitieelrate aFwhich ¢hel .
Specifically, during a read of storage cell S, which pulls current Isc
from t he bmerdntitl Vdltage 1Ddreatedc IStorhge bell lehRageeiseha tengehkbylofs stoege cel | s
(i.e., storage cells S2 through SN) pull |eakage current IL fromthe high

bit lige &QEthaEas:hotlmJdem,e@buu turferiiolhe bhiigd b thd hurabdrQst wi | |
cause a drop in the high bit Iine 102 voltage. As such, N1 | eakage

currents kinrehtiopeiishBatdlihedage lcufentlifom (s nige itiliRe Hcﬁwséslthecor responds
to a worst case voltage drop on the high bit line 102. 15 [0009] From t he

perspect i Yok oh e pytéfa?\rvﬁ,ehlt@ dmeflehﬁa%h ?é‘@o%‘éﬁ@m i shed between the pair
of bit I|nes 101 and 102, as the high bit Tine 102 voltage drops fromthe

N1 | eak\{;\lnmho(ér dércaHe cotn'aﬁloﬁfé(%gém;ﬂlffle@frpplﬁhfég1 t BBedifMiP] duringe 101

vol t age Ive current Cc 1S reduCed. This cor responds to a
d
decr 2222 *&d‘%tﬁa{a@ RS, i PRl B R 1o e e ST ol e

vl G R oo P SO bR L 2,5,
a stor age ILCf?olnlw tr{eer?lgh b}ltmllng 102. Each leakage current I, from the high bit line 102 will
cause a drop in the high bit line 102 voltage. As such, N-1 leakage currents I,
from the high bit line 102 (as seen in Figure 1) corresponds to a worst case
voltage drop on the high bit line 102.
15 [0009] From the perspective of the differential voltage being established between
the pair of bit lines 101 and 102, as the high bit line 102 voltage drops from the
N-1 leakage currents |, the effect of dropping the low bit line 101 voltage with the
drive current Isc is reduced. This corresponds to a decrease in the differential
signal voltage which corresponds to a decrease in the rate at which the differential
20  signal voltage is developed.
[0010] That is, for the worst case condition shown in Figure 1, the rate at which
the differential voltage is created during the course of a storage cell read, with

storage cell leakage, may be expressed as:

Dv/Dt = (Isc-(N-1)I)/(Cb + 2Cc) Egn. 3



storage cell |eakage, may be expressed as: Dv/Dt = (Isc-(N-1)I(err))/(Cb +
2Cc) Eqn. 3 3 WO 02/095761 PCT/US02/21653 where: 1) Cb is the capacitance
of the biwoloengs7bei ng pul | ed down; 2) Cc is the capacitamrce/user/ssen the
bit lines 101, 102; 3) Isc is the amount of drive current pulled by a
storage cell being read from and 4) (N-1)IL is the total anmount of

| eakage cwheent) Opiigihemabheithnte ofithettit Imedteirg pulledown02) Cass Been i n
Equation 3, the 5 | eakage current term (N-1)IL subtracts fromthe drive
current teggaclasce dtiveen e pieiieendd, 1@2; 3) thedp thenambentroditeveacuvgritch t he
differential voltage is devel oped. As discussed, this corresponds to a

drop in_tpgiesnsesstefadeseliRamgoehd fibfl) anBR) B 1PESGRE Fta@Nh Mt BRAW NGS 10
[ 0011] The present invention is illustrated by way of exanple, and not

li mi tatiopakhdh cirféht beBid RAedfroffe ARPINIMRYIO2Y Al seainigEquationh8 ahel i ke
references indicate simlar elenents and in which: [0012] Figure 1 shows a

prior ?rtkelgﬁ%f%r}ent[t&m@]-1ﬂ gitsteacts HHAUSe afveeolesthit teniisof This | nproved RAM

cell. 15 [0012] Figure 3 shows an enbodi nent of control |ine signaling that

may be usgg.re%pggqgrdj?zﬂP&ﬁnﬁﬁé’@t@aﬁ%ﬁi&ﬁ% &ﬁéﬂenﬂélt\)&tﬁ%é Reddverpey eAsRAM cel |

of Figure igure 4 shows anot her enbodi ne of an i nproved RAM

i1 | i nosOBRrEEe RS IehPPYs R e BeRd o e e “Gual |

bit Iines uced differential signal quality

descri bed above, iRt [ 2 shows an enbodi nent 200 of
SRS ebrivases 2 | 3

i mproved RAM c¢ e |eakage current. Figure 3
shows an enbodi nent of control signaling that nay be

10 [0011] The present invention is illustrated by way of example, and not limitation, in
the figures of the accompanying drawings in which like references indicate similar
elements and in which:

[0012] Figure 1 shows a prior art RAM cell.
[0013] Figure 2 shows an embodiment of an improved RAM cell.

15 [0014]Figure 3 shows an embodiment of control line signaling that may be used

to read data from a storage cell within the improved RAM cell of Figure 2.
[0015] Figure 4 shows another embodiment of an improved RAM cell.
DETAILED DESCRIPTION

[0016] Providing cancellation current on the bit lines effectively nullifies the

20 reduced differential signal quality described above in the background. Figure 2
shows an embodiment 200 of an improved RAM cell that effectively cancels the
leakage current. Figure 3 shows an embodiment of control signaling that may be
used to read the from a storage cell within the improved RAM cell 200 of Figure 2.
[0017] Referring to Figures 2 and 3, the read operation of a storage cell may be

25  viewed as occurring in phases. A first phase (e.g., between times TO and T1 of

4



used to read the froma storage cell wthin the inproved RAM cell 200 of
Figure 2. [0017] Referring to Figures 2 and 3, the read operation of a

st orage cweblo2ierebe 25 viewed as occurring in phases. A fipcstusphizses (e. g.,
between times TO and T1 of 4 WO 02/095761 PCT/ US02/21653 Figure 3)

equal i zes and precharges the bit |lines 201, 202. A second phase (e.qg.,

bet ween t Figase J)lequatizelaraf prEciarges Bie kibjnes X0ta2@3. yA saseul phasgdedf.f ect of
any |eakage current that may exist on the bit lines 201, 202 by providing
a | eakagebetsigppltiynesuft amt T2 bl Figlite23)appeadhateiyt cancels tho effect@amndi vi dual | y.
A third phase (e.g., 5 between tines T2 and T3) maintians the | eakage

suppl y curearagecirtantithat mdy2exigtionghe bi¢ linds 201,202 9y20dviding2 lealagequal i zed
again. A fourth phase (e.g., between times T3 and T4) reads data froma
storage cglpply EQOdfIALS bri sactpbittire 261, Q02 iruickeatly. A ties ph&sea(edg. T1 i n Figure
3) equalizes and precharges the bit lines 201, 202. The bit lines 201, 202

are eqsal pe@teRtinidd T2 &gy T3Ombihasd Hiedsakdge dapply rcansntstiar I {whilestheur ned on
by driving the equalize line 203, 303 low. Turning transistor & on

ef fecti vephy if6£86£202 apdefbalzb Ghih. REfoVREPhEES (Y.t betWerASinRRIL3 202 whi ch
causes the bit lines 201, 202 to have an approximately equal voltage. This

activity TQ?Béa%E%!éfaeﬁorﬁ% s’—.}éragglégh_i zing the bit lines 201, 202. [0019]
Equalizing the' bit I'itnes 201, 202 helps to effectively "clear"” the RAM cel |

Fai T AT A PR SRLLARTIN otetiagge T, v
e BT e Tinif MU R s,
fﬁgnggn\s/gfrfia%%f);m,qrgggaij‘j%tﬁéQéil? tlﬁp%gé\ﬁ %%E 'Egy;eér%‘ a?eso p?%-’gﬁgr ged when
low. Turning transistor Q5 on effectively creates a short circuit between the bit
lines 201, 202 which causes the bit lines 201, 202 to have an approximately equal
voltage. This activity may be referred to as equalizing the bit lines 201, 202.
[0019] Equalizing the bit lines 201, 202 helps to effectively “clear” the RAM cell
15 200 of a prior storage cell reading. For example if a storage cell was read from
prior to time TO in Figure 3, the bit lines 201, 202 may still maintain the differential
voltage from the reading. That is, one bit line may be at a low voltage while
another bit line may be at a high voltage. Driving the equalize line 203 low allows
the bit lines 201, 202 to reach a common voltage.
20  [0020] The bit lines 201, 202 are also pre-charged when the sense line 204, 304 is
driven low. In the embodiment of Figure 2, pre-charging the bit lines 201, 202
corresponds to bringing both the bit lines 201, 202 to a high voltage. During a
subsequent read from a storage cell (e.g., between times T3 and T4 of Figure 4),

the storage cell being read from pulls one of the pre-charged bit lines to a low

25 voltage.



driven low. In the enbodi nent of Figure 2, pre-charging the bit |ines 201,
202 corresponds to bringing both the bit lines 201, 202 to a high voltage.
During a weuwbseqeent read froma storage cell (e.g., betweemushessr3 and
T4 of Figure 4), the storage cell being read frompulls one of the
pre-charged bit Iines to a | ow 25 voltage. 5 WO 02/ 095761 PCT/ US02/ 21653
[0021] | n[00R4] e empediment offiguiec?, he P'%lé”fﬁi 207, A2 grepre-changedh e
pre-charged by turning transistors QL and Q2 on. Transistor's QL and Q2
are tur nelrng fransisters @itsodiQrean. bransistals bang Qdrarg ityiged RB i¥ese 1ine | ow
204, 304. Note that, in the particular enbodi nent of Figure 2, the gate
and dr ai nembédigwohobifigureahby diiving thgisemseatide Qv Aed; 30¢. 'Notihabdn thgy a
transistor. That is, transistor B shorts the drain and gate of transistor
QL and t r particganemiudisieot ofsFigire 2 the gataaddgisries of eaohafdlagsistors 1. Shorti ng
the gate and drain of each of transistors QL and @ configures these

t ransi 5t oasd QR2,m&Rbasshartedclhy & frahsistdr. TIO@AL]trafkistori@3 shbrisuhegraime sense
line 204, 304 low turns on transistors @B and Q4 10 which, in turn,
respect i vehqy gatealitraasistoa Qs atdotrans@toraddl sii@tsthe aicain \aed Igatedsf. trafsistorsour ce to
drain voltage VSD of an active | oad nmay be approxi mted as: VSD - VSG - VT
+ (1 (err)QB) (SHort)ngEtle gate avkbdrain of)eaWBGf trangisterss@uane Q2ocapdigeresol t age; 2) VT
is the threshold voltage; 3) I(err) is the source to drain current; and 3)

B i s the {heaa®anAsisived @nca2 asain sotiae loaglource to 15 drain currents | Sp, note
that the source to drain voltage VSD approaches VI. As such, in the

enbodi mentooeb) AW, @riding thesdhse-inb208e30Plohamswn riididirs 43 aesQa01, 202
may typically correspond to a voltage near Vcc-VT. Figure 3 shows an
%i”&ﬁ@r YwRIcR; a9 R pBLtively érableVitdnsiidls (@r add@2\eel dcteeioddd. PRebi t i ne
source to drain voltage Vsp of an active load may be approximated as:
Vsp = Vsg = V1 + (Iso/B)’° Eqn. 4
where: 1) Vsg is the source to gate voltage; 2) V7 is the threshold voltage; 3) Isp is
the source to drain current, and 3) B is the transconductance. For small source to
15  drain currents lsp, note that the source to drain voltage Vsp approaches Vr. As
such, in the embodiment of Figure 2, the pre-charge voltage on the bit lines 201,
202 may typically correspond to a voltage near Vcec-Vr. Figure 3 shows an
exemplary pre-charged bit line level 310 for the voltage 301 on bit line 201 of
Figure 2.
20 [0023]In an alternate embodiment (in order to speed the rate at which the bit lines
are pre-charged), the gate voltages of Q1 and Q2 may be forcibly driven low while
transistors Q3 and Q4 are kept off during the first phase between times TO and
T1. For example,between times TO and T1, the sense voltage may be placed at a

high voltage (which turns off transistors Q3 and Q4) and the gate voltages of

25 transistors Q1 and Q2 may be grounded.
6



Figure 2. 20 [0023] In an alternate enbodinent (in order to speed the rate
at which the bit lines are pre-charged), the gate voltages of QL and @
may be fowoioklys7eri ven |ow while transistors B and 4 areThspr2whs duri ng
the first phase between tinmes TO and T1. For exanpl e, between tines TO and
T1, the sense voltage may be placed at a high voltage (which turns off

t ransi st ol0924BThis alacay transistorsQ g and QdntEafigh ewrept, quiif state whishQr and Q@
may be grounded. 6 WD 02/095761 PCT/ US02/21653 [0024] This_pl aces

transi st oalipv@ithamdodrive thescanaciancewassesiatedsyithiit ingsa20d, dhl1.chhisal | ows t hem
to drive the capacitance associated with bit lines 201, 201. This all ows
the bit | allmvs2tbe bitdioe 204] 20%yeaitages iparweath thRsipre-pharge Nakage fastef age f ast er
than a pure active |oad. As such, referring to Figure 3, the sense |ine 204
vol tage ®haBGpurayacties load. dssuehireitimngio:Figyrea the stngh line@l4 vbikags bet ween
times TO and T1; and 2) switched to a low logic level at time Tl. [0025]
The egiial B@htiayrbeh et eavecembodimeniTd) ahal high logiy lexkebletyeer times T&tard Thecause

t he establishment of equal pre-charge voltages on the bit Iines 201, 202

i S not neard2pswitdhetiweanow iogisleVe® aticheTll. That is, the act of pre-charging
the bit 10 lines 201, 202 effectively clears themof their nost recent

st orage cpioR5] Fafequalizatiomedetween timeaMotand!T iahbpaisatbe etintioatedrent ,
transistors @B and Q4 may be replaced with transm ssion gates to protect

agai nst | pa¢diisk thé BstaBEhmet08f aqlal p@eshargdvbltagRs nsé bit liged 201,202 paral | el
coupling of an NMOS transistor and a PMOS transistor such that when one is

"on", bot i Rk Recdd¥anBetwebe imes e 0ighd f fThA @, thes@ of pre-ciefrging thd)BiR6] Duri ng
a second phase (e.g., between tines T1 and T2 in Figure 3) the
10 lines 201, 202 effectively clears them of their most recent storage cell read
information. In another alternate embodiment, transistors Q3 and Q4 may be
replaced with transmission gates to protect against low bit line 201, 202 voltages.
A transmission gate is a parallel coupling of an NMOS transistor and a PMOS
transistor such that when one is “on”, both are “on” and when one is “off’ both are
15 “off’.
[0026] During a second phase (e.g., between times T1 and T2 in Figure 3) the
effect of any leakage current that may exist on the bit lines 201, 202 is
approximately canceled by providing a leakage supply current I 1, l.2 on each bit
line 201, 202 individually. This is accomplished by deactivating the equalization
20 between the bit lines 201, 202. In the embodiment of Figure 2, deactivating the
equalization between the bit lines 201, 202 is accomplished by turning off
transistor Q5 which, in turn, is accomplished by driving the equalization line 203,
303 high.
[0027] With the equalization deactivated, the bit lines 201, 202 are isolated from

25 one another. As such, transistors Q1 and Q2 individually supply the leakage
7



effect of any | eakage current that may exist on the bit lines 201, 202 is
approxi mately cancel ed by providing a | eakage supply current I1L1, IL2 on
each bit wbhim@zel, 202 individually. This is acconpli sheechywsdzamss vati ng
t he equalization 20 between the bit |ines 201, 202. In the enbodi nent of
Figure 2, deactivating the -equalization between the bit |ines 201, 202 is
acconpl i s yhatimay edstemitheif repRertiMeEdtt I19S WA c#02. i thatif: fransistoa&Jonpl i shed
by driving the equalization |ine 203, 303 high. [0027]Wth the

equal i zat PEwidgs acaurieat kdwhichesupplies anydeakage cugntsdhat flovoiremdit infom 25 one
another. As such, transistors QL and Q individually supply the |eakage 7
WD 02/ 095261 (sech/agsevage #8aentdu) r éransistritQprpvieRs @tCUUﬁnF lgewhlches pective bit
lines 201, 202. That is, transistor QL provides a current ILi which

suppl i es supplice akpigakage cemerys thead flowifrom bit time 202 (suches kakage guiients | eakage
current ILa). Transistor 2 provides a current |IL2 which supplies any

| eakag® clgyents that flow frombit |line 202 (such as | eakage current 5

I Lb) [0028] If X storage cells in the RAMcell 200 leak frombit Iine 201
and Y st o[0028]if Xedtdbrage pelldie tRARADEEE! ZIMleble ikmfhitdime@0t dndne sddge t hen
(assuming for sinplicity each |eakage into a storage cell corresponds to

the same a@RUAtheRANEEHIZDD 164K fremitbit ling 20| ther (28sundmglfar Isinplicity achAs
di scussed in nore detail below individually supplying 10 the | eakage

currents fé@k@@éﬁhﬁtcbéatstdrég@cea%rfe%ﬁamdsa@ph@sémafaﬂidﬂ_ncméﬁta@etdweht gjfect on
the differential signal established between the bit |ines 201, 202 during a

AN SR R -l e S L T
does REt GRUBAKkddeZurentéSoh A bif e AL 903 CappRiirhstely cancels their effect
on the differential signal established between the bit lines 201, 202 during a read
operation of a storage cell.
[0029] Note that, in light of Equation 4, the source to gate voltages of transistors
Q1 and Q2 may differ if 1 does not equal l.2. Given that the gate to source
15 voltages of transistors Q1 and Q2 may differ if Iy does not equal I 2, note that
(again in light of Equation 4) the voltage on the bit lines 201, 202 may differ as a
consequence. That s, as an active load is configured to have Vsg = Vsp, a
difference in source to gate voltage corresponds to a difference in source to drain
voltage. This will result in different voltages as between the pair of bit lines 201,
20 202
[0030] During a third phase (e.g., between times T2 and T3 of Figure 3) the bit
lines 201, 202 are equalized while the leakage supply currents I 4, li 2 are
maintained. The equalization to the RAM cell 200 (which is accomplished in the
embodiments of Figures 2 and 3 by dropping the voltage on the equalize line 203,

25 303 to a low voltage) “fixes” the difference in voltage, as between the pair of bit
8



15 voltages of transistors QL and @2 may differ if IL, does not equal 1L2,
note that (again in |ight of Equation 4) the voltage on the bit |ines 201,
202 may dwbDfoe9zrsl1 a consequence. That is, as an active | @ad/uiss2/ewss i gur ed
to have VSG = VSD, a difference in source to gate voltage corresponds to a
difference in source to drain voltage. This will result in different

vol t ages HnresoZiw@e?d, thatanpadeveidp as 8 resulfef separatelpsuppiying thed30] During a
third phase (e.g., between times T2 and T3 of Figure 3) the bit |ines 201,
202 are eqorsgésppedingtedkage arrentakagivskdgssribecabovents 1L1, L2 are

mai nt ai ned. The equalization to the RAM cell 200 (which is acconplished in
the enbofi03dAssath, Bhauld eslifferemat i Voltagh dexsilamgon the bitdineag@1o0202. he equal i ze
line 203, 25 303 to a |low voltage) "fixes" the difference in voltage, as
bet ween t tre quaiatizatfonbwill for& WO HXAING 2B 620PEITAgEe v Bd 8pRroxiniately egoal, 202,

that may develop as a result of separately supplying their corresponding

| eakage cUhe eakagd aspply stirretds 64 i |pedle also\nagintajr@ddl] turvingstrarisisteisdd d a
difference in voltage develop on the bit |ines 201, 202, the equalization

wi |l forceand o dff (wHidhie a26dmplahad wotheagesodiraete odpjyuces raneéBypyequal . 5 The
| eakage supply currents IL1, 1L2 are also maintained by turning transistors

@B and ArHdikg (MhderiBeilife 20880 toheigh valtddas Tomirg ofemamsiibrskyanes 2 and 3
by raising t%e sense line 204, 304 to a high voltage). Turning off

transi st oty rehhoRBslthe@hortaifeie that BRis@itwedH §atdiahd isbalce@trahsistoss @@en gat e
and source of transistors QL and 2. 10 [0032] However, due to the

presence gfqeppacitors Cl and C2, the |eakage supply currents ILI, IL2
(that respectively run through transistors QL and @) remain substantially

unchangedog3) SHtBver! fi% (oA PRRAEPBI Yapakitérs T SarltP 2 Nfie Stikdgé Quply

currents Iy, IL2 (that respectively run through transistors Q1 and Q2) remain
substantially unchanged. As such, the leakage supply currents may be said to be
“maintained”. Recall that a difference in bit line 201, 202 voltage may develop as
a result of separately supplying the leakage currents for each bit line (between

15 times T1 and T2 as seen in Figure 3). As discussed, the gate voltages for Q1 and
Q2 may differ as a consequence.
[0033] During the generation of the leakage supply currents I 4, l., (between times
T1 and T2 as seen in Figure 3) the voltage on capacitors C1, C2 will respectively
“ramp up” to the voltage on their respective bit line (because of the short circuit

20 established by transistors Q3 and Q4). That is, capacitor C1 ramps up to the
voltage maintained on bit line 201 and capacitor C2 ramps up to the voltage
maintained on bit line 202. Again, this is consistent with Vsp = Vsg for each
transistor Q1 and Q2 when transistors Q3 and Q4 are on.
[0034] When transistors Q3 and Q4 are turned off (between times T2 and T3 as

25  seen in Figure 3), both capacitors C1, C2 “hold onto” their voltage. As such, the
9



"mai ntai ned". Recall that a difference in bit line 201, 202 voltage may
develop as a result of separately supplying the | eakage currents for each
bit |ine woamesznl 15 tinmes Tl and T2 as seen in Figure 3) PCAOISdY/swEsSEd,
the gate voltages for QL and @@ may differ as a consequence. [0033] During
the generation of the | eakage supply currents ILI, IL2 (between tines T1
and T2 aslegkage $uppli gurrentsi, thheondnuetgdedqengmied froor teansistorsR hang
respectively "ranmp up" to the voltage on their respective bit line
(because QR resmectivelyt Thisraotresp@visds thedlepkageosuppiv suaiesisl olie beRgand Q4) .
That is, capacitor Cl ranps up to the voltage maintained on bit |ine 201
and capacfimaintat2d’ aspscugsedoatidve. Véhardoansistari Q@ sitaeedam (abtseen ive 202.
Again, this is consistent with VSD = VSG for each transistor QL and @
when tr anBigste8 betiearttngdTAared ©8) bif I0@3401VRehbegints bsequaliz€3. Aftér Q4 ar e
turned off (between tines T2 and T3 as 25 seen in Figure 3), both

capaci § or g stehdyGeaté ioledclosd, tfie bihknes 2001, 262 bavehaprokimatelpequél Valla@®/ 095761
PCT/ US02/ 21653 | eakage supply currents IL,, |IL2 continue to be generated
f rom tr angh@ ey IeakdyeasippZureact 1,y edbntinuého be genemsqabiors ttamsistoes | eakage
supply currents IL,, IL2 being "naintained" as discussed above. \Wen
transi st o1Gnd @2 Feypeetvedn (as seen in Figure 3 between tinmes T2 and T3)
bit lines 201, 202 begin to be equalized. After 5 a steady state is

reached, fgu3sPinta folAR phadklie. ¢ OBethRYER titidBMRdrdat £hy sestiinl Fiy@ei®nape and the
| eakage supply currents IL,, |IL2 continue to be generated fromtransistors

QL and QZdét%ﬁ@?gédfvcﬁﬁx-pa[rg%%ﬂsﬁderaggcémw &&hﬁ‘ﬁc?rdéﬁtogead BRI o Frohi mes T3

and T4 as seen I n Flgure ata is read froma particul ar storage

CoL o 15, T 1 8 ohalh s el 9Tkt Wby apetl | e
differential voltage is allowed to develop across the bit lines. Note, therefore, that
Figure 3 indicates the voltage 303 on the equalization line 203 is raised so that
transistor Q5 is turned off.

[0036] In the exemplary embodiment of Figure 2, storage cell St is being read
15 from (e.g., by activating 308 its corresponding word line WL4) and contains digital
information corresponding to a “0”. As such, storage cell Sy pulls drive current Isc
from bit line 201 which pulls down the voltage 301 on bit line 201. As each of the
leakage currents have been accounted for with the leakage supply currents Ii4, 1.2
that are being provided by transistors Q1 and Q2, the differential voltage across
20 the bit lines develops about as fast as the “full rate” as originally provided by
Equation 2.
[0037] Figure 4 shows an alternate embodiment that improves the speed at which
the bit lines 401, 402 are pre-charged. The embodiment 400 of Figure 4 adds

transistors Q6 and Q7 to the embodiment 200 of Figure 2. Transistors Q6 and Q7

25  further speed up may be used to further speed up the bit line pre-charge activity
10



differential voltage is allowed to develop across the bit Iines. Note,
therefore, that Figure 3 indicates the voltage 303 on the equalization
line 203 we eayed so that transistor b is turned off. [POOABP2/LWSE he
exenpl ary enbodi nent of Figure 2, storage cell S, is being read 15 from
(e.g., by activating 308 its corresponding word line W,) and contains
digital fhat ocouns betweeartimespihaiich§l bbFigured (andfordetigenstimengaaodl | S, pul I's
drive current Isc frombit Iine 201 which pulls down the voltage 301 on
bit |ine P8bf Fidaree3ic Whéndviee thel explatizelira4(Eviiagh 308 doepsntoaciosunt ed for with
the | eakage supply currents IL,, IL2 that are being provided by

transi st oveltagé, matbisters Qb andiQi7f are éot’i vethicly effecligely adves the2@pabitanisetof | | nes
devel ops about as fast as the "full rate" as originally provided by
Equat i on the HitOM3E1A0R| 400 Rsditinhivheanpidlineess of teerbibihenddt, 402at i nproves the
speed at which the bit lines 401, 402 are pre-charged. The embodi ment 400
of Figyreyditaadds transistors Q6 and Q7 to the embodi nent 200 of Figure 2.
Tr ansi stors and Q7 25 further speed up nay be used to further speed up

the bit !o"m PTigs §&AGHea dppfbédhesﬂd@sme@aWHrfay RCTHIiZSO JtBbGD3  t hat

occurs between tinmes TO and T1 of Figure 3 (and/or between tinmes T2 and T3

of Fi 9‘”em@norWi@ﬂ@é’@ﬁcH&?a%GM%‘cbﬁ@udtéﬂﬂerﬁg@dﬂpdtﬂ@@s@rﬂﬁoﬂdm& dtp a | ow
vol tage, transistors 6 and Q7 are "on" which effectively drives the

capaci tan r | r f
tho bit 1 TEY Bé‘ﬁaﬁ*éﬁ“ebfgaﬁiaés M A S Pt

descri bed ahaye pIpK, Bl fokl o 408 ey BB BB 178 BBl 2 2
it eSS h

senti condd menory em conduct or t hen be i npl enment ed

'n a gyst Smp%gg %ro%%sgoc}”&uﬁ 'apgigﬁg iR BFoc@ssQJ‘?BWQué?brﬂ%glc circuit (e.g., an

Application Specific Integrated Circuit (ASIC); or 3) a bus structure (e.g., a PCI
bus). In other applications the designs and approaches discussed above may be
used in embedded memory applications. In embedded memory applications, a
region of memory is constructed within a larger semiconductor chip (e.g., as an
15  “on board’ cache or as memory resources within a system on chip (SoC)).
[0039] Note also that embodiments of the present description may be
implemented not only within a semiconductor chip but also within machine
readable media. For example, the designs discussed above may be stored upon
and/or embedded within machine readable media associated with a design tool
20  used for designing semiconductor devices. Examples include a netlist formatted
in the VHSIC Hardware Description Language (VHDL) language, Verilog
language or SPICE language. Some netlist examples include: a behaviorial level
netlist, a register transfer level (RTL) netlist, a gate level netlist and a transistor
level netlist. Machine readable media also include media having layout

25 information such as a GDS-ll file. Furthermore, netlist files or other machine
11



system For exanple, the nenory device may be coupled to: 1) a general 10
pur pose processor; or 2) a digital signal processor or customlogic circuit
(e.qg., arwoAppbizenti on Specific Integrated Circuit (ASIC pCcoruss)2msbus
structure (e.g., a PCl bus). In other applications the designs and
approaches di scussed above may be used in enbedded nenory applications. In
enbedded raadeblg regfid farsemienndugtor £ ideRIIBMAERRHSEd i5 a:smy{aﬂgat ed within a

| arger sem conductor chip (e.g., as an 15 "on board" cache or as nenory

r esour cesemitonmenhtosgerfosm tbe mstihgss(Sdw feachipge deseried @baveso t hat

enbodi nents of the present description may be inplenented not only within
a semni conf0@d40bThushit is dlso taabes ungdrstopd thai enibedimendadhithiscinwention. m&obe exanpl e,
t he designs di scussed above nay be stored upon and/or enbedded within
machi ne resathid er tosdppord asoftivatesprogianh exeaéesd gpont somhe ROMu edodessindesi gni ng
sem conduct or devices. Exanples include a netlist formatted in the VHSIC
Har dwas e Esredsight asothelGRid ofig eohbiel) orl cimywisga mpléeneritedjor tealizadagporor SPI CE

| anguage. Sone netlist exanples include: a behaviorial |evel netlist, a
regi ster boraitsharmaching raBablp medilimns A maclgaé eeddablel maditin intludexdarsy
transistor |level netlist. Machine readable nedia also include nedia having
| ayout 25mieBh&MisratibrostosLor teansmittpinfornidtioe in &dsriheaoable bynehbtishef il es or
ot her machine 11 WD 02/095761 PCT/US02/ 21653 readable nmedia for

sen condu@d @ a €bmPutes | FEt &XBihple aUfigshindreddablEuhatidr hcl@duesi rea BBRL t O
performthe nethods of the teachings described above. [0040] Thus, it is

also to bﬁemﬁg%m%ha% REBQGhERBES(RAM): Hagnkfiy 6Bk s@Ragimelia; used as or

to support a software program executed upon sone form of processing 5 core

or i 1 B e B P e P et any
form of propagated signals (e.g., carrier waves, infrared signals, digital signals,
etc.); etc.
[0041]In the foregoing specification, the invention has been described with
reference to specific exemplary embodiments thereof. It will, however, be evident
15 that various modifications and changes may be made thereto without departing
from the broader spirit and scope of the invention as set forth in the appended

claims. The specification and drawings are, accordingly, to be regarded in an

illustrative rather than a restrictive sense.

20
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mechani smfor storing or transmtting information in a formreadable by a
machine (e.g., a conputer). For exanple, a nmachi ne readabl e nedi um

i ncl udes woeadogiby nenory (ROV); random access nenory (RARS/USnaziast i ¢ di sk
storage nedia; 10 optical storage nedia; flash nenory devices; electrical,
optical, acoustical or other formof propagated signals (e.g., carrier
waves, inftAIM8 signals, digital signals, etc.): etc. [0041] In the
foregoi ng specification, the invention has been described with reference

t o speci f Whatjeestpimedyis:enbodi nents thereof. It will, however, be evident 15
that various nodifications and changes nay be made thereto w thout
departing fromthe broader spirit and scope of the invention as set forth
in the appended clainms. The specification and drawi ngs are, accordingly,

t o be regar dedAnapparatus| tersprisitg:ve rather than a restrictive sense. 20 12
WO 02/ 095761 PCT/ US02/ 21653 CLAIMS What is clained is: 1. An apparatus,
conprising: 5 a)ap gbluratityl df\stavdge telisapeapled HesvaupFiestl bib Ghevarshaa first bit
line and a second bit line; b) a first transistor that pre-charges said
first bit line and gecond Bietin@ first supply of current for one or nore

| eakage currents drawn fromsaid first bit line by any of said plurality
of storage cell sp) anfitstliparister tAQCHIBENBFGRESakt st Bihidle adepretidegadirstai d
second bit line and provides a second supply of current for one or nore

| eakage supply of current for one or more leakage currents drawn from said
first bit line by any of said plurality of storage cells; and
10 ¢) asecond transistor that pre-charges said second bit line and
provides a second supply of current for one or more leakage
currents drawn from said second bit line by any of said plurality of

storage cells.

15 2. The apparatus of claim 1 further comprising an equalization line coupled to
both said first and second bit lines, wherein a first voitage on said
equalization causes said first and second bit lines to approach the same
voltage and a second voltage on said equalization line ailows said first and

second bit lines to maintain different voltages .

20
3. The apparatus of claim 2 wherein said equalization line is coupled to both
said first and second bit lines by a third transistor, said third transistor
having a drain coupled to one of said bit lines, a source coupled to the
other of said bit lines, a gate coupled to said equalization line.
25
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currents drawn fromsaid second bit line by any of said plurality of
storage cells. 15 2. The apparatus of claim 1l further conprising an

equal i zatwon2k931e1 coupl ed to both said first and second kct/Usonzss3 wher ei n
a first voltage on said equalization causes said first and second bit
lines to approach the sanme voltage and a second voltage on said

equal i zat i od. | Theeapgaratus ofelaitn Bifyrgier gAGIPrigIBg @rfaumth transistesthabpieridas ai n
different voltages . 20 3. The apparatus of claim 2 wherein said

equal i zat i on |dument for seidpired¢hargingoefisaidkipidit ines saiddeurdeicansistoi t | i nes by a
third transistor, said third transistor having a drain coupled to one of
sai d bit |inesgouplesidarse fosthpl lee and saitbequaliraiondinessaid apparatusnes, a gate
coupled to said equalization line. 25 13 WD 02/ 095761 PCT/ US02/ 21653 4.
The appar at us fafthed cinmprBirfgua fiftretramsistpr that prgvide$ ounrert for said prek or  t hat

provi des current for said pre-charging of said first bit line, said fourth
transi stor caotharging bbsaidisdcdridrist line, saibififte tandiswacdupteditd sadsecond! | ne, said
apparatus further conprising a fifth transistor that provides current for
said pre 5 chasiginetaref ssdiequaligatiording. t |ine, said fifth transistor coupled
to said second bit line and said equalization line. 5. The apparatus of
claiml wherein said apparatus corresponds to a Static Random Access
Menory (SRAM) cell. 10 6. The apparatus of claim1 further conprising a

sense |ine, ssajit sasatubionElaim 1 wherein said apparatus corresponds to a Static
Random Access Memory (SRAM) cell.
10
6. The apparatusl of claim 1 further comprising a sense line, said sense line
coupled to both said first and second transistors, wherein a first voltage on
said sense line causes said pre-charging of said first and second bit lines
and a second voltage on said sense line causes said first and second

15 supplies of current to be maintained when a said storage cell is being read

from.

7. The apparatus of claim 6 wherein said sense line is coupled to said first
transistor by a third transistor and is coupled to said second transistor by a
20 fourth transistor, said third transistor having a first node coupled to said first
bit line and a second node coupled to a gate of said first transistor, said
third transistor having a gate coupled to said sense line, said fourth
transistor having a first node coupled to said second bit line and a second
node coupled to a gate of said second transistor, said fourth transistor

25 having a gate coupled to said sense line.
14



coupled to both said first and second transistors, wherein a first voltage
on said sense line causes said pre-charging of said first and second bit

| i nes amaoa2mexyend vol t age on said sense |ine causes sai @cCfriuse22m@asl second
15 supplies of current to be mamintained when a said storage cell is being
read from 7. The apparatus of claim®6 wherein said sense line is coupled
to said first transistor by a third transistor and is coupled to said
second transistor by a 20 fourth transistor, said third transistor having
a first nodé®. cthedpparatos ohelding il figrthesicomprisiag arfistecapaditighaid@lds@upl ed to a
gate of said first transistor, said third transistor having a gate coupl ed
to sai d sense gateeoltagei fdr $ad fitsh transistos se that saidirstguaply ictgentroaebeoupl ed to
said second bit line and a second node coupled to a gate of said second
transi stor, saindinfained durtngensiadtoba s2kl $taragagelh gate coupled to said sense
line. 14 WD 02/095761 PCT/US02/ 21653 8. The apparatus of claim1 further
conprising a first capacitor that holds a gate voltage for said first
transistor so that said first supply current may be nmaintained during a
read of a s&@. dTid appyatus ef tlaind 8Jurtiereomprising alsecond capacitoSthhtindltie a
conprising a second capacitor that holds a gate voltage for said second
transistor so ghaiolajediop S48 REcEHPANSIstoN Jothat saidyedoddrsaipplyaurredt during a
read of a said storage cell. 10 10. A nethod, conprising: a) pre-charging a

first bit |inemajbb ntdiftaril dorFiny adesd bya saitlistaragd e@nsi stor;  b)
pre-charging a second bit line with current provided by a second
10 10. A method, comprising:

a) pre-charging a first bit line with current provided by a first transistor;

b) pre-charging a second bit line with current provided by a second
transistor,;

c) drawing a first leakage supply current from said first transistor to

15 supply one or more leakage currents drawn from said first bit line by
one or more storage cells coupled to said first bit line,

d) drawing a second leakage supply current from said first transistor to
supply one or more leakage currents drawn from said first bit line by
one or more of said storage cells coupled to said second bit line; and

20 e) maintaining said first and second leakage supply currents during a

read of a said storage cell.

11. The method of claim 10 wherein said pre-charging a first bit line and said
pre-charging a second bit line occur simultaneously.

25
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transistor; c) drawing a first |eakage supply current fromsaid first
transistor to 15 supply one or nore | eakage currents drawn fromsaid first
bit |ine Wpo2omg6pr nore storage cells coupled to said first/usor216he; d)
drawi ng a second | eakage supply current fromsaid first transistor to
supply one or nore | eakage currents drawm fromsaid first bit line by one
or nmore of J3ithemethegefclaimd0vdigseiadaidsirawing asrsblgakage supphecurntl 20 e)
mai ntai ning said first and second | eakage supply currents during a read of
a sai d stor ageansksaid drawing asepgndieakase @rrgnhsurplypreresnt acewi d pre-charging a
first bit line and said pre-charging a second bit |ine occur

si mul t aneousl| ysimaBarE®ue. 02/ 095761 PCT/ US02/ 21653 12. The net hod of claim
10 wherein said drawing a first |eakage supply current and said drawing a
second | eakage current supply current occur sinultaneously. 5 13. The

met hod of claim 12 wherein said pre-charging a first bit line and said

pr e- char gi nd3arlteemetiddmfcldimi@ vdurein saidmretchamingé first b lindhed saidhod of
claim 10 further conprising equalizing said first and second bit |ines
after said preprelchagimgaetcaal Wt finer &cuasichuteceamdlybi t | i nes, said 10

equal i zing occurring prior to said read. 15. The nethod of claim 10 wherein
said maintaining further conprises holding a first gate voltage on said
first transistor with a first capacitor and holding a second gate voltage

on sai d secqadrid @BfHotdIciavh 10 fartise oRprisiABGuaIing said first and second
bit lines after said pre-charging of said first and second bit lines, said

10 equalizing occurring prior to said read.

15. The method of claim 10 wherein said maintaining further comprises holding
a first gate voltage on said first transistor with a first capacitor and holding a

second gate voltage on said second transistor with a second capacitor.

15
16. An apparatus, comprising:
a memory coupled to a processor, said memory further comprising:
a) a plurality of storage cells coupled between a first bit line and a
second bit line;
20 b) a first transistor that pre-charges said first bit line and provides a first

supply of current for one or more leakage currents drawn from said
first bit line by any of said plurality of storage cells; and
c) a second transistor that pre-charges said second bit line and

provides a second supply of current for one or more leakage

16



15 16. An apparatus, conprising: a nenory coupled to a processor, said
menory further conprising: a) a plurality of storage cells coupled between
a first bwookiopsgennd a second bit line; 20 b) a first traTisshpeicshat
pre-charges said first bit line and provides a first supply of current for
one or nore | eakage currents drawn fromsaid first bit |line by any of said
plurality of st oragerrents|dsawmfrdmcaichsecsod i line &y sing b saidpduralify of char ges
said second. bit line and provides a second supply of current for one or
nore | eakage 16 Weraddag®edis6l PCT/ US02/ 21653 currents drawn from said
second bit line by any of said plurality of storage cells. 17. The
apparatus of claim 16 wherein said processor is a general purpose 5
processor. 18. The apparatus of claim 16 wherein said processor is a
di gi tal si gral Thepappaestasof clain 16 whéhein agip pradessord$ agjeneral b6rposet her
conprising a bus coupled to said nenory. 17

5 processor.

18. The apparatus of claim 16 wherein said processor is a digital signal

processor.

10 19. The apparatus of claim 16 further comprising a bus coupled to said

memory.

17



