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HCRO_OGI CAL DEVI CE W TH ASSCCI ATED PROGRAMM NG METHCODS AND, DEVI CES § MAR zﬂ(gs
CROSS- REFERENCE TO RELATED APPLI CATI ONS The present appllcatlon is relate

-to t he follmmww ,BMWMEatlons U.S. Application Serial Number 09/703335,

titled "Bat cillatorless, Analpg Tine Cell Usable as an

Hor ol ogi cal Devi’C& with Associ at ed Progrannlng Met hods and Devices"; U S

Application Serial Nunber 09/703340, titled "Sensing Methods and Devices

for a Batteryless, Oscillatorless, Binary Tine Cell Usable as an

Hor ol ogi cal Device"; U.S. Application Serial Nunmber 09/703334, filed 31

Cct ober 2000, titled "Sensing Methods and Devices for a Batteryl ess,

CBClIIatorIeBBTTEBXLE S, TOSE ITIATOBI&ESISe BINARYHFAWEOGEEA UBABLEC'AS AN

elates (o ﬁ‘éf?%aﬁﬁ? b=ty ol psctiankl! REbeR il MEREChs W "

measur enment using an electrlcal time pEgsECESti || nore particul arly, the
present invention provides a device, which may be a solid-state device,
wi th nmethods and systens pertaining thereto, for mnmeasuring tinme wthout an

oscillator, oscillati NERESSIRIFERDNCE OFG | REBATHY XPPICIEAT o W t hout a
conti nuous power source. 2 - 6 MAR 2006 2. Description of Related Art

Portabl e el ectroni c devices have becone ubi quitous, and as the size and
cost of electronic circuits continues electéonlc d%y ces

continue to be i A&6r Pt5PditedPRlifatipn FnEﬁ%QSEWghﬁgﬁgg?wgg FBRYAYEP S product s.
|A§ nggr exanp g iPARSR SeFAICRuBEr ©BFW3333)itIR aBatfdt§leSs, VOSHIAPRERJ AafogO
Time Cell Usable as an Horological Device with Associated Programming Methods
and Devices™; U.S. Application Serial Number 09/703340, titled “Sensing Methods
and Devices for a Batteryless, Oscillatorless, Binary Time Cell Usable as an
Horological Device”; U.S. Application Serial Number 09/703334, filed 31 October

£ 2000, titled “Sensing Methods and Devices for a Batteryless, Oscillatorless, Analog

Time Cell Usable as an Horological Device”.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to horology and, in
particular, to methods and devices for time measurement using
an electrical time base. Still more particularly, the present
invention provides a device, which may be a solid-state
device, with methods and systems pertaining thereto, for
measuring time without an oscillator, oscillating element, or

oscillating circuit and without a continuous power source.
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consi dered a novelty. Technical progress lzas been nade on flexible
circuits that will allow electronic circuits to created in a VarietﬂMﬂkZ%ﬁ
shapes and to be enbedded into nmore products. |nexpensive electronic

devi ces can be categorized based upon their power requirenents or

associ at ed 2povebesyi@pthion FFRlEd Qe devi ces have a variety of
functions that may require the device to be powered by an external power

source, such ado&tadlecEliachr BHtg devAicehaae ie Eih L audhiqus s grd

devices requi ®cORY A M @A L i% ctAdiflc daviGas MontBAd & PYPd
types of power sources: an external power source for enabling nost

functions,F&ﬁ&c§d5wﬁHGQQﬁﬁﬂ%%/qQM?ﬁﬂﬁMQQQE}nWﬁrﬁﬁ Feundiq oo rakiach g an
clock or tijpekeaning MRPdOnr WHdigd1otpcRRad ed A0 AN Sxgiinal pgver
source or while "turned off". Small electronic devices frequently

i ncor por at §TC& t4RE ICATASatthFdt Ry, 15HG AT MR 13 owanISilect roni ¢
wat ches, nepelsy de@ ROWEM R QItREK Cidcaa 1CRNIAd s Hare pdat hilde Rayers
sonme type of tine base oscillator or. pulse "generator that neasures the
passage of TdfFEOIGH Hitfdt Ehdhatc aFidor atlilot 6ilef Bantiet ywiinfte ten ' ectroni ¢
device solkelkWther id S FRIrS W fIMEdd P e o eI Rleq dirkRdvyiages.
Chem cal batteries present potential chem cal |eak and di sposal hazards
and are reP&PﬁV€F§'expensive conpared to the cost of fabricating a tiny
el ectroni c circunlexpeBatiteS i dtaitthild lbMe e hal besheldeddfigeesRodal |y
conpared to the useful life of the electronic circuits that 'they
acconpany. YPRTadiediToROWsEt &I SHaD tSH iR% iR SQGL PSS YS Lo \aR
2006 | ar gesochleae lickhe relrdel Ideiiced Hald 4 eariiedy tdR)raica i snnetitethay

t hereby placin e%k%n restrictions on the _electronic device. Electronic

d
time base G6SAY 4t SEYIEES e PY PPE L b s St PH G NSalROWSH StAULSHfi
hor ol ogi cakudtviagean RUledthgcal outlet via an AC-DC adapter, while some

devices require one or more batteries. Other devices may

require both types of power sources: an external power source
for enabling most functions, and a small battery for powering
minor functions, such as a clock or timekeeping'function,
while.not connected to an external power source or while
“turned off”. Small electronic devices frequently incorporate

a small, flat battery, similar to those that power electronic

watches, merely to power a clock circuit. Gemeraiily, the
battery powers some type of time base oscillator or pulse
generator that measures the passage of units of time.

The incorporation 6f a battery into an electronic device
solely for a simple clock function creates several
disadvantages. Chemical batteries present potential chemical
‘leak and disposal hazards and are réiatively expensive
compared to the cost of fabricating a tiny electronic circuit.
Batteries tend to have a.short shelf life, especially compared
to the useful life of the electronic circuits that they

accompany. In addition, batteries are sometimes several times



acconpanyi ng batteries have many inherent 3di sadvant ages. Hence, %
current state of technology constrains the conception of other deV| AR, 2006
consuner products, or consuner services that m ght incorporate a tinme
measur enent function. Therefore, it would be advantageous to provide a
tiny, sinplergesl édmrornihe, eHeradimyiicalcideniide ttchafthnprrovﬁrd@s drare

measur emen { r 0SC at or MVARY C]: THE | NVENTI ON
- 6 MAR 1088nYA¥etsc|Q(r%p ‘e e%g?:b oﬁﬂ% l Ic%s)egél cda esvtir Jtoé}s BTG me  cel |,

i s present edeictragdict idervitce .associ at ed net hods, systems devi ces, and
conput er progra r {. ms_ of. th resent tign are
nostly direct ed@tl(% t lé)%sltscr u-g“?n%r g)aggﬁd Osiani aecl iZ7atdon aoﬁsp"gneéfiatt ?Flﬂ ar type
of tinme cehecasdatiye focie\smtaéd,aredetdtemmas,sdmraﬂenbmm@itsmdw mat keheised
to initia i At| ceII ncl ydes an insul at ed,
char ge storglgégmglae%%g %r%ctt% rlecsg?lvaese FRe SHTYS cargi]g S‘E‘EEQHQTSdugh its

i nsul at i ngHeméllumhel caLrriemn sst{art@grodintmﬂ:hndierg@b)pogla/amrtsfm;kmhar ge
storage el gt 27 8 8¢t It o Wi ect t Qi nt out si de the

i nsul ati ng msg fm o%/ |%epc Cﬂééqr’ge('I 21%‘?‘263%% Q‘e%lrrcgcnt’ toﬁen FSEE t he

el ectrost aﬁﬁ@véﬁﬁlsgéhﬁl’@r au@ﬂntt h@cqnmnaala Ry e wma sGneerertthef uredtietri.on  of
the el ectrippeRLEREIT 3l Qf ke cpag{/ h L I nt at. a
substanti al | ?r known ?Lsc grge P%’[%%%ﬁ e%l%;gﬁovﬁ)ng)ﬂ% %eﬁ:e Y (?lmple’
potential 6fecheopiegr dvwed oghiarnde detvirceygd heltempeiviates d igiev ereamniremeirrt
time, an efapagdt bMBaReLh9d GAR DG Aauargned. Thus, the time cell is
able to neasure an e apseg tinme period W thout a continuous power sour ce.
One type of tine cell is a binary tine cell; it may be simlar in formto
a non-vol atile nmenory cell. A progranmed bi nary tinme cell loses its charge
during an el apsed period of time. A read operation observes two possible
states of the




programmed binary tine cell: the tine cel 4 has retai ned enough charge such
that the time cell appears to be a progranmed tine cell; or the t15m1ARezl]ﬂﬁ
has been di scharged such that it appears to be a non-program‘red time cell.
A read operation on a programmed binary tine cell thereby allows a binary
determination as to whether OrSUMMARY pGF tTHEI BMVENTEOWeri od has el apsed at
a given point intinme. Atinme cell can be - 6 MAR 2006 desi gned and/ or
programmed to select the particular tine period to be neasured by the tine
cell. 6 - 6 MARAR2GAGHBR EEeBES@ﬂiETIrﬁ&ﬂBgﬂmalDlawlN@ Teamavel dieat ures

bel i eved char cteristic of t tion are set faort t he ap ended
clainms. Th&Sventi &F SRS lnft?uq b dARet air?dzpé‘kﬁr}ﬁ}ﬂ He&df

wll be bel&tv:.u:lédsera&ﬂod:ohipdt%frer;ﬁ:maﬁtofﬂtﬁiddﬂd OWTHE dﬂtaa_llﬂdsedyf the
description _when read.i.n caonjunction wW.t 1e ac in raw ngs,

wherei n: FRGGPEMEACRBRLSES R it A0 Mo, HIERTHE HehoryF Ceriic Gt & ng a
char ge stomgeleuemmtlommlferaemaed;mmlaut weipealo £ fligad lde]glgaatrfa fﬂgEd ef fect
transi stor; ure 1 pi.cts a t|on or

Fi gures | Cdfﬁf gSI @Ln%t% St @étsolfé%?? tﬁ&’@%‘ngﬂh’é}: %Y ogr ammed

floating gahetdfalanenotrypeofgimai |tm@ tgattee ddilal.d effect tran5| stor; Figur es

1E-1J are sprea sheet nm s aphs th depi ct the threshol d vol t
retention char ag[ &St i€ 1o r?g e ity Cf r?g’afr&e TOT-ES ﬁ%‘féﬂen
menory cel thawhirekehaes atr @djetgltawwltadjmmslam@ee ok cgedEittrs esysufliagdmgy 1K

e R TR T R A

its prograﬂmedaghleaEmngtgaMeeuesexlwt@aﬂunuyal with respect to points
outside the insulating medium. Over time, the charge storage
element then loses the electrostatic charge through the
insulating medium. Given the reduction of the electric
potential of the programmed charge storage element at a
substantially known discharge rate, énd by observing the
electric potential of the programmed charge storage element at
a given point in time, an elapsed time period can be
determined. Thus, the time cell is able to measure an elapsed
time period without a continuous power source.

One type of time cell is a binafy time cell; it may be
similar in form to a non-volatile memory cell. A programmed
‘binary time cell loses its charge during an elapsed period of
time. A read operation observes two possible states of the
programmed binary time cell: the time cell has retained enough
charge such that the time cell appears to be a programmed time
cell; or the time eell has been discharged such that it
appears te be a non-programmed time cell. A read operation on
a programmed binary time cell thereby allows a binary
determination as to whether or not a particular time period

‘has elapsed at a given point in time. A time cell can be



‘Figures 1L-1Q are spreadsheet nodels and §raphs that depict the threshold
vol tage retention characteristics of an n-type floating gate fieI @I,{%é
transistor in atime cell in which the tunnel oxide has been thinne

Fi gure 2A depicts an insul ated charge storage el enent usable as an

hor ol ogi callesleyne@ andAcropdagcemmetihtansegsboditienpaetitheapr esast

i nventi on; T 0] ure 2B: 2C, depi ct . sinpl e processes that may be
per f or med %%fﬁ?% g@i%%p%?%?ugr eﬁchPSn & ge&?&i‘that uses an horol ogi ca
device in accordance with the present invention; Figure 3A depicts a set of
time cells in accordance with an enbodi nent of the present invention;
Figure 3B depicts an array of tinme cells divided into sets of tine cells;
Figure 3C depicts an array of time cells for nmeasuring nmnultiple tine
periods; Figure 3D is a graphical depiction of a smart card that nay be
used in conjunction with the present invention; Figure 3E depicts the

har dwar e conponents within a smart card that may be used in conjunction
with a tine cell array of the present invention; Figure 3F depicts a

rel ati onship between a progranm ng device, a sensing device, and an

hor ol ogi cal device in accordance with an enbodi ment of the present

i nvention; Figures 4A-4B are synbolic representations of an enbodi nent of
the present invention that show a programmi ng FG-ET and a

char gel oss-sensing FGFET together with a common floating gate; Figure 4C
depicts the voltaaes applied to the various termnals of the device during
the programm ng operation; Figure 4D depicts the voltages applied to the
various termnals during a sensing operation for a device in



-accordance with an enbodi nent of the presént invention; Figure 4E depicts
a physical device conprising a programm ng FGFET coupl ed through_ %J&ﬁqmﬁn
floating gate with a chargel oss-sensing FGFET in combination with
coupling gate in accordance with an enbodi nent of the present invention;
Figure 4F is a sinplified cross-sectional view that shows the positional
rel ati onships of the common floating gate and 8 - 6 MAR 1006 the coupling
gate of a progranmabl e chargel oss-sensing- FGFET in accordance with an

enbodi nent of the presentgrimenitOPRIPTEONCORGriE BRAEWIRYEL di agram t hat
depicts a threshold voltage detection circuit in accordance with an

enbodi ment of the present invention; Figures 4H4J are a set of graphs

that show the mapaeho{,81 ﬁ@bEUrEQGbEQHE@Q@Scﬁ@ga%%%&ggEﬁc'%ftQﬁePCSFET
change during a nonitored tine g:rlo gures 4K-4L is a block diagram

that depi cE8VEnti@natrensArptpetiedn ﬁhﬁréﬁpﬁﬁﬁﬁﬁgcééﬁmée ghgepgivegtion

devi ce, amesamthEekegegabb B¥EEGekN aﬁaoae@aﬁﬁa@%%htﬁ@r%%qoquﬁatb%f the
present |nvent| on; gures 4M 40 are Sy nbol i ¢ regresent ations of a

di ff erent %ﬁﬁoﬁpﬁﬁﬁﬁ 6Pdab§réaﬁﬁﬁﬁﬁﬁﬁetehéhaeié doudngi AGLREEET to be

used as andagakggtibﬁeWﬁ@hlreaadlﬁlaehguﬁetQ6alaa%hataayﬁb%@hpgﬁyhﬁe
conprising a PCSFET wth a coupling gate in accordance with an enbodi nent

of the pr@§éW%n9ﬁveHP?6ﬁln9 DETAI LED DESCRI PTI ON OF THE | NVENTI ON 6 MAR

2006 Introductl@ﬂgaeebﬁﬁlseggatgeaOE pieaenhohnVeRki9R e E@ﬁoBge%%@&
-invention is direCted to a sinp Vectronlc hor ol ogi cal device. In

general , afi°RR3inaneda Cbﬁé@9e5§9éﬁageeéﬁéﬁﬁﬁtlmﬁéémﬂé§edna§n§uﬁwp®ﬁal

e{eCtVOStaEléatﬁhérgﬁtéhEQHQB bEgebbsubahkngepedium i.e. the charge
st or age
J Figure 1B depicts a symbolic representation for an FGFET;

Figures 1C-1D depict the effect upon the threshold
voltage by a programmed floating gate of an n-type floating
gate field effect transistor;

Figures 1lE-1J are spreadsheet models and ,graphs that
depict the threshold voltage retention characteristics over
lohg periods of time for non-volatile memory cells which have
traditional dimensions and geometries;

Figqure 1K depicts a set of threshold voltaage resvponse
graphs showing the change in threshold voltage of an n-type
floating gate field effect transistor as its programmed
floating gate loses its charge;

Figures 1lL-1Q are spreadsheet models and graphs that
depict the threshold voltage retention characteristics of an
n-type floating gate field effect transistor in a time cell in
which the tunnel oxide has been ﬁhinned;

Figure 2A dépicts an insulated charge storage element
usable as an horological device in accordance with an

embodiment of the present invention;



‘el enent is "programmed", thereby giving tRe charge storage el enent 31known
electric potential with respect to points outside the insulating né 8 rAl06
Over a period of time, the charge storage el enent then |oses, discharges,
emts, or |leaks the electrostatic charge through its insulating nedium

t hrough sone typdguireshed-2&! depri@d:essmetJJmerp&mcermiU’rgati hﬁ}ell:m:tri C
potential of the cgfr E stora e el enent q}her wor ds qgﬁﬁéeCtriC
Potent | al SPTEPRES: SaEhiRed CRIFDE o8 6aGd ST 8 P miises an
subst ant i ahbyolmgmarlauevuhreou@h a& colrdlaspe twitth &fes Prakert AGR&HMHIbwhi ch
el ectrostatic charge i ermveg fromthe _-charge stora e elenment. The

di scharge rate e dgEeché & Sdar! HKos§H1s di <ﬁﬁﬁ&ﬁ9%ﬁﬁﬁnW%ﬁh

that nodel ant kewdids akatge rProeepse@nithe ntRade st or age el enent i s
substantially known. At a given point in tine, the electric potentlal of

the charge stoFagere éﬁ'&ﬁllepll§t§b§éll’ P&FaYRY K idWien Falde 1Hgiifeichg nted ectri c
potential Qktlhechapge ghqkage el ement, the observed electric potential

at the given time, and the charge dlscharge rate of the charge storage

el enent, an el aﬁ‘se@llﬁ #€ periio@iscan aleagetodt rilmed dedrlsa figiv eregeoimitng n

tinme. The I r nd the discharge process of the charge
st or age elgkg% %ﬁ%‘@%m@ g%%z%s%ély controlled by varying the geonetry,

materials, and/Gngphysﬁbahscangtaphhnaﬂ defiichd coharfge sherrage: alde it
oroci se pr BRISLE ARtk RE GPCINAFGIRG “rocces, Fope Biaral Carie ol erent
may be deS|gnedFWguheasEhdgbestrtﬂélhmrﬁ@a&@nhDMbddahﬂ§NWﬂﬂﬁﬂﬂﬁﬂlﬁmalt
process. | Dol IRaclBdpel e hoel oghcal deyice 1oy e cnoinser od W hip
nmat hemat i cahedpgzebange ihuaation;t hat nodel s the physical discharging
process, as is dl%%%zs%F g%%gczgsge%%lggl%gshlp between a programming
device, a sensing device, and an horological device in
accordance with an embodiment of the present invention;
Figures 4A-4B are symbolic representations of an
embodiment of the present invention that show a programming
FGFET and a chargeioss~sensing FGFET together with a common
floating gate; |
' Fiqure 4C devicts the voltadges apvblied to the various
terminals of the device during the programming operation;
Figure 4D depicts the voltages applied to the various
terminals during a sensing operation for a device in
accordance'with an embodiment of the present invention;
- Figure 4E depicts a physical device comprising a
programming FGFET coupled through a common floating gate with
a chargeloss-sensing FGFET in combination with a coupling gate
in accordance with an embodiment of the present invention;
Figure 4F is a.simplified cross-sectional view that shows

‘the pdsitional relationships of the common floating gate and



. enbodi ments of the invention that are presented belowin nore detail. For
.instance, it is desirable that the periodof time during which a-§ uaR 2006
programed charge storage el enent di scharges should be substantially
| onger than the period of time required to programthe charge storage
el ement. The charge storage el enent conprises its insulating nedium and
its int e(rjn’alhg nedm?thgﬁl gdn‘pelgdmrf]am pnsgﬂrr]artmwglaedhuﬂgemiﬁisbiséﬁsﬁﬁbf’iFGFlﬁh‘y_
poor conduction of .electrigc char arge ass through an_ insul ating
medi um depjé%a?%%oﬁ%%%c%e‘ﬁgﬁl nanf%@?%&%@e’gﬁcﬁggghghBraFﬁpEch‘VﬁnEbﬁgf ant of
the insulating Figarenaéiis &esistuvity)aghdnt BRawi dePiotst herhpsyhaihng
medi um bet ween the source of the charge and the destination of the charge.
Typi cal | y, V&ht39R (it ¢ plgl e of LS WhE B0 hegPerdarrecvitlasnr esbedamentt hdn
adj acent el ap pasle gENER AL H i §€Fves to separate and to isolate adjacent
conductors or sem conductors. In the present invention, the insulating
medi um of the chFgeestPiale *renentesudst anephas| Yhatr sbovidsheandnoent anns
an i nt er nal, (@i 4 CpRYl g Of aRPALLRBRN: £heChL OBEBHEE CRELOE. aliy Frgl be
internal nedium cannot be” conprised solely o ree space. & TRSUI'Et | ng
medi um naytORbIpFed et Fredreped; a gaseous nmedium a liquid, a solid, or a
conbi nati on of {g&ge hpugh, t i | & | J tantially
surrounds the iiF]t rnaSr Ain%d%n?st _?%%’?}gr% ngngg?ﬂ&%td%ggf%g% Pecessari | y
occupy t herehtienspheeoericdasea phygtdremimsuletriog, nedsansidg-dévMAR 2006

Al t hough t char e nt is substanti all electrically |solated
by its insu %t%}ﬁgkggn%%#%n %E]heéc a?%eln sTorag a%(f%n‘ﬁ%fh n&y %@%&b@%’%ﬁ@ﬁ
t hrough i the g sentginvediioni n a rel atively short period of tine using a
variety of kn hvsi gal , processes. Jn general , an jnsulating erial,
such as sili co?%ﬁéi(%e gﬁ‘(gs 5 Si%ﬁéojsh%slf%%s'%‘b%%lo%%nﬂ c?i%?q?%%ﬁﬂnf:s
separ at ed dniowd inentv ad £ e ep heguchityalsle holta r§ &1 gs beads gag  thrtT hes dby  any
el ectrons &y acdul g eanalog time cell; and

' Figure 4P depicts a physical device comprising a PCSFET

with a coupling gate in accordance with an embodiment of the

present invention.



sufficient energy to be lifted into the cénhduction band. However, E h
physi cal processes nmay cause very |imted transport of electrons t hr J@ 2006
an insulating material. The physical processes by which the internal

medi um recei ves or discharges an el ectrostatic charge through the
insulating nmediumw ||l vary dependi ng upon inplenentation of the charge
storage el enent, which should be apparent as the various enbodi nents of

the invention are prese %ﬁ#?ﬁ?() i erﬂg%%aﬁ f basic device
of the present inventi o% gc\#ﬁgncyx o J%Mﬁ% ce of the
present invention is inherently limted. However, the accuracy of any
actual horol ogi c , t e -reC|S|on of its construction.
Mor eover, affy=tih e Seiacts TR e e eVEREORine i s

i nherent | y lim t'Hde lyréi@tp%@ﬁdlcm Olceesdﬁsectﬁédtthe dné BfgLé) ng objects

t hat are bej used. as .a standar nit of time or as.the standard of
t enpor al g%?%lﬁoerhjt P O dleéjeavjvﬁ‘?’stvﬁ?c(-helf%‘i‘lfop%‘?a%%ﬁu Jt%fndi ng a

spring canrtdtargm ctosisd g el od Iogheatt thededived SarfSanis \@et SEf ad 1 SEOBOE £ HY1ic
fractions (9,; a seg ond S an atomc cl ock that operates by nonitoring the

“vibrations 0 ce5| unt Wt HE 5 i M nver i ore t Fea b3S uF bey2 9
the hor ol cgjiersdntdeis cépn@gna’lh&rcent | yhd ieBt el \bivnd h@h@C@wﬁ@d §oridpé ch one
can nodel J$3 |schar g@ §Hynth dlsfg% e 12 - NA 2006, function
for an act Ual - hHYsitar d8ViT d-t t?e Jg"tt&1 ‘Wﬁ%%c ne® BIEFVRs the
retai ned elattsiost dthe n’marmlr@nnecﬁxmrpl e, a programmed char ge storage
el emrent may exhi I r dISC rocess in whi its, electric
pot enti al asymg%%lcal fﬂbﬁ%gggc q%ﬁ?ﬁgpﬁqFtiﬁﬁr?ﬁﬁ; {%W&P¥éWEﬁPm
accuracy oflessxestischaiisey,vanidss tendsedlos deror eslsectaves t e d:lhafﬁgtjdzms of
t he el ectr b Imti t he pur oses for ich, t
present Ina%%?%éﬁ1%n%y%ngf%%#ﬁéldednumrg%rough e type of y51cal

process, thereby reducing the electric potential of the charge

storage element. 1In other words, the electric potential of
the programmed charge Storage element is reduced at a
substantially known rate through a transport or emission
process in which electrostatic charge is removed from the
charge storage element. The discharge rafe may or may not be
linear, although a discharge function that models the
discharge nrocess of the charae storaae element is. .
substantially Known.

At a given point in time, the electric potential of tﬁe
charge storage element is observed. By knowing the beginning
electric potential of the charge storage element, the observed
electric potential at the given time, and the charge discharge
rate of the charge storage element, an elapsed time period can
‘be determined for a given point.in time.

The programming process and the discharge process of the
charge storage element may be selectively controlled by
varying the geometry, materials, and/or physical construction

of the charge storage element. Since the programming process



Fbﬁever, the di m ni shing accuracy may or may not be a disadvantage,
' dependi ng upon the particul ar purpose for which one mght use the pﬁﬁfﬁﬂhﬁ
e

“invention. The use of any instrunent repﬁ@sents an ant ecedent choic
bet ween the desired accuracy of the instrunent's neasurenents and the

cost, effort, or inportance of the neasurenments. For exanple, one does not
expend t he cos%ﬁand effgrt tg maintain an atomc glock as a tine reference

for normal ™3¥i P§ AcHHLRESTT o €A PREGLGFI BIRGEER FB2BethEr dLGFPE4I1EFOM a

different ppecepecttie, chheyghstonegai ghtmeay imhgtba desefhew Wwitwakch and
an atomc clock were equally suited io the task of deternlnln% atine

peri od of Bﬁghﬁéapr%BréﬁyaE%uFﬁE?rB% oRE Chendi&charaipdr PFOCRASdet éPni ni ng

whet her t hetheeswstds| N¥RBt hoRoWeYLdapr @¥eideehdl, ber eagpakkiredl i tRiURPOSE,
t he accuracgtand t he ogerational-charactertstlcs of thg Bhorologlcal
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purpose. ThemathsmnatycanddopenatyenalinebasactBatShbas1w khevahysiaggordi ng
to the enbqdi nent of the present invention. The ,iBherent tradeoffs between
accuracy a ﬂsgﬁFF9f9gsﬂﬁﬁ$855e a3 ppar BhECHESEAeWY 5P 5GSPEABOHPNERES of the
i nventi on anbodpmesent ed brREovwhiantDoR BrRh8I hre- pbeMARt2006el3wAnal Agires

bet ween an esent ipvention.ln

hour gl ass,_and rd o, provide an expanded
understandgﬁgab “th Orp?ggéﬂFanvé t?ﬁngeﬁﬁﬁPBSFegkégntBE HﬁaéoaeP%EEﬁHFhe
present iduebhyorhasd anphoyrghmed. cAarfeusgbaagei slambhieeephaggedevi ce

of ancient_prigin consjsting.of. a tinmekeepjn ntainer and _a tinmekeeping
substance.sgﬂgg?iHﬁkégé?%ﬁngbﬁiéyn£9n9§r Ebﬁglggetﬁﬁr&PgaP? E&Bft er posed,
flasks or tegekreédkeo peooyabmethet bAkrhavetbbage saemewtor open ends j oi ned
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medium and its internal medium. Although an insulating medium
exhibits relatively poor conduction of electric charge, charge
may pass through an insulating medium depending upon certain
factors, such as the dielectric constant of the insulating

" medium (its resistivity) and the width of the insulating
medium between the source of the charge and the destination of
the charge. Typically, an insulating medium has a higher
electrical resistance than adjacent media and generally serves
to separate and to isolate adjacent conductors or _
semiconductors. In the present invention, the insulating
medium of the charge storage element substantially'surrounds
and contains an internal medium capable of bearing an
electrostatic charge, i.e. the internal medium cannot be
comprised solely of free space. The insulating medium may
comprise free space, a gaseous medium, a liquid, a solid, or a
combination of these. Although the insulating media
substantially surrounds the internal medium, the internal
medium does not necessarily occupy the entire space enclosed

by the insulating media.



holds, or is alnost filled, with a fluid or granular substance that acts

" as the timekeepi ng substance. Most connnnly the .container is ma

gl ass, and the tinmekeepi ng substance is 1dand. | nverting the hourglagﬂARZmﬁ
inparts gravitational potential energy to the tinekeeping substance, which
causes the enclosed substance to flow fromthe upper half to the | ower

hal f of the con ner over eriod of tinme, Hourglass | 1 ed sand
timers, may nea%%? ough HEhe o €¥g%n%t%5ﬁge HHEMERE %%rﬁ¥?§t6§ga3$g¥ any

such gravel@&t@ne&lﬂyvigalaﬂb@ bpui@&aﬁﬁs&l@?ﬁﬁ@r@ddiump prei odakge set by
t he anpunt of tlnEkﬁﬂﬁ g subst ance and the sjize of th ntapner's

cont a
aperture. APLFgere BRY ¢ PeeRERSGE e d JHREQMER & ﬁ INSHhAFLPrYapert ur e

ext ends t hgedib@8UiRdat t@8Bat P&l Pdshat t heelghod hef apemé Utieifgna beasdeBgr bGW
that the tlnekeeglng Sﬁbstance does not fl ow egularI% r. does n t tliw
at all. ToKBPWRxPRREIC? ePE%%?%%?%ris¥?c%e%?rT e Pntk %ﬁ?h@ngsﬂﬁ Fang

af fect thes@@nragtgilﬁébﬁSdﬂéxi@@ {4 oas ©f , th§ asyaﬁga@ﬁ@ethn@sgh t he
aperture. For exang g e sand gq% ?s flo throug é e aperture
more sl owl SORRAREHPREPARANES gF AP FE2 Tath e EFRL %eY SRFankpaf eREySUF Pofts
sonmeone t01@b§erugndt@@paﬂnuﬂth@fdlyn@ﬁye@lﬁgtﬁubgt@@ﬁeaeqn@raed in the
upper hal rovidi,ng an 14 -

t t b
6 MAR 20065?ﬁé%ﬁé§?§ﬁg63£$§; én%%nr B%q¥eh%9?h3% h%%gégggégnsPﬁBS t he
“hour gl ass mameveverteﬁtaihephpui@&aspr@agsb@snmayedan@edeeoyellmmabaer
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as, it Is, ana ous %o an g gl ass | .t he

"el ectrostatic, hourgl ass!

fol | owi ng ﬁhﬁﬁ%?ﬁgegh%nuﬁéﬁ?ﬁf?ﬁ Ao HhESU 5%8?86% &ldnent is

anal ogous hedite gihEsvanytdependlng upon implementation of the charge
storage element, which should be apparent as the various
embodiments of the invention are presented below in more

detail.

Accuracy of basic device of the present invention

The accuracy of the horological device of the present
invention is inherently limited. However, the accuracy of any
actual horological device is limited by the precision of its
construction. Moreover, any finely constructed instrument for
meaéuring time is inherently limited by the physical processes
of the interacting objects that are being used as a standard
unit of time or as the standard of temporal measurement. For
example, a wristwatch that operates by winding a spring cannot
be constructed so that it is as precise at measuring fractions
of a second ds an atomic clock that operates by mbnitoring the

~vibrations of a cesium atom.

With the present invention, the accuracy of the
horological device is inherently limited by the accuracy to

which one can model the discharge process with a discharge



_of an hourglass, and the internal nediumof the charge storage elenent is
simlar to the free space within the glass container. In the case_BwAwqmﬁh
t he ti nekeepi ng substance in an hourgla§§zconprises sand grains,

i ndi vi dual charge carriers are anal ogous to individual sand grains. The
insulating nmediumand its internal. mediumserve to contain an
eIectrosta&ic gharge possessing el ectric _potential energy, whereas the

hour gl ass seéf\es%as fg&’rc@ﬁ‘t &atee Lt hvs icade Kedpicsy 2ansubdance Wessedsl ng

gravi tati onalicpotogiet iodls e@Risg)theThe talimedl ahied tcRAGe 13t UiRge Ll eyt nmay

have a supporth structure, such as a sem conduyctor substrate upon which
I

it rests, SCPHPTEr o PERETAIBISS: ChAG Ifr ShOTaUet Kd SRGItgMaYs exhakifodgh t he
ti mnekeepi ngosldhange dwisichia gch@ rivees@l ass whi chr e¥sed,] lche iehydMithi n

t he present invention.is not reused after it is discharged. I'n each

ti nekeepi n§ SYBPFOELCA LLYmEPRECRGHCEaR B8 1U€or r dPatdd tnicelfea fihewitisgraral

di scharge preceasy elfegiiicessiRar ¢@skiroattiBesChange $0hReE al@MmR NG, e
sand (or oghzrt.tinegeig:n substance), within the hourglass. Like sand in
an hour gl a¢¢ e 4™ FaPderenFtlegtLasbant Cof hergey r ssexery dhadddndestbends t he
nmeasur abl eplirpe seer ifed #oichhehehaies est0hagentebaMRal. beh USR] .
inplenentaﬁions of %5? pr.esent invention, the dinmensions of the insulating
medi a and FPYCERYsi EAE GAPIPsPiag 3FEUSRRY| BAYL 8Tt B8 YwRAthb6f at he

hour gl ass dpentivaatige, aeNERdZQQGuEBnthﬁE bB@tQEU@@%i?ﬁ§ 3Rd BoePefitiicgs of
t he insulaging neg%a can _control the discharge rate o tﬁé el ectric
charge. |n° FaltIithESharPrePTFPERENtBYCBYPRe i nsul ating nedia can be so

great that the ®hecusiecocthahgeideesunehtf kepreegukar by ahtdeesentOlthoice
di schar ge aL el ectrostatic charge

i scl %EEh thgugh the anmpunt of _retained 1

within the chargs ?%8r§8g1§ﬁgn§ﬁFu58ﬁ¥on EbedFPEEFPWGBEr5e@§é&PrPPQ9%$ be

i ndirectl|yaddt ehai nedthbyeffort, or importance of the measurements. For
example, one does not éxpend the cost and effort to maintain
an atomic clock as a time reference for normal daily actions
for which a wristwatch is better suited. From a different
perspective, though, one might say that a decent wristwatch
and an atomic clock were equally suited to the task of
determining a time period of one year to an accurécy of one
minute. Similarly, in determining whether the present
invention would prove useful for a particular purpose, the
accuracy and the operational characteristics of the
horological device of the present invention should be suited
to the particular purpose. |

The accuracy and operational characteristics will vary

according to the embodiment of the present invention. The
inhe:ent tradeoffs between accuracy and utility should be
apparent as the various embodiments of the iﬁvention are

presented below in more detail.



first performing some type of physical neasurenent and then transzrE'ﬂArﬂgZUUE

*the first neasurenent into sone forn1that:§s humanl y percei vabl e.
“Introduction to enbodi nents of the presegt i nvention The present invention
may be inplenmented using a variety of configurations for the charge
storage el enment and supporting elenents, and the nethod of observing the
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result of thé me&dmedpepanigosubkérndet er Fhresimbkkktkeingr coatadner is

pr edet er m apsed ti per.i l.apsed. , After .the. ti cell has
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each cell possessing a different di Scharge functron, reby providing a
sand. Inverting the hourglass imparts gravitational potential
energy to the timekeeping substance, which causes the enclosed
substance to flow from the upper half to the lower half of the
container over a period of time.

Hourglasses, also called sand timers, may measuré.a
period of one hour, but the term is used for any such
gravitational device; The hourglass’s measured time period is
set by the amount of timekeeping substance and the size of the -
container’s aperture. A larger amount of timekeeping
substance and a smaller aperture extends the measured time
period, although the aperture can be so narrow that the
timekeeping substance does not flow regularly or does not flow
at all. To an extent, the characteristics of the timekeeping
substance affect the characteristics of the flow of the
substance through the aperture. For example, large sand
grains may flow through the aperturé more slowly than fine
sand grains.

The container’s transparency allows someone to observe
the amount of timekeeping substance retained in the upper half

of the container (or the lower half), thereby providing an



~.range of granularity for concurrently neasuring nultiple tine perlods The
_retained electrostatic charges are obserygd by performng read opéﬁ%ﬁl

on the time cells to determ ne whether the associated tinme periods have

el apsed. A fourth enbodi nent of the present invention extends the concept
of using the floating gate of a floating gate field effect transistor as

the i nsul ajgdi CHRLOR SEOLAGRbAHENG £ Olne a0 Bl oGLLAL oY fige t

Preferably, a progranmmng transistor sensing transistor wt
conmon fIoh@unglgasewaselugedtedogefherhoah@l@@anmmy b&pmmdbddftgadﬁngtgate
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potentlal Bgrggg gkom%hgghg tgsksefhen indirectly observed - by- a-
.sensing -device converts -its neasurenent into an el apsed

time val ue. Di s@hér@@rﬁhﬂétpéh deviacaceér theipsegamt benvpntbpal fgusdobed as
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deV|ces whi ch are nennrg devi ces tain ower i s renpved
from the feRbRYNABYi cénokher easehénsybiem tbat hine hgerphed nevwbsandeviipe,
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i npl enent ations of non-volatile menory are commercl al aval
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medium and its internal medium serve to contain an
electrostatic charge possessing electric potential energy,
whereas the hourglass serves as a container for a timekeeping
substance possessing gravitational potential energy. The
insulated charge storage element may have a supporting
structure, such as a semiconductor substrate upon which it
rests, similar to the supporting frame of the hourglass.
Although the timekeeping substance within the hourglass is
reused, the charge Within the present invention is not reused
after it is discharged. |

In each timekeeping device, a time period can be
correlated with a flowing or discharge process: electric
charge from the charge storage element and sand (or other
timekeeping substance) within the hourglass. Like sand in an
hourglass, a larger initial amount of electrostatic charge
extends the measurable time period for the charge storage
element. In some implementations of the present invention,
the dimensions of the insulating media and its physical

properties are similar to the width of the hourglass aperture



.Certain types of non-volatile nenory Ileldut5|de of the scope of th

present invention because they do not incorporate a charge storageGMARzmﬁ
el enment. For exanple, programmeble read-only nenories, or PROVs, are
read-only nmenories that can be witten to or progranned only once,

typi cal | y wht khagedhgl dagensmens ankapriopensiest ofushbl énsudksing medatanor k
of |0gic, LAGMEBne 36l khiad s%ﬁal%@f'%a%%m&ythgcaagefergg %hslg;' redqhogic
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menori es sf8FE, dahe Werkder @rﬁﬁam@@disrﬁge eheméatlnwhmydmaheantbpescof
non-vol ati ?egEnQBXtC%hlseﬁg%Q 1%ech%Q% 98,860039¢€ £§! %”g@éﬁéa?§§0%r & s
formof thé tinme cell F the present PRvention may man

di fferent P?ﬁeéléﬁhaﬁg@naﬁohéﬂlIeAﬁEMoughcéhbsamsuuh a$ amtained

EPROM -1 %Iect?@s%g%RgN%h%?l%’w&%haﬂytﬂ%hgha&ﬁgesgfrggg'gggﬁ%hkecannoﬁy
cel | conpr|5|ng an _insulated charge stora an

el ectrical Pg PLogeidvapres cedygdonkiy ﬂéﬁobﬁ éEQR@NFtéandbéer@heedrbgalIy

rogr anmed t s RYEXROSWN & £ dhitravialet,  Lig er
FIHE An efgg?F.?EPfsrgagga g% Q&% nnggyeh%éad oh?yrngn§% g%g Ebﬁkb can
be electrlééﬁﬂ?foﬁmégga#ﬁédf&ﬁétem@éﬁﬂﬁémﬁhy én&sedomspéerhi thhkyisin the
first enboghﬂgﬁgyoFeggglgggggnt invention, a generic non-volatile nmenory

cell has been nodified to function as a tinme cell in_mhich an
el ectrostatic charge is accunulated 18 - 6 MAR 2006 within the insul ated

charge storgge-gheresh eb EB%oE@QbB%%d fn@ﬂevgkegbhﬁ Hﬁ@@ﬁxlsﬁll The
addi ti onal Teature of erasing i ne ce I schar e insul ated
charge storage @Pénﬁﬁ?5?§tnépveé§§@ﬁtméV be implpmessad haveat komarfhey

advantagesoaneonéhgaga@abage&ogfthQCQEQQEatseeraaeagﬁeﬁbﬁeagnafasure
feature are described further bel ow gresent i nventi on may be

based on dFPP@Péﬁﬁngt96@?38F5m0ﬁ990F§F|métﬁ@ﬁnp§ eeFREVingethel pdRrRgic
exanpl es potential may vary depending upon the chosen embodiment.

A first embodiment of the present invention uses a
modified non-volatile memory cell, herein termed a “time
cell”, as the charge storage element. Initially, the time
cell, which has a predetermined discharge rate, is programmed.
Then, the retained electrostatic charge is indirectly observed
at some later point in: time by performing a read oberation on
the time cell in order to make a determination as to whetheér
or not the threshold voltage of the time cell is above a
predetermined threshold voltage. The result of the read
operation then determines whether or not a predetermined
elapsed time period has elapsed. After the time cell has
discharged éo that -its threshold voltage is below the
predetermined threshold'voltage, it has réached a
substantially discharged state. For reasons described further
below, this type of time cell may also be termed a “biﬁary

time cell”.
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refer to a sinple field effect transistor containing a progranmable
floating gate structure. However, one of ordinary skill in the art MARU
appreciate that the structure of the tinme cell may vary dependi ng on the

, inplementation. For exanple, the tinme cell nmay have an erase gate and
.other device structures or elenents in addition to the structures or

el ements depicted in the exanples. The depicted exanples are not neant to
inply limtations with respect to the present invention but rather provide
i nformation concerning the range of devices that may support the storage
and di scharge ofi apcoebeetbosiakht eolfatpe wreBentafnniveaulahedeshatibes
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Figure 1A . Acdhagr apIeRiehs 3l Rl pela¥ohabE! §14BURRY cell containing

a charge storage e
' A fourth embodiment of the present invention extends the

concept of using the floating gate of a floating gate field
- effect transistor as the insulated charge storage element for
an horological device. Preferably, a programming transistor
and a sensing transistor with a.coﬁmon floating gate are used
together. The common, expanded floating gate is used to store
© . an amount of electrostatic charge that is greater than the
‘amount of electrostatic chafge stored by a typical floating
gate,ﬁield'effect transistor (FET), or FGFET. The remaining
electric potential of the floating gate is then indirectly
obsefved~by~aﬁsensingfdevice,"which“then“converts-its
measurement into an elapsed time value. Discharge function
characteristics can be optionally stored és part of the
horological device. For reasons described further below, this
type of time cell may also be termed an “analog time cell”.
In addition to the embodiments mentioned aboVe, methods,
systems, and computer program products for using the

horological device are also presented.



‘inplemented as a typical floating gate figeld effect transistor. TEﬁ ;
operation of floating gate field effect transistors (FGFETs) ar®e AR 200
wel |l -known in the art. The operation of a typical FGFET is first discussed
in order to provide background information, which is then followed by a

di scussi onmetii&n eeiNpodi-F@Ntk taflel RAM MRERIMY idBMantisOmdrd 1Wyich1 AciMRrical
non-vol atile nmenpory cell can be nodified to forma tine cell that can be

used as an hor ofodi€Alt BPrLdMeERt Qéb5pﬁaﬁ6@sﬁnﬁhiPW@“ﬁﬁ@?eHﬁqsn@ention.
Figure 1A depiigti®damontvonariale alemdrlyRe 1fil 0atiin@oat @ kT ceAlt hauah
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the nost efficient operation for. programing the nenory cell, as discussed
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creating twommegicaas lyhataanablli gy darad renith taReld- b PR cHORRM aitqn f Or
donating free electrons, .such _as phosphorus. Alternatively, the source and

the drain REJOBE PEEEES AladgiherentediPdRet a silicon substrate. The

region between thetaour ¢gpard oifheotraiol aftanks métoryo 1MARCAR@E dehe rCharnel
in which mnority cy rent carriers flow (in this case, electrons) when an
el ectri cal SFPBEJ°is éﬁpPF§§68§eFnyﬁ€t¥EWaRF€PPS€oﬁ@&dtﬁ@en€5nﬂ§€P§pPG§téhd
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to or programmed only once, typically with special equipment

that burns out fusible links in a network of logic, thereby
setting a specific memory location to a desired logic level
and establishing read-only data values. Hence, these types of
memories store data without a charge storage element.

Many other types of non-volatile memory cells comprise
charge storage elements. Hence, the form of the time cell of
the present invention may be based on many different types of
non-volatile memory cells, such as an EPROM tell, an EEPROM
cell, or any other type of non-volatile memory cell comprising-
an- insulated charge storage element. For example, an
electrically programmable read-only memory (EPROM) can be
electrically programmed and then erased by exposure to
ultraviolet light at a later time. An electrically erasable
programmable read—bnly memory (EEPROM) can be electrically
programmed and electrically erased. Specifically, in the
first embodiment of the present invention, a generic
non-volatile memory cell has been modified to function as a

time cell in which an electrostatic charge is accumulated



.source and the drain when appropriate. In&igure 1A the insulating AR 2006
regions are forned by silicon oxide (Si02) regions, but alternative y
other insulating materials nay be used. O her oxide regions and ot her
optional structures or elenents are not shown, and the structures of the
devi ce ar ewidhigr dlwe insudedies] dbcarrtgeolstgmae;elbaeamhtf lofattiheg ngpalticf iEH8 ar e

regi ons th%%ﬁl%%3a§3ﬂﬂ§§}%%f§f her portions of the device by insulating

region 120 oating gate e polysilicon (also termed anorphous,
mul ti-cryst aI I | Tde @rdcpctll)m@lstfalaltm@ sifl iegme)ing wind eigentoedll gt e 116 nmay

be net al Oly ] 3’9{151@0 S ReTy %fhal ulsq:tl %&[e%’én]tzQst%t en the
St r

floating gate a anne portlon of” the su tér med t he
"tunnel i ngeseeinde'alortd' tturmeinaﬁgzrrteglmﬁdhtn@:h foﬂheemwgletsh anid | becone

i . B nb | i
Fepr caont atrioA AT EY Poety MRt AR ke (B4R Eseitstoor o
positive direectescuribent fugitthege Hed avhe gat e over the channel turns on the
FET by att r.aCt' ?\q o% H U Eﬁ:es@%t r].l%ﬁie%tlo%glm% gat %ra%%.l fglo%lblflfege&rte

channel region me conductive oatin “cont
gate 116 pé&ypesmeft h@nga)toeafumammmoafy qel,lrlm,ngrmn fadd cefilxgFERai@d.esThe

vol tage of te}fpe ct%tr()l Q%tl% fI‘éS.L teefé%taltrla%sq t%r eg:o%rtat_tlpﬁ%gt Ige FET' s

t hreshol d voltage racterls i ¢ paranete term nes the point at
whi ch thepeerqttrra@ma@dxee fMolatdgy ms;ebmtltmeg_e élmmgagrt@rt,ooenablfe the 21 -
6 MAR 2006 (chamnely afiiiie HE b D800 NGl MG Olerla %b%@erstwc%r
turn on the f{he FGRET gets its nenory nct|ona|ty pr 6gramm ng

the floati @é @@tee timer ioed la Mevyo Gradryidep emskingt ioon thtehempfllem@ntnGl@at e
ecel ves akAMiingdle ChHIE il dNG WAAHAE 92LEdse Yl RACHREASE of an

appropriate polarity, 'th GFET cannot “turn on, thus indicating one nenory
state. Wedevdee structures or elements in addltlon to the structures or

elements deplcted in the examples. The depicted examples are
not meant to imply limitations with respect to the present
invention but rather provide information concerning the range
of devices that may support the storage and discharge of an
electrostatic charge within an insulated charge storage
element in accordance with an embodiment of the present
invention.

As-15wdescribed in ‘more- detail further below, the charge
needed to program the modified non-volatile memory cell must
be injected into or through the insulating material of the
‘charge storage element. Different mechanisms of programming
the modified non-volatile memory cell are viable, although the
different mechanisms have different requirements and
characteristics that may lead a designer to prefer one
mechanism over another. 1In the following examples, the charge
is injected via a mechanism called channel hot electron
injection. However, different mechanisms may be used, and one

of ordinary skill in the art would appreciate.that the



flroating gate is not storing any charge, lthe FGFET operates as i.fg &nmge
an FET without a floating gate, which indicates the other menory st

- The two nenory states support the operation of binary logic in which the
two nenory states represent either a logical "0" or a logical "1" stored
within t hen[jerrmdxoncmlelchamiams mayl ealiyt deehkinegf enenbe ﬁﬁwlbmeﬁitguﬁa&

1C 1D, graphs epiL Gt effe upon e threshald vo a progranmed
f1 oating ggte%ofpresn tyﬁ@vFP &PPng abF dFPéF% ngéSPp anQFétBPE fipant

Fi gure 1C, tbeﬁmpéytﬂemﬁka&hpng gatha receeces ta mhargeeduhmngn&enpﬁegr&ﬂﬁing
operati on, at .the contro eater GFET'. s

t hr eshol d v%ﬁ%age al %§ﬁ§ &OéWFtES“ng%CeFﬂ%Bﬁgﬁ Pﬁg e&F& lnagggﬁpﬁg t he
drain is poschavely hinasedordahber espéctnt embbeimentces baeceredehitng a
menory operatlon to read the bit value stored in the nenory cel

contalnlnglp nt#&EET a read operation voltage at the control gate greater

than the threshulidhvekifagentcer i Figuke ERFEL dilereRydephietsdangyphical
i ndi cati on that hhe fl oati ng gate_has not been programmed. |In Figure 1D,

after the PPBaVPA§TidCe™FBE Vv€§lé Eﬁ&?@énlﬁﬁrPn@hérﬁﬁoéFQﬁﬁﬁﬁgeéﬁ@?&?lon

any voltag&m@uembat@anh@ob tgpteahegsobiRangt GatECFEE 18 khteshol d vol tage
wi ||l not c%use ent go fIOM/through t he drain, assunlng the drain is

positively 5?55&5 Frh F8Sp8RETREPReCdodreatigngateddirhE S REHDI Y

oper ati on teaneadtbhe bwsyzaemeasbowedannbha HAMBhE age€l! egataining the
FG-ET, a read ogerati&n vglt ge at the 2 MAR 2006 contr ol gate | ess
t 8geY

than the t RPESRGIE"VE §lng?FFarﬁsoﬁlrﬁﬁedﬁéﬁﬁ?seghépeﬁﬁ BF o¥Pdi ng
an |nd|catpmnvuhatbabegtboaalmgfogmaelba$ bﬁeahpﬁegtﬁ@ﬁedolIbaeaw@y a
g 1o MY IR T T AR
operati onah syptieadf nbhevolatile memory cell can be modified to form a
time cell that can be used as an horological device in
accordance with the present invention. Figure 1A depicts an
n-channel or n-type floating gate FET. Although a p-type FET
may be used, in which case alternative programming mechanisms
may be desirable, it has been found in the prior art that an
n-type FET with channel hot electron (CHE) injection into the
floating gate provides the most efficient operation for.
‘programming the memory ééllj"éé'diééﬁéééd_ih"moré”détéil
- further below. '

N-type floating gate FET 100 is formed on a
monocrystalline silicon substrate that has been lightly doped
with a p-type acceptor ion for generating holes, such as
boron, to form P- substrate 102. Source'104 and drain 106 are
formed in the substrate by creating two regions that are

- highly doped with an n~type donor ion for donating free
electrons, such as phosphorus. Alternatively, the source and
the drain may be formed in a p-well region in a silicon

substrate. The region between the source and the drain forms



.FGFET indicates a binary "1" or a binary 20". Hence, when a floating gate
is progranmed, one can interpret the operation as setting the mendfWAR Qs
to alogical "1" or a logical "0". By performng a read operation on the
menory cell, a binary determ nation can be nade as to whether or not the
menory cel |the sthannsl an ddric mimonity ogirrgnt oaryiemwnof owlefdrcechis

cont al ni ng. Ak VAl ALdd A dBe el S 1B have AL idtel nalo stal e gmehine
e

t hat provi des progranmm ng gorlt or storing an ng d
accor di ng tdhametype of ar chi tecture or arrangerrent for its rrermry cells

or menory cell ﬂ?{{\}’ t fﬂ? t nggor

wel | - known and c(g%{%)r/c(s:tlla y aval bl e f’d%? hou dﬁl%eﬁn%4 ed’? (fey Qe the
essenti al cheiact eresz:tecctnfeltme qr@sne’iﬁulemm:ntfmm isthdre pomsidred Etdfl Sthgége
storage el epent a its pr rammbl it e esent inventjon cou e

i ncor por at € \fln%o die'fq?%r ’ﬁﬂe% 41rf:b'?'fp ‘g't SRR B r AR or
archi t ect urigse td’tﬂidﬂtﬂi&&e tlf'teadlﬁ(‘@ﬁw Yo esisait i ed ﬂhﬁvﬁafd &3 st s, rrand
menory arragl circuitry will not be further discussed. A non-volatile

menory cel |SEHFDETNT otd’rearﬁwre?d”byﬂl'aer%/eﬁfﬁ%ﬁﬂprjo?t%hysi%aﬁ'lw%és"&esthqhe

charge needagh 1o tAIMRPNAG 11 S1AN-Mdd 118, NI Yo L &l i dISEs RE) | ?Jeggbﬁg
into or through the " insulating material of the charge Storagq%msea:}
‘%rﬁﬁ e

Di fferent Yciidfieiie ofvehogr rng“tsr‘rélaﬁblﬁl%d?aa‘%qq@%ﬁ%ﬂf}y
possi bl e, adraudxide ffatemndeahan S ve ddtfrflﬁ,rteiﬂtes rSOW T SIBRU S

and characteristics that nmay | ead a designer to prefer one mechani sm over
anot her. 23%e AQAMRIIGE Cﬂﬂéi et et iOh e aiian wed nat dusat ng

gate devi aas sjcfalla)wl er - Nordhei mtunneling, which is a field-assisted
el ectron tunneling process. Assum ng that the floating gate is conposed of

pol ysilicon, whéPT-1%r g&tholtlfyend s lgafting Hdroskly e regions that
pol ysi | i cony,Si Qs dd R ﬁtJnPQatﬂHé‘r i it f P NG I3 1 NFW ALY

material, and channel, th
region 120. Floatlng gate 118 may be polysilicon (also termed

amorphous, multi-crystalline, or polycrystalline silicon),
while control gate 116 may be metal or polysilicon. A portion
of insulating region 120 between the floating gate and the
channel portion of the substrate is termed the “tunneling
oxide” or “tunneling region” 122 for reasons which will become
apparent in the description below. Figure 1B depicts .a
symbolic representation for an FGFET.

In a typical n-type FET, the application of a‘positive
direct current voltage to the gate over the chaﬁnel turns on
the FET by attracting electrons to the channel region, thereby
enabling the channel region to become conductive. In floating
gate FET 100, control gate'116 performs the gate function of.
turning on and off FET 100. The voltage of the control gate
must be equal to or greater than the FET's threshold voltage,
a characteristic parameter that determines thé point at which

the control gate voltage has become large enough to enable the



-energy barrier is narrowed enough such that el ectrons can tunnel through
the barrier fromthe silicon conduction band into the silicon oxid@eAR 2008
conduction band. A high injection field on the order of 10 W/ cmis needed
across the oxide during a progranm ng operation that uses Fow er-Nordheim
tunnel i ng. cdhanoredero ft dhee FET thve e doingh-darelut tdateyjerand dthErt WdiRls, to

vol tages n d durd gramm ng, very thin tunnel oxides are used,
e.g., an a%%ﬁ?% vg¥¥g§§ﬁgf 10V across an oxide of 10 nm (nanoneter)

thickness. |n orMer RGFRTedets tite menldrageundid dnaliely ®d ¢ adnkang

t hi nner, altho thickness of .8 nmhas been recognized as a lower limt
necessary fttcr){é lf%g,g lt&?argﬁ‘e-er'et ENGEY e RAN IS A mARS tog’c?r’fé"l%lﬁé‘nef s of thin
oxi des i nclildetanghgetter rehanivels laengiouatd of |cbueiger.ead £ aper &licdft ing

vol t age. er.,. thin.oxj n difficult .t rqw wi.t h' | ow def ect
densities !_%\éﬁéch&l $ rlrogc%w)élr gg’%tr?%oﬁ)&ziaﬁl 4§638 pcrﬁgr% e%Pg'F§HTtiyon hdVitGr. The
mai n di sadvamnadge tiurn @i, nghEowliediNartdng mneumesloinyg sftartepr oghamithg an
FGFET is I ti riods sary to,accunul _ate ficient charge
in the flog??ﬁggggtgkq%bgg Pﬁ&oﬁﬁgﬁﬁ%ﬁ Sﬁy ESRESEs NG hgﬁﬁﬁphﬁﬁgFPﬁﬁs be
found i n Ndrdvdltamiere aBemEFomdiutiont Merfiopntieghuaitegy whAcBonpieharsisveéhe
“Q@uide to -g%%%&s%%n%in %ng Usi ng N%ﬁw gevices, edi%g%ﬁby WlliamD. Brown
and Joe E. “Brewer  ICEEE°PFeSs, 1998.1°K P er BEFRS YprrbgratnHEPREEn &R s m f or
the FGFET shewation Bifgiieaks i1sgihanmnelnich ehectienmeRdE), istaeeki on,

which is a__much i ck process .for. inj,ecting.char into the floating
gate. At IgFggegFgﬁn?ﬁgkgguchogﬂggés,%{hgrnﬁnépﬂﬂ§giarﬂieF§°2&d-WBtNAR

2006 that fthewmemotrlye celanmel a whingheabatel ectrons in an n-type FGFET, are
accel erated by thggl arge electric field found_at __the drain side of the

channel . This gi'véS FESETFEPrPREt o BRELEEFoNCat Dy hET PRSP deRAG tnbbe of
the mnori effeartr upos tgenehakedoby WhethFeasy hLopirdgkhAmecar ¢16akliggt ed at
the draln'ga%%n%fogntggtgkgc%&%g%i %IGa%go%gglgng%%%c%Ot%gkg?%%ggv]t%n
Figure 1C, before the floating gate receives a charge during a
programming operation, any voltage at the control gate greater
than the FGFET's threshold voltage allows éurrent to flow
through the ‘drain, assuming the drain is positively biased
with respect to the source. Hence, during a memory operation
to read the bit value stored in the memory cell containing the
FGFET, a read operation voltagé at the control géte-greéter
than the thrgshold voltage turns on the FGFET, thereby
providing an indication that the floating gate has not been
programmed.
In Figure 1D, after the floating gate receives a charge
'during a programming operation, any voltage at the control
gate less than the FGFET’s threshold voltage will not cause
current to flow through the drain, assuming the drain is
positively biased with respect to the source. Hence, .during a
memory operation to read the bit value stbred in the memory

cell conpaining the FGFET, a read operation voltage at the



. surnmount the Si02 energy barrier and are emtted into the oxide, which
.gives rise to a hot-carrier injection cogbrol gate current. The contor/iR 2006
gate current of the FGFET consists of thoSe electrons that actually reach
the control gate, while sonme of the electrons are collected at the.
floating gate. The main disadvantage of CHE injection is its low injection

efficiency C q I Lts, hi Q con tign, Faor, favorable
el ectron iﬁfgg?P%ngggg #?gédXB?gséggngﬂfggﬁggdiYoiggggsg?gﬁl8°ttouﬁﬁv8na
hi gh verti thke EGEETri therebg pndvadhnghahatirdatatébacthat thel dloahial are

condi tions t n i tention. In an FGFET, the lateral field
al ong t he 8%g§ng%g ﬁ8%§58?8gg8@$§§ée for an increasing control gate

vol tage, whil eThhetwerbpeahtipehd ebutessby ther €asesihgr ganei auppastng

control ga | t . Hen in order to.genegrate.a large,, nugher of h

e ect rone. DIk 98 3ac T of st 8986 Fugetafa Shek; aher BharntVBrRRee afdL
desi rabl e. whHbbhehewve foroebention absntectwhonhangeeaklientiontatet hé ftheati ng
gate, a hi r ate,voltage,and _a_l r_drakn vol.tage ar
desirable.geggTagggéﬁggﬁ?sé,bég?ﬁyco%trSF aa s and dpafn éngSgegﬁgPeakept
hi gh. The plogtangi ggteolisagesgassmaduabhy paohigteapeett hha opheahoomal

operating I ppl.Le i e_c . gat,e _or _t rakn,,4the
FGFET neno¥§ %%??§P§ ?é%n§8ﬁ§r20%93%|g?i?egﬁé%§%§ gengb%cgg ecske ghérge
wi t hin t heB¥l patrifngngateai seadsspatabliby shabhe madongneedlat &l binany

contrast. AeEaimRHa dXRARLE bandosLageess NROPhYy(DRAML, 1 248 HOLBEL! €e1T -

6 MAR 2006 sem conductor rea nmenory requires perio
ref reshi ngcontpinseavéogheathiifjesrohogtisatapbtiti ve nenory cells that

retain data. DapayLgfept {480&@ éoﬁ&é‘?ﬂ%g%ﬁ%faﬁhé HENLES Se1B! hhLY toO
retain data over tine."This Is a critica
have an internal state machine that provides programming
algorithms for storing and erasing data according to the type
of architecture or arrangement for its memory cells or memory
cell arrays. Since many types of'non—vclatile-memcry are
well-known and commercially available, it should be noted that
an essential characteristic of the present invention is the
insulated charge storage element and its programmability. The
present invention could be incorporated into many different -

K types of non-volatile memory arrays or architectures that have
the necessary essential characteristics, and memory arréy
circuitry will not be further discussed.

A non-volatile memory cell can be programmed by a variety
of physical processes. The charge needed to program the
non-volatile memory cell must be injected into or through the
insulating material of the charge storage element. Different
mechanisms of programming the non-volatile memory cell are
possible, although the different mechanisms have different
requirements and characteristics that may lead a designer to

prefer one mechanism over another.



_rellablllty paranmeter for progranmabl e non-volatile nenories. High
.tenperature operating life and data retents on bake are the primary 6 MAR 2008
reliability tests. for this parameter. The typical mninmmpattern
retention time for many commercially available nenories is 10 years at 150
-OC and 20 years at 125 OC, whereas the typical expected operating

tenperature fOrOH@SElQQYEBﬁS1h§ectﬁ@nCQeEHaﬁgémcgseahﬁn iBatﬁﬁgrgéeg

mechani sm by which an FGFET fails to retain data is er-
t unnel i ng. daVieesansnFeyper- NeFémehﬁstBééﬁlpﬂ@grHhﬁﬁa b? accunul ati ng

el ectrons wikhinakhestbhoalkrg 8a! €unhBeih bbgsgat en gﬁm@n@'QHhE'Eﬁ@t

ogt
electric potentlal and the el ectrons tunh ? t hrough tEe I nsdl ati1 n oxi de
bet ween t hé1PR&aPEngagst &si AeBPeRedchinRelysTherener whent pj dapget VvoAtate he

Insulatlnglgegbgmlba terped the "'&99@9&bea/sgé'ﬁ§alfﬁontéﬁgﬁ%ﬁaﬁbr Lpn”,
as shown b% tunneling region 122" in_Figure 1A the tloating gate | oses
14

el ect rons, héhélééPPFénﬁoﬁéﬁ?vaPngéhéFaﬂédePthélstéﬂédChannel the

el ectrons, dhalgshasriaddisthe-Lhreanehduynl Lags take!BecECEBAsDEGhNS L0
shift back to “its nogﬁg gﬁanned thresholfd voltage. sone point, a read

oper ati on &HR&ACSHr &§ra nbﬁyréérlfﬁpmhtbﬁgﬁ#iiéantCpéégcéﬁonchange\MII

turn on angdndpawnha §hgmbahcea&d@neeﬂauetleﬁabandcurAeﬂa nTHg; EGEEInthen
appears to _be_a non- r anmed Assum ng t hat ?he F&F

progr ammed£it@ler ger t 88 stges beﬂP MVéFBelStﬁée¢6§536¥0éﬁaF§@ ﬂﬁﬂﬁecause an

I ncorrect auklﬁgluep&@ﬁrbﬁm&ﬁ dopeontt BR ERHPr ¥sE8l FowYELhnbehRESERACE. NOW O
Figures 1E-1J spreads eet nodels and graphs depict the threshold voltage

retention SUBnelgngaR éGOBréﬁéréﬁtéﬁﬁgblE§669ehlgﬁﬁélﬁéﬁlﬁééu6ﬁ gnfe for

non- V0|atlLimlﬁEﬁHEYVQQkbgeﬂhhéédééVaukiﬁg'?t@&@hmﬂhﬂ?nsbeﬂ§ 8Adn tunnel
geonetries 8mder-hbrdhe|n1tunnelln s are well-known in the art

and have b88hIfBdaFedusEdextefisi valyiPRALCROWPLEAES BfelAY BHHAFFOAD
cal cul ati opgigayolsel1oofpul gdnvintben) atEprRAESEEEt In order to reduce the

voltage, the tunnel oxide can be thinner, although a thickness
of 8 nm has been recognized as a lower limit necessary for
gobd charge-retention behavior. Additional benefits of thin
oxides include a shorter channel iength'and a lower read
operation voltage. However, thin oxides can be difficult to
grow with low defect densities, which is required to obtain
good charge-retention behavior. The main disadvantage in
using Fowler-Nordheim tunneling for programming an FGFET is
the long time periods necessary to accumulate sufficient
charge in the floating gate. More information on

Fowler-Nordheim tunneling may be found in Nonvolatile

Semiconductor Memory Technology: A Comprehensive Guide to

Understanding and Using NVSM Devices, edited by William D.

Brown and Joe E. Brewer, IEEE Press, 1998.

A preferred programming mechanism for the FGFET shown in
Figure 1A is channel hot electron (CHE) injection, which is a
much quicker process for injecting charge into the floating

gate. At large drain-to-source biases, the minority carriers



. For nore information, see Richard G Forbes, "Use of a spreadsheet for

. Fowl er - Nor dhei m equati on cal cul ati ons", %4 Vac. Sci. Technol. - 6 MAR 2006
M croel ectronics and Nanonmeter Structures 17(2), pp. 534-541, Nh r/ Apr

1999. Typical widths for tunneling oxides are commonly 8 nanoneters (nm
to 10 nm Figure 1E shows a conmon set of paraneters for a floating gate

FET, includnag qmwnael t0%l d@anhB1GKkRBSShohr80e2RaEHARE Al a8 ﬁmty?@d
Figure I F shows a of the threshold voltage of a floati ate

over a per FG§ETof @ G 9€&F§eéﬁt§9eﬁwyt@ﬁaééﬁgeoﬁ e?ééﬁclﬁ%é#@a¢§unﬂsa§homn

in Figurethe, dr@ent Rigehelrdtyel tadanBat ORhysdg9ResSk9vky tevempaticme but
the rate of change al so dimni shes over time. Figure 1G shows a conmpn set

of par amet dPEIREE1T pbatitfgdrgdbe BREE, MPatl adi fBealinArétYoLRrEE 1€KSCkness

of 80 angsykagBated § nrtfheFmguaetlhﬂoﬁme%langa@ehceiléeeeahaes*&%dd\fgh&ﬁge
of a floatln gate FET _over a period of years. Figure 1li _shows a

conmon set S8f€p ?aﬁ@@eﬁ%eFGFoésfgééplﬁ&oﬁgbeePE?gy tAcRbdPHg tRemuUSRel oxi de

thi ckness @hirB%uafgEheolE 09l efe By P Mar H M £nhd Ja Shoansi B & aphe of tikbe
t hreshol d voltage of a floating gate FET over a period of 32 years. In

both Fi gurQXiﬁean&’hFF&uﬂéVfﬁ’ rifg hnBehobr CaEEdRAs 1NAP6REOPhEORESRILS
i ncreases g&@@neﬁ&m@hhy at each interval, thereby providing a perspective
on the drop in t reshold _voltage over both short and | ong periods_of tine.

As can be seenTPf EP&GF@llﬂaéﬁdCFFéﬁpe ?3 thReFFFBAL FRGSYALE Pét &PRSCits
charge ver y&lmhkontshth@hahg‘tudQQSy @etacheghe t:@newml f;aeant tvildegayeuntt |
at | east 1 ear her t he pro%gg aﬁ SE - MAR 2006 and the

t hreshol d Ft&&@c &8 /i S eSﬁFg p Eéﬁ%ngogéFea 33hgeBA1Ber i od.
Wth this hashgmeumdgexplfaumi Qﬂj@f:ttibﬁ QBEE_atsI mawoingectyphcatff&b@ehb@;g
gate FET, descri now, 0_an glanat on_of % nnerbEn

ion
whi ch the PP?StcgﬁBS% ﬁ@ﬁ}yof %ﬁe 1gh power c nsump lon. vora
electron injection, at fixed bias conditions, it is desirable

to have a high vertical electric field and a high lateral
electric field, which are conditions that tend to be in
contention. In an FGFET, the lateral.field along the channel
tends to decrease for an increasing control gate voltage,
while the vertical field obviously increéses for an increasing
control gate voltage. Hence, in order to generate a large
number of hot electrons, a lower control gate voltage and a
‘higher drain voltage are desirable. However, for electron
injection and collection on the floating gate, a higher
control gate voltage and a lower drain voltage are desirable.
As a compromise, both control gate and drain voltages are kept
high. The programming voltages are usually much greater than
the normal operating voltages applied to either the control
gate or the drain.

The FGFET memory cell is termed a non-volatile memory
cell because the charge within the floating gate is
essentially stable and non-volatile. In contrast, a common

dynamic random access memory (DRAM) is a volatile



present invention nodifies a non-volatile nmenory cell containing a charge
" storage el enent, such as a floating gate,gET, to construct the basi & MAR
“of an horological device called a tine cell. This enbodi mrent of the
present invention nakes the novel observation that the rate at which a
non-vol atile nmenory cell loses its charge can be selected or constructed

ina ”anneéemEE@hdﬁbkgwerQ@ %ki%@ahgﬁoEpo%ﬁﬁ% E%qggf%§eggkgogﬁbng this

novel observation, a nodified non-volatife nenory ce engi neer ed
as an horoFGéF@éPlBQVF@ePrﬁéﬁéNﬁ teenehagges g 1&6| capachid val PeRory

observatiopg19k khatstakgisueltihhat el apsed tine periods can be
determ ned. By manipul ating the |nsulat|ng medi um around t he charge
t

storage el ement DaitehirRtenéioni fs eepltandarpt sepaureal fconderiiesss the rate

of the d'ﬁ%ﬁ@&ﬁ? eaoeeealﬁaaa@g 69BLr el hed '@has”&enerc§9%2cggat the tine
cell can neasure known el apsed tinme period. In general i mensi ons

and phyS|cé?lbﬁ@béﬁﬁwe§36ﬁmﬁﬁér fasubPapERgMRakilarnednveshtihe MO e sof
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floating gate, the floating gate has a significant electric
potential, and the electrons tunnel through the insulating
oxide between the floating gate into the channel. Therefore,
this portion of the insulating region is termed the “tunneling
oxide” or “tunneling region”, as shown by tunneling region 122
in Figure 1A.

As the floating gate loses electrons, the electric
potential generated by the stored electrons diminishes, and
the threshold voltage for the FGFET begins to shift back to
its non-programmed threshold voltage. At some point, a read
operation on a programmed memory cell with significant loss of
charge will turn on and draw a significant amount of drain
current. The FGFET then appears to be a non—programmed FGFET.
Assuming that the FGFET was programmed in order to store a bit
value, the loss of charge will cause an incorrect bit value to
be read from the memory cell.

With reference now to Figures 1E-~1J, spreadsheet models

and graphs depict the threshold voltage retention



. floating gate of the FGFET to di scharge nore quickly. After a tine cell is
~constructed with the necessary requiremenfs, the time cell then aogejimt
as an horological device as follows. Initially, the time cell, which has a
predeterm ned di scharge rate, is programmed. As the tine cell loses its
charge, its threshold voltage shifts, which changes its operationa
characteri ghh¢act8ri@sd capPerali 98n aBe?@oﬁgrEQrE@ﬂeo@okhﬁth@%lﬁ%Hhe'n a
manner simlar to perfornlgg a read operation on a non-volatile menory
cell in or BEROELY FEadd st WBlgdnhayeatirprditiensly ddBRRSsonst andagaemgt raess -
valye. |1 IBewaesenerahldn thiRedshly, ROWRYET arbNGel 2a8nORA! Ah! Phel Brt
perforned in order to read apsed tine va One can
det er ni ne @het Rhaveoberdt mokeledagoop&tansonesy GBhrtafewilsraheveheimpel ow
the thresh@hqafthagﬁlehthgohe”ﬁaxcsglcémbh@ea'§aehlﬁyaoég%egaeaerether
or not the transistor is turned he read vol t age I'S operation
provi des aﬁorlﬁ@ﬁﬁeépféﬁﬂéﬁﬁépuoﬁeéfRﬂﬁéaéﬁeﬁtrférbéﬁen '‘PVae ef fhe charge
. storage egggeaash@ekh%o&l%%w@%ILNe@ahe&ﬁ E%hét&%ﬁ cﬁh@ﬁﬁéQﬁBﬁE“C ghar ge.

By knowi ng the anount of tine that. shoul d el apse before the ch af gé st orage
el enent | 0¥8§&- h ) AraBfeNappmMegELential , or

in other g@g@gtuggsquwgqg bge ggqugqlofMgkyg t-haggshoul d elapse bef or e
the transiStor containing thé charge storage ePenent reaches a particul ar
threshol d vol t a¥Piceier&sopera Péﬁeééﬁgdéﬁéﬂﬁﬁnéremﬁ@mﬁéﬂlar8not a
predet er m ped b8 -REr has 16l apsed f e,ng Fiagurg 1K, a
dlagranldeplcfs a get o? threshold vgﬁgbgg ?gsgéﬁgg grawﬁhgghowﬁng t he
change in peramgtRBR Z0@O6 at HResliohd G@t&agéToflanlndnygeaftgane&gogaﬁe
field effe i stoL, ~a fl [ e, L0 e.
After the ?Fég%%%ggggke%Peggﬁéggggg §?g§g80r?ﬁ& nggggr%k 2%8 ope% F%hL
any vol t agefathehéhceshodld gafléabessft hafilbhéing gate FET over a period

of 30 years at evenly spaced, one year intervals. As shown in
Figure 1F, the threshold voltage not only drops slowly over
time but the rate of change also diminishes over time.

Figure 1G shows a common set of parameters for a floating
gate FET, including a tunnel oxide thickness of 80 angstroms
or 8 nm. Figure 1H shows a graph of the threshold voltage of
a floating gate FET over a period of 32 years. Figure 1I
shows a common set of parameters for a floating gate FET,
including a tunnel oxide thickness of 85 angstroms or 8.5 nm.
Figure 1J shows a graph of the threshold voltage of a floating
gate FET over a périod of 32 years.

In both Figuré 1H and Figure 1J, the numbér of seconds
along the xX-axis increases exponentially at each interval,
thereby providing a perspective on the drop in threshold
voltage over both short and long periods of time. As can be
seen in Figure 1H and Figure 1J, the floating gate retains its
charge very well; the charge does not begin to significantly

decay until at least 1 year after the programming operation,



. FGFET's threshold voltage will not cause current to flow through the
.drain, assuning the drain is positively liTased with respect to tAdA8d0fce.
Hence, during a nenory operation to read the elapsed time value stored in
the time cell containing the FGFET, in a nenory operation that is simlar
to a read operation of a Ron-volatile nenory cell, a read operation

vol tage at ahkie thentthale spatlel tivdtaige hass dikanikshed bhngsaolrdw pleragetwi | |
properly determ ne that the floating gate is holding a sufficiently |arge
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electric potential ., of the floati gate has been _reduced to a_particul ar

n
val ue. BypEﬁéﬁPﬁglPW@“&P?@hEP&éfﬂgﬁcﬁi8ﬁn6V°9ﬁ§lﬂFo5FWﬁ§Yg§Fé} a read
oper ati on ednthentinge acehlargan sdetragel eeewbathesueh At ad f1phedelyeighiceed
tinme perio% Qas elapse%. Aft%éltg? ,prgdeter%lned ti peri od has el apsed,
the floati i gat® ELRSWHELoRLEILAEACt 5OKEY 8L 8RchRICAgdEaLaReVArrY
di schar gedcadflatiea Witde kefler.ence now to Figures 1L-1Q spreadsheet. nodels

d hs depi .the threshol d voltage retention haracteristics of an
ntype 11oati no Gite SPPAATTERFeQf ThFARSFSFOE AAVETERAB BERES KhEhPONthe

tunnel oxi dbskasahden tbhitnned. riypi aal wwidhha hon-tunaehlBagmexbdes cen 1
FGFETs are., common a set. of garaneters 30

C D gy nnlt% 10. nm Ei re %L sho Set, ¢ anet el
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angstrons tha6. 810ewsFither eik¥hakges paogeaphtof behastiiugshobdinyokhage of a

floating g%%%eEEgbg%%@a%i%%Cigdmggi%ﬁegng%g§vg&;tile memory cell can be
engineered as an horological device, herein termed a “time
cell”, that allows dbservations_of its state such that elapsed
time periods can be determined. By manipulating the
insulating medium around the charge storage element within the
time cell and its initial conditions, the rate of the
discharge process can be controlled in a manner such that the
time cell can measure a known elapsed time period.

In general, the dimensions and physical properties of the
insulating medium control the ability of electrons to tunnel
from the charge storage elemént through the insulating medium
via Fowler-Nordheim tunneling. Assuming a particular type of
insulating medium is used, the physical dimensions or the |
geometry of an insulating medium, such as its thicknéss, can
be reduced in order to increase - the number of electrons that
experience Fowler-Nordheim tunneling, thereby causing the
charge storage element to discharge more quickly.

More specifically, in a floating gate FET, as discussed
above, the thickness of the tunnel oxide controls the ability

of electrons to tunnel from the floating gate through the



. two week, evenly spaced intervals. As shown in Figure 1M the threshold

-voltage not only drops over time but theygate of change al so di mng ??ﬁ?ﬂ
over time. In contrast to the graphs shown in Figure 1H and Figure R
threshol d voltage shown in Figure 1M has dropped significantly wthin one
nonth, or 2,592,000 seconds. In contrast to the graph shown in Figure |IF,
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vol t age ovequbéﬁme§ﬁ§ntt@ﬁdtu@ﬁgcséﬂu@agnopp?¢ﬁ§eSA§5can ber9é@glpnl t he

graphs, thgel)ieat Ry r3ah s sWh05e 14863y fUQﬁE'QﬁﬁeaE%lihOWﬂlchnhﬁbgHre 10
and Figure 1Q do not retain their chargés as wel as the floating gates

whose decapredaéersisesr d1skdadden ratieguis pmosﬁémmﬁgureAﬁJth@nél@&n@@&i
that the thpeghokds %ﬂ%&@%e QQQ'Qﬁr%%h@ﬁﬁpv%hQQPE' anteky ahh?&hagﬂﬁhﬁ%in

hours in the graph i gure 10 and after abou hours in the grap
Figure 1Q 1%s DPGrWKROEGGGChgrééﬁeﬁé5§é€ﬁ -in the graphs, the floating gate

can be CO“StrUﬁI§@ahoob%§%thb% char ge %&%bkm%hyOQUEEK|ilménéehﬁelntbne
peri od can be sel ected dependi ng upon the application for which one desires

to use a tPaBnNgEl Figdlay Rer Pesdosaingedi &gad operation on a

non-volatile memory cell in order to read the non-volatile
memory cell’s data value or bit value. 1In the case of the
time cell, however, the read operation is performed in order
to read the time cell’s “elapsed time value”.

One can determine whether or not the read operation’s
voltage is above or below the threshold voltage of the time
cell’s transistor by observing whether or not the transistor
is turned on by the read voltage. This operation provides an
indirect observation of the electric potential of the charge
storage element in the time cell and its retained
electrostatic charge. By knowing the amount of time that
should elapse before the charge storage element loses enough
charge to reach a particular electric potential, or in other
words, by knowing the amount of time that should elapse before
the transistor containing the charge storage element reaches a
particular threshold voltage, the read operation can determine
whether or not a predetermined time period has elapsed.

With reference now to Figure 1K, a diagram depicts a set

of threshold voltage response'graphs showing the change in



If thé application requires accurate resolution of a threshold voltage
"within a particular range of time, thent decay or discharge fungk @?0
“can be tuned to have a significant slope through that tine period, A ﬁe
time cell can be constructed wth the particul ar physical dinensions that
are required. For exanple, if one desires to accurate neasure a one week
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fact that t t hreshol d voltage curves in e graphs shown in Figure
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vol t age caB¥8¥eRthifhReFCERTedKomdtusniageon during the read operation.

Over time, as the floating gate loses its charge, the
threshold voltage of the FGFET shifts so that it would require
less and less control gate voltage to turn on the transistor.
At some point, the read.operation voltage will turn on the
transistor, which also indicates that the electric potential
of the floating gate has been reduced to a particular value.
By knowing the discharge function of the floating gate, a read
operation on the time cell can determine whether or not a
predetermined time period has elapsed. After the
predetefmined time period has elapsed, the floating gate can
be considered to have reached a substantially discharged
state.

With reference now to Figures 1L-1Q, spreadsheet models
and graphs depict the threshold voltage retention
characteristics of an n-type floating gate field effect
transistor in a time cell in which the tunnel oxide has been
thinned.

Typical widths for tunneling oxides in FGFETs are

commonly 8 nm to 10 nm. Figure 1L shows a set of parameters



. value at each tine interval. From one perspective, the threshold voltage
.curve can be viewed as being shifted ri ward as the initial charge is
increased. Hence, it is also inportant that the progranm ng operat§ @R R8s
performed in a manner in which the floating gate is initialized with an
appropriate initial agount of electrostatic charge, or equivalently, in a
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tinme cell %ﬂl ghﬁhgﬁgﬁgﬁgﬁi tv8raL§gg1eors P dRafgevER L g§ﬁé’lsd vol t age over
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with the threshgld 33 - 6 MAR 2006 vol tage decay responses, and this
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manuf actured. A tine
Figure 10 shows a graph of the threshold voltage of this

floating gate FET over a period of 16 months. Figure 1P shows
a set of parameters for a floating gate FET with a thin tunnel

~oxide of 60 angstroms or 6 nm, and Figure 1Q shows a graph of
the threshold voltage of this floating gate FET over a period
of 16 months.

In both Figure 10 and Figure 1Q, the number of seconds
along the X-axis increases exponentially at each interval,
with one uneven interval exactly placed at the one week
elapsed time interval. This exponentially_increasihg time
axis provides a perspective on the drop in threshold voltage
over both short and long periods of time. As can be seen in
the graphs, the floating gates whose decay'functions are shown
in Figure 10 and Figure 1Q do not retain their charges as well
as the floating gates whose decay functions are shown in
Figure 1H and Figure 1J. One can see that the threshold
voltage begins to drop significantly after about 18 hours in
the graph in Figure 10 and after about 4 hours in the graph in
Figure 1Q.



_cell can be manufactured to certain specifications, however, wth the
.assunption that its operational behavior 31as been correctly nodel BMAR Q006

t hose specifications. The testing procedures then determ ne the tol erances
of the manufactured devices. Wth this enpirical information, a tine cel
with particular dinmensions o¢ -physical characteristics could be enployed

to nonitor a ranuecah bengepar iadshehgtrapaki, eshel Ehoaltli ighhageaddnnge
operation: et.s or _dat a book contalnln t hese ty ﬁes of egglrlca

val ues or §888?F g??oﬁg APECWEFF- K Bﬁﬁelﬁeﬁﬁé VEL¥c AMdRke Yar 28 AB§uni ng

‘that the progeaperngdpEaseps Gklepredr aependidgvupes &he absoishandar ¢ized,
for any glven Fy f time cell, a manutacturer's data book can store
pr ogr anm nfPif nggea ﬂsﬂﬁéﬁrtEOPﬁélétE&mﬁlﬁ@lﬁeﬁﬁoé§ hraclepéranceevi6 S -hat

a user nay1enpheyappgnu@albmp@eqﬁlkegea@@h&a&@rreeauh@&bﬂgo@ adesireedotiiqre
period. O nethodghfor determ ning the pro Erogrannl par anet ers

may be eanB@EﬁgﬁAWﬁ tNaff BALFAGULR §685§ 8 e/pF@@EanPn9§ﬁﬁyoﬁr As

preV|ouslyddsanargedfuhhelbmocaﬁebattqneh &bahaseoa s&bﬁlkh@ahtnglggbe
support blggﬁgFloglc The logic circuits that include the tine cel
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with many electronic devices, significant effort may need to

be applied to each step during the manufacture of the device

in order to ensure that the time cells are created with as

much precision as possible.

It should also be noted that, in addition to manipulating
the dimensions of the tunneling region, the operational
characteristics of the time cell over the elapsed time period
also depend on the time cell’s initial conditions. For
example, the initial amount of charge stored in the floating
gate sets its initial electric potential, and a larger amount
of stored charge causes the floating'gaté to have a higher
initial electric potential. The threshold voltage of the
FGFET in the time cell will then start at a larger value,
which will allow the time cell to monitor a longer time period
and will raise the threshold voltage over the entire monitored
time period. '

This type of variability can be seen in the fact that the
threshold voltage curves in the graphs shown in Figure 1M,

Figure 10, and Figure 1Q could begin at different values. A



.been substantially discharged, and the tine cell no | onger usefully
.measures the passage of time and only indgsates that a particul ar- AR08
of time has passed. Continuing’ with the exanple concerning binary |ogic,
it can be assuned that a progranmed tinme cell represents a logical "1".
After a particular tinme cell is programed, a read operation on the
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predet erm gadeti the pebigedmafingh@pairddfior i fedlforia’ RAISed1oHYes type of

period of time. Different methods may be used to determine

the specific length of programming time for a given time cell
'configuration.

For example, the electric potentials of a set of floating
‘gates for a test set of time cells are measured immediately
after a set of programming operations on those time cells. By
varying the lengths of the programming operations, the
electric potentials of the floating gates will vary, and the
measured electric potentials can be correlated with a desired
threshold voltage response curve.

Preferabiy, the required length of programming time for
any given time cell design or size may be found empirically by
charging a test set of time cells. Each time cell in the set
of time cells would be charged for a different length of time.
Each time cell would then be monitored for its change in
threshold voltage over a period of time. The initial

programming times may then be correlated with the threshold



. conpensation should only contribute an insignificant anmount of i nprecision
.into the nonitored time period. Wile thegsprevious description of the MAR 2006
present invention focused on thinning the insulating region between the
floating gate and the channel of the FGFET, i.e. the tunneling oxide, it
shoul d be -noted-that+the desired tunneling effect could be acconplished in

ot her regioaftaéeadéba? eekboflseendhng YR8 ihbker@htishuneElaNEeckeBRBHS
within the tine"cell, their physical characteristics, geonetries, etc. In

ot her wor d§0r hAFEE B8Rsi dering other requirenents and conditions, it might

be desirable thgbyiBgsHi,$CRREIBHPEDEESSpPEPHES i WLt BifNtAe HihEeremt Egdi on
of the tinme cell. For exanp articular _type of non-volatile nenory

| e,” a part p
cel | that PBEnket ABapdsfsafbert hBet taecerllndy BBRVAPATHARSer aBetdBfe or

ot her el emgailnghnspeWRahlrkbgUredlfc aBdth®n BBEBL&LBag9edsPPRbALIERA
characteristics, it is decided that the thickness of the insulating |ayer

bet ween t hE1ERoRRENASSYRPEIGRIERAE dhanABETahoANALr BRARNIGFeBREr PRREN 8 nm

which doegopgbcplQvind8ededesbiedndsechpeaeriakeibak.t hentl eakktngg gate. In
fact, for a desired tine neasurenenttgerlod of 6 nonths, the tunneling

ef fect thrBGEReAHFES| RBEPaflehgrmaper the talRBERCREGPEgFBFeMaPURBTER St nay

be possi bl ge{y9cashi ewgthhenidesinpedidhschargrngtishe Bytahkoweny WieRel i ng
through a thinned insulating naterial between the floatlng gate and
anot her reBRERIGHLAENILRENEEPRSWAEr BhYALSabt RBRTREGPEMSEOES CRBLINEGe

simlar 0p§ﬁ§lb9éé'tbeﬁbhﬁﬁbkoasraﬁgbeb@aEEM€|ﬁeribagedhgﬂ {rabiieaiien or
ot her considerations, it m ght be esirable to continue using a typical

t hi ckness £b6f PREIFPRELPL: PREFPEYEP -bet ween the floating gate and the
channel . HowevphtaasipeesabrelgfBnbookkl yehuae€nifly ERgsentepakdod&djoin 3 6

- 6 MAR 2006 the floatin ate such . .that .a majorit f-the tunneling effect
coouret br ORBh L RPL T bR e aPE s ek Pa b rer HEA RO RaEbel ol T

region". |alebtsonasearextr anpsQR@agi Aat the programming process or
programming devices are also standardized, for any given type
of time cell, a manufacturer’s data book can store programming
times and their correlated time periods and tolerances so that
a user may employ a given ﬁype of time cell for monitoring a
desired time period.

Other methods for determining the proper programming
parameters may be employed without affecting the scope of the
present invention.

' As previously described, the two operational states of
the floating gate support binary logic. The logic circuits
that include the time cell will have a convention as to which
operational state of the FET indicates a binary “1” or a
binary “0”. Under normal operation, a read operation on the
time cell provides a binary determination as to whether or not
the time cell contains a logical “1” or logical “0”. Using a
time cell that has been designed to reduce the threshold
voltage of its transistor to a predetermined value within a

predetermined period of time after it has been programmed, a



_or precision could be focused on controlling the fabrication of the

.dom nant tunneling region so that its opeyational characteristics,b MARe2006
its discharge rate, closely approximtes |ts nodel behavior. A tine cel
that is used for this enbodinent of the present invention may conprise an
erasi ng elenent such as an erase gate, that allows the tinme cell to be

erased, - {Egdmgkgrak H Hg%e?ﬁﬁnemaﬁ@th@% B'”ﬁo%ekhe r%ﬁ%%%ggﬁhe%ﬂy

poi nt e arter arge storage el ement has been pfogranmme
char ge stopageogleﬁehnmEShpargedS@ﬂ modfter ahe predeserpanginpgriod of

6|eCtrOStaEEﬁ8 B% 9BasELASULRE! § %%ngékhxlEe%%%rg%dlgbxh%pEE%b“%eﬁﬁ has

electric fie I'S opb05|te e electric used to programt
char ge stobage ehba&antlAhlerdssngaebeden@ngr@hﬁdésm@h@eédvaﬁté@@g@ﬁ

al | ow ng gﬁg%ﬁ&§9 H%Ss%&e%hghEigﬁs%% . 3F 0n0%Laly gh&?'l%% b%%es R

the time c beenerase e reprograme hereby all ow ng
anot her tanpapencudamemsasgmenpf Howev@@s aseedse oakanuingswith the

di sadvant ages ALl 8orL0gsLETBGakl hBsbeen erasete Ly TGH thgd mpossibl e

to determ ne erence Bet ween ¢l ectric potenti in the charge
st or age elpmegtammagedlmy beé&imgp@@@ﬁn&Spﬁoﬂ@@g@@lp 'li"od &ftepyaerasing. .

Hence, the §%lggggg %&%ﬁlgglglﬁgeg&oﬁg %ﬁhrde% r%%d@%?e&h%t %tb%et%%rden

of trackln erm ni ng whet e storage-e | enent has
S|gn|f|canpkpgt@mMQd tumecﬁad@ere@mrwﬁe@hépglﬁaﬂa§lnereﬁﬁt@éeﬁtérased

Addi ti onal %@%&Eﬁ@d Y560 g)etrl?.%dt iR g8l slseQ:lan tHRANY G (2 19PeHal! PRdle
I CS S

characteri tipl e programm ng-erase cyc es may change the |eak
rate of thdoshaige shergge enemiie tiimer el lcalidilngo ieagedr appean v e

nmanner in \Eﬁug a'unte'dm3 altle! Oq\lhl%h detei '?)F‘p%ra:ﬂ.on @nM{t\RezQLQ.ﬁ\eo'&%ll

advant age, i s that presence of "an erasing elenent allows the
time cell ﬁ@tyénﬁs@dlpaﬂcélmfﬂhr vEengey dfhe expiration of the time

period for a programmed time cell can be determined to have
passed when a read operation on the time cell returns a
logical “0”. More simply, a time cell “has expired” if it
contains a logical “0” at some point after it has been
programmed. The binary determination of whether or not the
time cell has expired provides.a basis for calling this type
of time cell a “binary time cell”. The explanation of an
“analog time cell” will be described further below with
~respect to another.embodiment of the present invention.

It should be noted that a read operation on a transistor
in a binary time cell may occur during a period of time in
which the read operation could produce an indeterminate result
if not properly considered and appropriately compensated. If
a read éperation is performed when the current threshold
voltage of the transistor has almost reached its predetermined
value, i.e. when a read operation would almost cause the
transistor to turn on, then an indeterminate result could be
produced. In order to compensate, appropriate circuitry may

be built into the time cell in order to ensure that a



hor ol ogi cal applications. However, these advantages and di sadvantages .

" shoul d be weighed in nmaking a decision t@g incorporate an erasing_$MﬁgﬁmE
into the tinme cell. It is noted that this enbodi mrent of the presen
invention relies upon various structures, progranm ng operations, reading
operations, and erasing operations of non-volatile nenory cells conprising

char ge stoaeesrﬁhﬁgﬁet§egn§£ [ Brokoun anfleyebl- gebaldinged nagiBepr i or

art. However rior art did not teath the u a nof- vol ati | e menory
cell as aNlfopsl ¢ Q cab davpuépulbesdyewhenntheeppedetesminechiige | eakage

fromthe c 3598 SHer ade BLEH?gtﬁghQ E@ﬂ%vﬂhétPh@se@?”“&%i%ekgéew%% vi ened

as a detri nta nui sance anyt hi ng, e prior art taught that
char ge Ieahagéegﬁéﬁﬂdnbéhoa¢d|QBQYaﬂénpﬁﬂénﬁﬁaﬁhyl@B#ﬁﬁﬁéﬂ@@ntTﬁ@OHpéséhﬁ

| nventi on Hgkééléﬁgn K@E QPEGEXEE£89egh%3mkh§e9ﬁ%ﬁge | eakage rate can be

selected in manner ows It Using this novel
observati on, th@héﬁargéespéﬁageuéléﬁéﬁtlpﬁlan rénLhel BrielsenieddivEnEdlon can

be englnee&seuéédaenhepghﬁghgakhedgxg5@ %Qﬁg nga PRRRMESTRRES A aitliSg
operation such that apsed tine erlo n det er m ned. SpeC|f|caIIy

in this e@B&ai At thascarspadsed ﬁbéngFﬁﬁe desnethe AN@nSHy&dceride,
propertnes&gfshgglhngglggkgg %ﬁgkuEhEhH@BQQeHhkﬁﬂn%ﬁ%n@e%%E%%Q c%h@@tﬂé3

charge leaks I's selected in a manner which controls the rate.
Di f f er encegdceempeénhere 1pr e§8A/LE Fﬁqéﬁﬂﬁoﬁfaﬁdtpmﬁoﬁeéﬂtde@@@ﬁéég RN st or e

el ectrostaghe cRaLEeLFRE RHASEAEnEAYENE 0RiRashkeerdesenhbed ag an

el ectrostatic hourglass, which provides a broad overview o t he present
i nvent i on, PAHE1EAG phasanteravnEronJRABCAIdEShelC -deddy CBEEL WOSHS

e”bOd'”E”twhﬂl@hbghs§d€9ﬁnﬁobﬁhbke EEGQEEm%%ts @nMABo%QQQl%%1| % #sethtas
an horol ogi cal device, thereby providing one exanple of the present

i nventi on. Atdpﬁp§a5épnphatnt%pgﬁﬂsgparge process occurs within a
different region of the time cell.

For example, a particular type of non-volatile memory
cell that forms the basis for the time cell may contain ah
erase gate or other element not shown in Figure 1A, and to
maintain good operational characteristics, it is decided that
the thickness of the insulating layer between the floating:
gate and the channel should remain greater than 8 nm, which
does not provide a desired discharge rate for the floating
gate. In fact, for a desired time measurement period bf 6
months, the tunneling effect through this insulating layer is
“almost negligible. However, it may be possible to achieve the
desired discharging rate by allowing tunneling through a
thinned insulating material between the floating gate and
another region within the cell where this other region does
not have similar operational restrictions.. ~Alternatively,
based on fabrication or other considerations, it might be
desirable to continue using a typical thickness for the
insulating layer between the floating gate and the channel.

However, a special element, structure, or region could adjoin



t he above descriptions of the present invention, it is appropriate to draw
“distinctions between the present inventizgn and sone prior art ddvilkRe08 hat
use el ectrostatic charge in order to enphasize the novelty of the present
i nvention. There have been many prior art devices for using and studying
el ectrostatic charge, sonme of which are only of historical interest. For

exanpl e, ankeydedtial gStans@ahl ¥hatoamMmal c¢aARICIHOR Y t1RIRAtiTC effect
condenser”™ which is forned by coati n% the inside and outside of a glass
jar with QCFEyEr tBrougpt &hissgPRCas lalEMitFaTE oiNIe %P Y e & t hough
early vemrgbpRtas@ntannediagl d¢ehgawnes omnd thalelcase, Utdxrd prhdesdinieri or.
A brass rod punctures an insulating stopper of the jar, and the brass rod

i s connecPEdPEECERdOnnsPYed) Rpefostiseferl CoRtE odidiy, the diadiiddian ¢
charge cagsbenst @bgdnhAt thEnkahnBY rigiikel RY the thriass Jpeddtidgratact with
an electrical device, and an elecCtri ¢ discharge occurs when the two

| ayers of cherartgrdstdfifected with SASKHNGENEr B L@TRict APPIATIfIE®E S

el ect r ost 3tisC popatr BeBRt,ibs .t he el ectroscope, which detects electric
charge by neans of the nechanical forces exerted between electrically

char ged bodi esPwitiRenceld thast Agmsed IR fotdive A ISHY 4F t10'% he Leyden

jar, two pylekiept @hveakdoheahyacempispended effa@ingy Mitederntd dudt as an
punct ures an |nsulat|n%§stopper of a %Lass jar, that is coated wth W%REI.
Wien the EFESEr §8¢6pe tHatcRartg¥d, e Td8i&d 9&3.11 ey &dd rt3%ast% HE
elh'ect ri ?: &Ex@me iln tlrl'llléeaiﬁi!'.i pwheausee thee %Teililpist %ﬂa@f&i _ﬁﬁ?h}ﬁtﬂWnt and
the angl e .between the strips. is proportional to the received charge.
Various tyPesiBf 2fs6Er FhEl ERArasc 5YeL agFfe 8?&&&?%3’&?%?%% ts
for WE?Slﬂ:hienf@h%:r@%t k@siralieC o0 balege. i%d%u_-rg@d\/leﬁf amm_ HMzdﬁrnd;_ag iaapaci tors
are a class of electrostatic .storage devices for which t prior art

r ecogni ze< SR SChéE e&(‘ftrl"(‘iﬁa&flcdfzi’@%gregi NG TESEHT dst AT ygé’qrs&armed

tenporal | by applying an electric field that is opposite to the electric
field used to program the charge storage element.

An erasing element provides the advantage of allowing
repeated use of the time cell as an horological device. After
the time cell has been erased, it may be reprogrammed, thereby
allowing another time period measurement.

However, an erase element has disadvantages. After the
time cell has been erased, it might be impossible to determine

~a difference between a low electric potential in the charge
storage element caused by leaking over a prolonged period or
by erasing. Hence, the use of an erasing element introduces .
an administrative burden of tracking or determining whether
the charge storage element has significantly leaked its charge
or whether it has merely been erased. Additionally, repeated
use of the time cell can change its operational
characteristics. Multiple programming-erase cycles may change
the leak rate of the charge storage element, thereby causing
inaccuracies in the manner in which a time period is

determined.



_meani ngful process. Sinple capacitors usually consist of two 'plates nade
.of an electrically conducting material, e.g., netal, separated by %@R 0
non-conducting material (dielectric), &7g., air, ceranic, glass, g qq :
an electric potential is applied to the capacitor plates, the plates
become capacitively charged, one positively and one negatively If the
externally applied voltage is then renoved fromthe capacitor's conductive
contacts, the ORFaddventgigsy edhogghi,n ischaegedheapdeskacel et hnc echatge

”a'nta'nse@%m@n%p%ﬂu%wska%nEh%! Q%H?g%@ baeywn platgs,,; e @ %%g%&% 9fe the

devi ce storing electric apaci tance) can be i ncre
|ncreaS|n%oFﬁé°§P€§loﬁPEHéCGF&P@§ bylodevegasithg sehedvansegasaandn, or by

varying t e ssuRehtReR sUsedas B@eweQQﬁhﬁcﬁh'&akﬁe CQaQEEgglgﬁn tore

energy, and a resi-stor placed in _series wt apacitor wi T control
the rate ADCREPORALE aghgrgsdngr ediediehir gaso whechipeodedds a

characteristiciti 78 ndependense t‘hfi%t eﬁ%d%eg‘ed%e‘éh@yﬁg@agﬂogﬁ(}%h%on

function. The crucial parameter that describes the pendence T's
"time conSEARES REONTNETIAONS ESASCANELES) RcogrémméngobparaSepnes circuit

det er m negehbe ngpeed rak 1 Whis¢h ahhecvaktageo é@igng BﬁpQShtgglgéglghange

In industry, circuits conbining resist rstand capacrt are i nporta
because tW€?°r¥a565é5u§@&PFﬁsﬂpﬁlﬁ@aégﬁcﬁﬁpgagglghamegéﬁetaabrw¢relectrlcal

signal shapogg and hbhleébﬂgbligﬁea !ﬁrtﬁEYpQRoﬁlQEEronhgweggy'pgﬁ
However, the dlscha%ge times of a capacitor are generally ver ort

usual |y oR*tRé 8fde anﬁFlF?§€BOHB§ Bae °SoésPBPyvalPé%ﬁﬁo@ﬁ@orév@ﬁlﬁhen

very | argescapabbtolsgacal aekbcBed mbthovery hAr8Rel 88i8LARELS Lharge
i npedance In order to charge or discharge the prlo? art

devi ces §8F§8g5b268m FﬁgyCB@ﬁg?aFF?rﬁgauF;%mﬁﬁﬁﬁuéﬁlUﬁntﬁﬁ%éﬁilﬁetmeen
t he devi ceempdyaneler wast eieabd E6racdafplifentf] Eh8ELLASEOPENJ 0L £

Capac'toran%%h?%g?a%%gl%&ngyaggaEnghEytﬁgErggg?égglé;kage should be
avoided and potentially eliminated. The present invéntion.
makes the novel observation that the charge leakage rate can
be Selected in a manner that allows it to be useful. Using
this novel observation, the charge storage element in a
non-volatile memory cell can be engineered as an horological
device that allows measurements of its operation such that
elapsed time periods can be determined. Specifically in this
embodiment, as discussed above, the geometry: and bhysical
properties of the insulating medium through which the retained
electric charge leaks is selected in a manher which controls
. the leak rate.

Differences between the present invention and prior art

devices that store electrostatic charge

The present invention has been described as an
electrostatic hourglass, which provides a broad overview of
‘the present invention, and the present invention has also been

described in one embodiment in which a non-volatile memory



with a second electrically charged object, thereby inducing a separation
.of charge within the el ectroscope or the capacitor through open aiig MAR 2006
free space. However, the electroscope or38.the capacitor requires
conductive contact with another material in order to permanently displace
an amount of electric charge within the el ectroscope or the capacitor with
the repul sive force of the approaching object. The charging process of the
charge st redde il ermmet asf arhdoyurleggintali rdiee)rjilda)n thfedris ﬁﬁtf&mndie}ﬁ% f‘%ﬁég't Eg
rocess of rQsc [L+2 scapagitor. the. present inve :
gl ectric gﬁ%r%gé@l ?Cft rtgfles orted ﬁr%é%éﬁtlt% i r?&u!?gﬁsn@%'urﬁn i Tk Hef
internal ¢ @hoofe des coligtjenst mgaeelp&mmnnmimhmﬂticﬁgnqh@tjg/e_ co?Lact .
The i nsul aty iyum,act Shanificant barrier to a change in the
amount of %%har geﬁgtt%r etg) d?r?%t?f?gs’ltﬁfq QR Sb Gty ffg RFG3FHe cdtKAHE: @ind
di schar gi Bgd pooeeszer trdr eleyipreat emtaitnglsbhelémﬁ(r)&st%ftigﬁ%:rﬁﬁcgéﬂ itr?:ct
i nt ernal UM\ ing,a conpl.ete har ier. conductive con
with the 529§#n§%4%£§%%ﬁ?%§ %gﬁuppgg}%ﬁyO%a&é@pﬁrﬁéﬁm& HAYEE PG ¢ hr ough
free space, op@heaier haver been- canguetrive mﬁ:EEile&rli%esacf@l?_rLﬁsqdlge'a?ﬁi{Oscpfﬁ
or a char zapaci di scharged w thaut conductive contac Wi
anot her négggﬁgﬁg %%%?%gggggggf EﬁgrgFéCFPpg BESHP&F&eaq%SQR%kﬂq%fcreated
by narrowbﬁgtpﬁécgépib@Eweem.th@owhakgadleobbegbyaad gﬁ@th%raQbh%&ﬁgigfh At
that the t [ieC i.al _ be n_the t obj egts becones very great,
whi ch poi %ltogﬁh%lf glggtgt%rgittgécﬁgr g%vl\lj%gr%%ct heg&B6F tWQlF_ &Isatfloﬁﬁ"ﬁﬁ’gthé’rl al
exper i encésagiiapethei énidekdodnouktnidreotii noylpesspeet ineh theayer of

T o R AR AT
of the iHstFaPRAgcARRtUNEdsgohdadenveswbdt h. whioeeves ]l uithohhe npriher
interior. A brass rod punctures an insulating stopper of the
Jar, and the brass rod is connected to the inside layer of
metal by a chain. An electrostatic charge can be stored in
the jar by bringing the brass rod in contact with an
electrical device, and an electric discharge occurs when. the
two layers of metal are connected with eéch other by a
conductor.

Another electrostatic instrument is the electroscope,
which detects electric charge by means of the mechanical
forces exerted between electrically charged bodies within the
instrument. 1In one version similar to the Leyden jar, two
strips of gold leaf are suspended from a metal rod that
punctures an insulating stopper of a glass jar that is coated

_ with metal. When the electroscope is charged, the gold Strips
spread apart as the electric charge in the strips causes the
strips to repel each other, and the angle between the strips
is proportional to the received charge. Various types of
modern electroscopes are presently used as instruments for
measuring electrostatic charge.



.art, the stored electrostatic charge was usually either studied for
.indirect effects on other devices or re ded as an energy store t Bf :
used to performsone type of neaningful. rk. The prior art does’ﬂgM 2006
recogni ze that the stored electrostatic charge may be used as a
ti mekeepi ng substance, as described above in the anal ogy between an
hour gl ass and the present invention, which_can be understoaod as an

el ectrostati c MGG 4 MPREIELS BFE Fr i9R 55 0 TS ECHAS T ddyni ze that

the di schald@dd resicdd I s dremper Ydi imeait n#fddgridfesmgiat the
el ectrostatic storage devices. In the case of the capacitor, in gglch_the

prior art 3fdELT &doghisAdandEny o efitdORdrde & &M@ 9S e fpdrdm i ngful,

the capacCifedningy Al FHddely Jinghlatahaand i YiseRandt o idaudy theo use
of conductive contacts. Mreover, an _horologically pract,ical aggglcatlon
i nvol vi ng PatgFadiads afs aéhle;lelfstéﬁﬂalﬂé/c&%’éﬂ{%”ﬁ GG L priocess then

povers ot heital,eCddaalt e B eCIRNGRRIMAMRN R teMilh WiiiE ddthias) a
conductive contact. In fact, capacitors are usually enployed manner

in
whi ch cycléed vhéicharfiitignd 91diseh&tding Tor S SHEC T Ditfdreld e ht e
Sone type s@fplicRl & Ml RAs 1 daial lthee Y1l 2 YeRlcaeat i on oscil I ator
or a relaxation generator, a fundanental frequency can be generated gy t he
time of cKRAPFTGIRIN Ity e Hesditiorel Yorbhiang e l¥esi sthor.
Hence, capa@ tedfte AUy @pbl iENtidlUQUfe AGNVRIh eSO Wt vasl thesn ditssi pat e
relatively large agnounts of energy for any horolo%$cal gﬂplication,.mhich
present s é:ar?(?tq?'\%)ﬁ' g RGNS TR 35teeetS (RARRSIGPS FLafkfi T i THE hover
source camrhggRld, Mamd etheMdille dhie: elletigeomiat ndadin® egi cdlectenvdicce conti nues

reasul 119 L IE ) SR b 3. SRR0LEr. Lle mASReNl, IIVeL] AgEles
di schar gedofrr grocani righsllsaitad o harge et (@aage: isleret ciehe increased by
increasing the area of the plates, by decreasing their
Separation, or by varying the substance used as the
dielectric.

A capacitor can store energy, and a resistor placed in
series with the capacitor will control the rate at which it
charges or discharges, which produces a characteristic time

_ dependencé that can be modeled by an exponential function.
The crucial parameter that describes the time dependence is
the “time constant” RC. The time constant or RC product of a
series circuit determines the speed at which the voltage
across a capacitor can change. In industry, gircuits
combining resistors and'capacitors are impoédrtant because they
can be used in timing circuits, signal generators, electrical
signal shaping and filtering, and a variety of electronic
equipment. However, the discharge times of a capacitor are
generally very short, usually on the order of milliseconds but
possibly a few hours, even when very large capacitors are

combined with very large resistances or impedances.



period of tinme in such a manner as to allow one to use the discharge

. process itself as a tenporally neaningful process. The manner %hlch t he
present invention acconplishes tinme neasurenent also allows for A AQ0D
daily activities over potentially long periods of tinme. I|nsulated charge
storage el ement as horol ogical device Wth reference nowto Figure 2A, a

bl ock diagram depicts an insulated charge storage el enent usabl e as an
horol ogi cal dé&®i esdel hecehaifeeon ShsaRaEaBoENReRE18F RRE PFEIERF

i nventi ony Byt §BLER0 tHE? ggﬁ§r§yﬁgoféq99r@|@Gﬁauétlvété@ﬁté&@sbeQWeen
devi ces necessary fof ini 1 zin hor ol ogi cal device at the begi nning

of a neas@h@ddﬁwﬁéepéndoénoéhérf@ﬁtﬁé%éinlnFﬁé anaBPAPsedlt PHECHEPSEAPSI nce
the 'n'tb?lhz@5b9@1t8&0%égnﬂbnEaHQbEtggngV@M@r&éécbylﬁﬁbrﬁgﬂﬁinPrQﬁl

el ectrical power supply Its operation ranm ng, unif 202
recei ves prshr anmvengndeqlestracghay ebaraafli ehlerhst EDBESPYr 48R Hg2uNi t

202 10 | nbbhakhtohn8sChALgEe 31 PhaferRbedraLtraitepe b Chnehatgacaaer al or

208 uses Fge process irect or inject electric charge into the
i nsul at i n§hwredgbnereEnt Rérchar §eest spage - el BAVAYSr AstRBt B4CFFEPPEGEFY OTa

variety obyorgeauieg FEGHARESTEonaNdcRvA0LBHERRY LiERSahotnehar ging the
charge store el enent my used I n the present i nventi on, V\/nerel n the

choi ce mnmﬁteﬁéadeé@néédﬁroﬁosé@émapeﬂﬁéVogéSPéééﬁ a8 pREUBtz8Tand

conposi ti g epk Lhe has Eah&EﬁlﬁeghE”ElEB@rggegﬁérMrOEhEh@apQBQEBQ stienage
el enment, etc. For exanple, he charge storage elenent 1s inplenented as

a fl oati n§hgarePwleAve §ﬁrCFGPETth?héﬁPFﬁéCEhagg@bbFSEess may be

i npl enent ed V'@h%héﬂa?blnaobrehﬁggreﬁ kAkeehb@fe E€brahBeelbmansi sifofhe
configurations containing a charge storage el enment, other charge

i nj ecti onPrggente igRRNEA06 ﬁééﬁ&ﬁ?sﬁﬁoﬁa§ BeChppPLPHi REGCEPF 85 ERtirely

different electroscope or a capacitor. In the present invention, the

electric charge is transported through the insulating medium
into the internal medium of the charge storage element without
conductive contact. The 1nsulat1ng medjum acts as a
significant barrier to a change in the amount of charge stored
in the internal medium during both receiving and dlscharglng
processes, thereby protecting the amount of charge in the
internal medium without being a complete barrier. No
conductive contact with the internal medium is required.

By causing rapid dischargé through free space, open air,
or non-conductive méterials, a charged electroscope or a
charged capacitor can be discharged without conductive contact
with another material. In that case, the electric discharge
is usually created by narrowing the gap between the charged
object and another object such that the electric potential
between the two objects becomes very great, at which point the
electric charge jumps the gap or the insulating material
experiences dielectric breakdown.

In one minor perspective, the above-described

electroscope or capacitor and the present invention may both



i npl enentation conprises a charge storage elenent that is not contained
“wWithin a transistor, then the progranm ng nechani sm nmay conprise -gMAR 2006
entirely different charge process, such&s an electron beamor a l-aser
beam capabl e of ionizing the internal nedium particularly if the

i nsul ati ng medi um of the charge storage el ement conprises free space.
Programm ng unit 202 may provide an optional status signal 212 that

i ndi cat es contirkbd plegtarc ndscaquest &y waeyhieag aodimenstioa prfodh@mmi ng

operation was.suyccessful.. In this_ manner,. ogr anmm ng .uni,t 2 nay he
operat ed PRSEFLIETHOE 8 'nﬁHﬁ«i‘r aAsprfEy P‘l‘fdfjl!%\ﬁ?él y%O&FH%Famﬁ%SC% niptﬁr?%y
operate asytnchhencusneddylgeneoattiang ca chlaatyes waisgmahiaddlyy eddhieng error
detection. A varjety af mechani faor co nicating with the ogr.ami ng
uni t shouls&uﬁiéegpp’;é’rreﬁpdtl5e(§%e e3ftesid far ¢ o) [Aevid ePh@Tart IaFise At

i nsul at i ngnmegieuyofs e ehabge ustedr age pelrévent sdaes typet off @saniing ful
conplete barrier to charge. |nternal nedium 224 harge staorage el enent
222 recei VoL ¥-he T BEFC @ﬁ&r&@eﬁhp8§gﬁefﬁgaﬁéﬁi%&aﬁegp%nﬁifﬁf%ghereby

gi vi ng changetsienragac ehemget md22 ban uiskid iadl aeltatiekiee phoige mhibalt anideh
respect to other .conponents . in system 200. The el ectrqstati.c char

stored in3th&es é&ﬁ§|%m&%%uhﬁ dﬁgﬁéPﬁybgﬁﬁﬁ?ePoaﬁe%°&F§8ﬁ§Fgéﬁgfﬁ¥Hﬁgh
i nsul at i ngreeentmiA2e@nty oel, eciiest atanC bediuslralsgeopr acess 2d@cthiowtatic
~detection unit 230 draws el ectrical power from electrical power supply B
232 for it9YWHeAs5i'on. Aternatively, a single electrical power supply
coul d provi de MalHeoneeessdvey pelieat rairtaldoeewerott aesysindme? @ba tAtthsonme gi ven

POl RS RS SLOLA% 19 SRR %5 s Do sesags, e

El ect r ost atliec tdetseaitdc 23® rédje- deviairs2008 nwithlei r©atsien® fd éthec tiaga curtiar ,230

deternineih %EH%%Tt?kJ%&H%%'%&t does recognize that its discharge rate
is temporally meaningful, the capacitor is not entirely
insulated and only operates through the use of conductive
contacts. Moreéver, an horologically practical application
‘involving é capacitor is only useful because the discharge
brocess then powers other electrical or electronic components
with which it has a conductive contact. 1In fact, capacitors
are usually employed in a manner which cycles the charging-énd
discharging processes in order to achieve some type of
electrical time base. Usually called a relaxation oscillator
or a relaxation generator, a fundamental frequency can be
generated by the time of charging or discharging a capacitor
or coil through a resistor. Hence, capacitors require a
continuous power source as they dissipate relatively large
amounts of energy for any horological application, which
presents a motivating factor for the present invention in
which the power source can be eliminated while the electronic
horological device continues measuring time.

In contrast to a capacitor, the present invention relies

upon a discharge process wherein an electrostatic charge is
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indirectly, a value for the remaining electric potential of charge storage

.elenment 222 through electric field 228, which is then converted tg MR 2006
el apsed tine value or indication by poﬁ@ntial-to-tine converter 238.

El apsed time signal 240 is then sent to the device that requested an

observation of the charge storage el enent. The el apsed tine indication may

have a variety of forms, such as a tinestanp, a data yalue_ specifying th
el apsed t diechargedufber ap LnaElahedschards ShPRAGS ?ﬁﬁWEBFi8ﬁe§p8zifginge

whet her o e??%dtgg ekarsed LLPR ai Rafheat g5 thaalaonr edet evnupedthieme
period. System 200 may be inplenented as multiple devices. The rogr amm ng
unit may bésphpsigeabirpcesdpiéqets asdévFEEPOEBE%XiHFHBlPﬂgu hBF@Ee§g0rage

el enent dgkgngibggrpaag&ﬁgﬁhngheoP@é@&henin@éheioﬂhhebombei@hegrammhng uni t
i s decoupled. sone later point in tinme, the tine neasurenent unit may
be physi cekisyremepitedlise ahdodeviies e8WIalni A§itKHe2ERAVYELEEOPYGE el ement

during it%o%%%%ﬁgql$i. n%ﬁ ghALRat benciakter which the tinme measurenent
unit is decoupled. This mulfti-device, nulti-operation environment may
occur in an application in which the charge storage elenent is present in

~a portabl g, dQViee UG A%t ralyaPke emeXteBBahbY opowerad, derack card,
PCMCI A card, ot pnysi ca oken or article of manufacture. As noted
previously, hoWewdr refflegenseonoy 8l FigurrcBof at RéOFKeSdATTARY 8FPEEY Smay

be i npl enent ed i var i far i N 5ist S naPRI i such
as a prp&&cﬁnﬁﬁﬂﬁﬁfgh%Pﬁggﬁoggfggﬁgqugggﬁgeﬁggggﬁbggdég.B&f?%%nggﬁénce
now t o Fi glenvdse2Br2@ccolroacicar W tde pinc embeididpeatpréc édse®reNgl thay be

performed _ w.thin £ I . i i i
devi ce inlnﬁfﬁgféghgggpyﬁﬁ&%%gob r%%&a%glgu% %&%§n$ﬂéheﬁ§%§sqn epl ooed

ésent 1 nvention. e processes depicted

i n Fi gurest2Bc2Qremy, e penicesedery ssamyutfor- i laddgiade the  sof tware
wthin a %%tr% l%rgolcc%S_LS icﬂ:gbisc\és ta%mt hlen b%igg.'ﬁ'h% n%B’o £t e R sur® dVRRn0 % riod
and for determining an elapsed time period since the

initialization.

Programming unit 202 draws electrical power from
electrical power'supply A 204 for its operation. Programming
unit 202 receives programming request signal 206, which
instructs programming unit 202 to initialize the charge
storage element, after which charge generator 208 uses charge
process 210 to direct or inject electric charge into the
insulating medium of the charge storage element.

As noted préviously, a variety of programming mechanisms
and programming times for charging the charge store element
may be used in the present invention, wherein the choice will
be dependent on several factors, such as the size and
composition of the insulating medium, the geometry of the
charge storage element, etc. For example, if the charge
storage element is implemented as a floating gate within an
FGFET, then the charge process may be implemented via channel
hot electron injectibn. For other transistor configurations

containing a charge storage element, other charge injection,



process for initializing the charge storage el enent begins by sending a

' programming request to the programmng unit (step 252). CptlonallxiW@fm%
the progranming process is conpleted, #43status signal is then recelVved
fromthe programmng unit (step 254). The process is then conplete, and
the requesting logic may performother actions. In Figure 2C, the process
for obtaining a value or observation of an el apsed tine period begins by
sendi ng amecilenismaswayrbat appgapsiate - t heft precHbiB8LYofLGART SRSt ep 262).
Sy o APS g AR A8 '%o}ngﬂ beos! ¥aArhEORLbBEgh! BRciehecthal iwnior(step
264). The process 1s't Rer ¢ F requesting logic may perform
ot her actw@m$a1dad|@ushnetho@ganﬁéﬁtgéndthgnaﬁberEééHVﬁﬁﬁlﬂatQeF B tSHe
programm ng unit an h Bepappasent shienola ah

ordi nary Ri (°"Ph gﬁea???nqg&gﬁgxagngkEn%eeg%géraﬁnl re Sest and the .
tinme neasmﬂem&mbnre@amsbrnaylbeegebeathQQlea ) nﬁp@lZ#ﬁﬁnﬁﬁewﬂﬁﬁén@@ﬁnand
if the units .are ne b L at $mob £bikRAr ¥ hki cells
enployablglggugh pﬁoroﬁgﬁ%ga gvkgg iagﬁgﬁgqgﬁbgglnent of the prgggnt
|nventlons&mua@@seﬂhmenklmgmpeab@dlﬂénﬁ bpaerpl oying a set of time cells as
an horol ogi cal, devi ce .rather. .t i ngl | c t R 5 ¢hjsr st

enbodi ment . a FERFTEEEES & |seﬁgrggakg%O%lhen?Pnébkl bglt%af has been
desi gned Eﬁg&@dUqu e tt iheiskeld sv alot age @Eo@&&mmhm@hxeqheﬁtbm ahether

predeterm ned value within a predeterm.ned %ft% it has
been progﬂéhﬁ@ﬂ-t&ﬁdPFWQﬁﬁﬂﬁingoﬁgﬁéﬁF&ﬁnt§W5d§P§FﬁFﬁ§uﬁro b r ent
state of preRidamthieldheiniar 200! rale Her efpetrarmdnad [ael’sly(md:l’ﬂforidum has

passed. In the thlrd enbodi rent, a set of read qgperations are performed on
a set of tiansegel | Slite ALY eddlch PEOW @BHNg anFh@a§éPpﬁ5§tﬁeen desi gned

to reduce fhe YR W (RGR Rt i4l - &tMIRs2@AGnal only during error

detection. A variety of mechanisms for communicating with the
programming unit should be apparent to one of ordinary skill

in the art.
The 1nsulat1ng medium of the charge storage element éoes

not present a complete barrier to charge. Internal medium 224
of charge storage element 222 receives the electric charge
through insulating medium 220, thereby giving charge storage
element 222.an initial electric potential'with respect to
other components in system 200. The electrostatic charge
stored in the internal medium immediately begins to be
discharged through insulating medium 220 by electrostatic
discharge process 226.

Time detection unit 230 draws electrical power from
electriéal power supply B 232 for its operation.
Alternatively, a single electrical power supply could provide
all necessary electrical power to system 200.

At some given point in time after charge storage element
222 has been programmed, time detection unit 220 receives time

measurement request signal 234. Electrostatic detector 236



its transistor to a predeterm ned value within a predeterm ned period of
"tine after it has been programmed. In other words, each tine ceklg MAR 2006
set of time cells possesses a different 44di scharge function fromthe other

time cells in the set. Each tinme cell in the set decays differently over a
different tinme period fromthe other tinme cells. The anobunt of retained
el ectrostatic charge in the charge storage el enent of each tinme cell is

observed hythenfoimengeaectadnopoibt R38R dateamhnesi eheherngdiserkdyt 8T
determ ne whet her .the _associated tine g f 1.t i Lihas

el apsed. Fh lF@&&lgpeFayﬁgHec RE éé?efﬁﬁ%%h?ggnggﬁg@ggfr gﬁegggéé of the
time cell cnwhetbBektoragaoklthenpr edet ehwongtl péecodiof fieke 288, ewbhchi ne

cell has passed, thereby providin ranul arit or multiple. ti eri ods.

In a devi &6 FﬁeﬂhF@HV§§§ﬁdtFﬁeaBeF&agSﬁ aFﬁ@ea¥Fﬁ88tPﬁglnééggEkg$,b?he

thiCknessgﬁ%eh%&aﬁﬁ@@?kﬁﬁg QEhQ%xEFreQ@b.FGEEEps@antbmeuaﬁquelaaungihhe set
s. Each t

of tinme c ime cell wll then experience a unique rofilg of
el ectron thenelieng, togithiengevack thest rsgugatedaani PPELENELARAr §& GE€ay

function. A %hgt%?%gEn%q é%%%ge eh ceadlphl@atiing dauecdicibhl 88ES hat/ke
£ ach F i

t hreshol d 'vol tage o ET w di m ni sh at uni que rat It should be

_ _ S.
not ed thae Merietyob fndosssar pucdr asaéh timestagey| a §agé HBﬁEFructed in the

sane Manngt,, HQ ;! € e1bR8 ed tARR BlOhS nuliRaCk f{ itAReCehlitish bire aset of
time cells*may Be “different types of transistors. Moreover, if the
transi st obdnainy tindisetion @Reshfvidg yhetbethrs&vd e SdPPSEEN S E or |

the tunneling JBGQNE Hah %??Hebk%@ymﬂﬂgarﬂnméﬁﬂéhmbd. Al ternatively, each
time cell nmay conprise a different type of charge stqrage el enment ot her

than a transi sEysteTh@0d Fetyabge impdemesiea@odltidde FEVEaReE celi™ nay
ZLZO diff rro%?%?t?ﬁ?igofun\ﬁacr Ha?ﬂ lcjenig[}{yaéic%quq} H RS dd) tRAGh devitRe Cel | . For
npl e, S of ‘Tdentical time cells may "be progranmed for different
| engt hs ofcanitrad nimgertdisy hregdedisiprad®s WARMEGV6 dgrlng its programming
operation, after which the programming unit is decoupled. At
some later point in time, the time measurement unit may be
physically coupled to the device containing the charge storage
element during its elapsed time determination, after-which the
time measurement unit is decoupled. This multi-device,
‘multi-operation environment may occur in an application in
which the. charge storage element is present in_a portable
.device, such as a simple, externally powered, smart card,
PCMCIA dard, or other physical token or article of
manufacture. As noted previously, however, the horological
device of the present invention may be implemented in a
variety of forms depending upon its application, such as a
product in which the horological device is embedded.
With reference now to Figures 2B-2C, flowcharts depict
simple processes that may be performed within a computer or
electronic device that uses an horological device in

accordance with the present invention. The processes depicted
in Figures 2B-2C may be performed by computer-like hardware or

software within a data processing system. In Figure 2B, the



47 each of the tine cells with a different initial anount of charge and a
different ability to neasure shorter or #onger tinme periods, alth@ugiR Bgich
“type of tine cell may be constructed df ferently and al so have different
progranmm ng. periods. Continuing this exanple, in a device in which each
time cell in a set of tine cells contains a substantially identical
floating gate FET, the programm ng period for each FGET c be. unigUe -
anong t hepsete of f¢rmﬂ@£&i%ll¥kﬁﬁl?W?ﬁ?h%ﬁﬂ? %ﬁ??aQ%é%ﬁ%%Hg??g% é%g i que
profil e of r [ 09, r SinYd £ € cEnd | j rgugiate enidi f { eremt

char ge de%%lg&fﬁm%??%é\gg%s%%rﬂ% rr%g%i ned char ge@ce)?g each floatin 2L Eaq
di m ni shes521 he optishalllyvoafage bﬁeé@k%9¥¥§mﬂﬂ9MP¥°?ﬁ?ﬁrﬁ%ﬂngﬁ a_unf que
fashion. It shoul d be noted e f | & H& Lah SEd atiget
functionsacﬁﬁ?ﬁuﬁl§698%fabﬁl%Q%ﬁt%ggﬁggggcgﬁﬁﬁe%%%déng%t of ?he resent

i nvention disgusses. aboue. pFoceexanpl ehemutenpletei nand ated ERAVG Libdr age
el ements coul d be charged and disc@arged in different manners. Wth

ref er encelpBhct BaFi BEFEOSR, OENBF oRk“UPHGr am depicts a set of. tine cells
in accordance wth;bL{iget Ebr,dtﬁabgdbaegh 0brt betpinsegt ai viednei ®A. Figure 3A
shows a set of sixtéen time cells 301-316 that arengogitggﬁ&gg sQ thak
each tineobekkvakbasupésah GRPEEEApELTNEIPSFLIPENREIEB? BYanpl 6. the time
cell's may he constructedeip thetpBnighedaseetbednahave wsthpr 86pect Ano
non-vol at i fe nenory cell ith

s with varying tunnel regions or__ pr,ograpm.ng
peri ods. Eheptedetdwel yadae bBbe éhﬁ&néé&eé¥eﬂlfrﬂ%aggﬁygl8F dﬁ???ggéﬁt
sizes, and _the time gell ar coustKuat edmbnetaccandanbe with a
vari ety oﬁnﬁélﬁ§§ﬁ8w%%#éﬁor§%érg%%?%%ﬁuggs. As dggcribed,above,§h% Sread

oper at i on rk@fued thinge loglilc may plenifloam pEhele acéad@ndper BTGRPl
~non-vol atil e menory cell, . .and qperabiran bt Reel iR ggahhiag anitaynde very
simlar t&O%t REPGPEFaf Sh S egvﬁ%'-volatile menory. So, for example, the
‘time detection unit should be apparent to one of ordinary
skill in the art. For example, the programming request and
the time measurement request may be sent through a simple

memory write command if the units are memory addressable.

One or more sets of binary time cells employable as an

horological device |
A third embodiment of the present invention extends the

first embodiment by employing a set of time cells . as an |
horological device rather than a single time cel;. In the
first embodiment, a read operation is performed on a time cell
that has been designed to reduce the threshold voltage of its
transistor to a predetermined value within a predetermined
period of time after it has been programmed, and the read
operation can determine from the current state of the time
cell whether or not the predetermined period of time has
passed. _

In the third embodiment, a set of read operations are
performed on a set of time cells in which each time cell in

the set has been designed to reduce the threshold voltage of
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48 - 6 MAR 2006 tinme cells may be arranged such that the tine cells operate
~in byte-like units in which eight time cells are initialized or - B30 4
singl e operation. The depicted or descri?fed time cell array shoul d not be
interpreted as limting the present invention in the manner in which
multiple tine cells may be arranged. As di scussed previously, the specific
geonetric, dinensional, or physical characteristics of each individual
time cel | ihsetsehettbdrwhenat predetpreinsdniadRacrFBED aFBREQ%F?rWEEe?ine
peri od ”E§§E§89_8¥ ROYOL ¥R, LEpepgel heBRY prBErafineat edinVbtheR GBeak)i C
ranges, by storing varying anount of e[ec?rostatlc charge in the tine
cel I . Tinmeachl tinat eelhcénubhhe Sgb pfotimescehésnpesssarss asfppferent
circuitry for ressing. i I 3 6¢ifkmeetekl ini pherkaee uphtn320
responds 965§F§%§Fs§??§g%%bg§¥§ﬁn%§8 g%géées% rogessiﬁg unit 322 that

indi cate that oséloinnbhe setndecaybsdaf&erenbeyi Averapi dédfePrByr &ififng
eauest BERLERs R UBhL SRReLCERARISCEOL N khdl hisLhenoreguesifedzt 1o
ot her conponents™in a data processing system Tinme cell interface unit 320
and tine edkbsrd36ta8ié nmhyrgeeshdehenchapbgseEarpgesepangbtecdbpect, such
as a portabl e [ i a.Si rgal.LXxqpenergdi osMBht egahd. I N
t hat case?lFanggélﬁgiﬁkégfggg B?igg%§?6ﬁgb?ains elecp?ic[%g -fone

per f or m ngfi bhei alimeatedhsotor datieopenat Worsherofhehassaedpreedt 51WFi ch it

I nterfaces {9r i pitiabizati ¢rahhang ahsehead raRerahioBse riicABnC ek
interfacegﬁ%gde 8Ea?§85r%§§§n§§ to g?gnalgsefron1tine_dete%tion unit 326
that requdsterhangi fsoingheacisnsntofr taitre ofelths 361e3¢61LTHREHEL L on

uni t 326 pRy Eﬁ%ig?eagte§mgﬁghcﬁe5366 ¥ RAYe ¢all vasapanakl eefliomas
programm ng requeSt processing unit 322. One or nore reag operations can

det er mi nepkeerdy hsheuebenprovardnst grRauLpNd tyefPE WHetABL o fFine
periods.

In a device in which each time cell contains a floating
gate FET, the thickness of the tunneling oxide in each FGFET
can be unique among the set of time cells. Each time cell
will then experiénce a unique profile of electron tunneling,
giving each floating gate a different charge decay function.
As the retained charge of each floating gate diminishes, the
threshold voltage of each FGFET will diminish at unique rates.

It should be noted that it is not necessary for each time
cell to be constructed in the same manner. For example, the
transistors in each time cell in the set of time cells may be
differeﬁt types of transistors. Moreover, if the transistors
in the set of memory cells are the same type of transistor,
the tunneling regions in each transistor may differ.
-Aiternatively, each time cell may comprise a different type of
charge storage element other than a transistor.

The discharge functions across a set of time cells may
also differ because of varying initial conditions in each time
cell. For example, a set of identical time cells may be

programmed for different lengths of time, thereby providing |



_ 49 - 6 MAR 2006 not predeterm ned time periods have passed, thereby
_providing granularity for nultiple tlng periods. As noted previous MARQ%B
time period for a programred tine cell Zan be determ ned to have expired
when a read operation on the tine cell returns a logical "0", or nore
simply, a "tinme cell has expired" if it contains a | ogi cal "0" at sone

point after it h b
b The oi Reebrof| FeSCERRE CahlBevibhcs ThELebrnpl i Fhel ettt dF e =4 !

Operat'OnchBPﬁéeQMdpéogﬂﬁkQQenﬁléb@ﬁﬂt?lté péatune shéntantwnnlomeﬁte a
16-bit binary” value is able to re resent tge entire oné; of the tine
cel | arraylmanﬁeaéoéﬁplaiﬁéﬂuﬁﬁlﬁ hi hePe eh) FHAG i%lg n%rlng can

LEEEEZﬁQ:ﬁgHSEk?eg€§|E%gEeFFﬁtgg §ha$ﬁl§behavelﬁiﬁfezantopr@gramm&ng
ce array e oral ,resolutio b
t he 16- bi pevabde.i sCaapéRbénd thbénefﬁ@p%? nEBe?lgﬁg ?ﬁa%naﬁggéggégggblg by

the LI gohb c@11an o a Bekepki Bgnagakn1kocbheatnanpl subsentihllarray
shown in Igure it my be assune

t t t
returns I@Qﬁ@éhcﬁér§é§aFéﬂgeﬂﬁFFe§EFrnﬁhegngg%aﬂégggcﬁéklgﬁt%BLgégggghhed
that the gigercekl B@rgﬁlhﬁergﬁanU@hetbét bhetlmease1$sgn|Eachntlmﬂne bi t
represents the tinme cell wWwth .the shortest tlge er| Atpb string of
OXFFFF (hegadewiiddl thesr e&PPIAEPFEs BntE1HRE PFP IR Fess bhan one week

since the Lihl8isg,! arARY @aehl&ubbahhgeqatesaadlefanphe thawpececalie
devi ce has an accuracy of = 1% tine cell 301 _can peasure pe.week tine
period wi EWREtdonang&Sofths &&tainFinGR2EdS CfobPS’ % g?tlgg gngeof OxF800

{Fgéeigrf@é&ﬂ%ﬁshbsha%h@?%ﬁre%@?ﬂﬂh@b&tb@bweéneEcan@GGEﬁDWthé diménishe
ray was initialize as an exanple in which the device has an
accuracy 1&f @ MpLAUend3S&C™12 can measure a six nonth tine period within
a range of pl ug tOlsHBU1YS Hendodayss thA thithestonegpaf of multiple discharge

functions could also be applied to the second embodiment of
the present invention discussed above. For example, multiple
insulated charge storage elements could be charged and
discharged in different manners. |

With reference now to Figure 3A, a block diagram depicts
a set of time cells in accordance with the third embodiment of
the present invention. Figure 3A shows a set of sixteen time
cells 301-316 that are constructed so that each time cell
measures a unique period of.time. For example, the time cells
may be constructed in the manner described above with respect
to non—volatile memory cells with varying tunnel regions or
programming periods. '

The time cells can be arranged as M X N arrays of
different sizes, and the time cell array may be constructed in
accordance with a variety of well-known memory architectures.
As described above, the read operation for a time cell is
similar to the read operation for a non-volatile memory cell,
and operation of the time cell array may be very similar to

the operation of a non-volatile memory. So, for example, the



Ox0000 represents that it has been over 18 nonths since the 50 - 6 MAR 2006
time cell array was initialized; as an exanple in which the devgqgr g an
“accuracy of 1% time cell 316 can neasPe an eighteen month tine period
within a range of plus or mnus six days. Tine detection unit 326 may
receive requests and return tinme indications in a variety of manners. For
exanple, a tinme request may consist of a query conmand that contains, a
time vaIuememheéhStmeytbﬁeaﬁéaéﬁﬁdoﬁUGhlFh@ﬁt%h%r%%%e agehl? cppRstter 4P a
deternlnagkgn Qikﬁhﬁkﬁgﬁ oh. Qﬂicﬁhglsh€p§§ﬂetb@?lQeékédlnI@Iaibﬁe&'HE cel
array is @ gater than t tine value®in the query command. |If so, the tine
detectlonraadtlneausmsgée bperathonal uBhefdepigied ahddeschdbedt heRet he
tinme dete n n o] of " ¥ y, the
i dot cobtonctnny SH8ua Beg PR PRty By b e
time ceII1nnbatﬁanelunthe|manhercbhpwhéﬂb mhgtlpb@né%%feﬁeiﬁé Payuest has
know edge ? BQE tlne periods represented by the tinme cell array. In

anot her aftéfndtv the time detection unit can return a binary val ue

t hat representﬂstdesnuﬁsadnpreenpﬁséblethﬁuﬁbéﬁl6105@%@ﬁ§§r%ﬁat have

el apsed sijnce th itial | ar e, if
the tinme 8&?an%§5aﬂ CS%tgﬁgéhgg%ugpgkggg%kggFg?%go9 ég&hSEﬁalfﬁgggghe tinme
cel arraymmaseﬂmlamalszédcsedewhénetbétd€¥h05 aﬁdmﬁhﬁﬁﬂﬁﬁ§r9§o the tine
det ection t r a bi,pa et SOCPGHA

which is g%&%%e? kﬂgeg?ﬁﬁ ggg gg gggsgkgd6890%%y gﬁ?gﬁ |sm§ﬁe nunbe? of
seconds |hefadeuﬁﬁﬁﬁhsWaﬁhlansﬁﬁéiégé éﬁngésda9§ pEPrHBAt HaryhBPepfpount
returni ng.g ygk B%ro%%ﬁ% ighe rb@aﬁntQﬁettﬁﬁecééhlarray has measured an

el apsed time perio ast five nonths. Many operating systens
contain systenﬂ@mblseWﬂlgntgmépéﬁtuﬂhé 88RppravigRsofrhei RBCEPERFYds in

units of seconds 9L ch§tsy $8: 18q0ksd:Ag tif@UERLEE 301-316. Time cell

interface unit 320 responds to signals from programming

request processing unit 322 that indicate that one or more
time cells are to be initialized. Programming request
processing unit 322 responds to initialization requests 324
from other components in a data processing system.

Time cell interface unit 320 and time cells 301-316 may
reside in a physically separable object, such as a portable
device like as a simple, externally powered, smart card. 1In
that case, time cell interface unit 320 obtains.electricity'
for performing initialization or read operations from the
device to which it interfaces for initialization operations or
read operations.

Time cell interface unit 320 also responds to 51gnals
from time detection unit 326 that request_the time indications
of time cells 301-316. Time detection unit 326 may reside on
"a device that is physically separable from programming request
processing unit 322. One or more read operations can

determine from the current state of the time cells whether or



may actually desire to have the elapsed tine returned in this formfor

' ease of use. 51 - 6 MAR 2006 The descrigﬁd time period representqi&ﬂﬂ@
"should not be interpreted as linmting the present invention in" H%er
in which elapsed tine periods nay be reported. An initialization request
or programm ng request may initiate both an initialization operation for a

newWy manufactured tine ge|ll array,and also se i

ef f ecti vel§ti RF eHaFpERENGH 6Wetﬂg¥%P§§ %%YFssgﬁS%ﬁé Fﬁ%gégglﬁpog$€%§gor a
subset of geghlisakntiyheoti AR1Eepleatimy. pedibasnatively, the programming
request processing unit may, accept separate erase Qr _res S.

Al though, in BJénBphed HFFxéPuF ¥'tFﬁ§ géWFspﬁf%ﬂﬁn ?ﬁegtﬁ%%&gg#ﬁggrray
woul d be injbti abhzedant pkhgesapRihedetoi have pepirbbewhen divedd the tine

cell array into subsets of tinme cells so that ,nmultiple,gl apse Lme
peri ods aPEGBéFh@nnﬁésﬁhédtlvftﬁeiéfQ?EHEQSnSMAPSlﬁﬁgurg 38$§aﬂg%%ck

di agram dgpipt§, anvanmaycefilthae eeplisedividedti nbata¢hs of logheatel'PE in

accordance mntg'an enbodi ment .of _the. present i nvention iLqu hows a
set of siiteéﬁmﬁiﬁﬁléélP§t§FnﬂgaPaFobEﬁ85Brgﬁ5ﬁﬁmFﬁ'FiéﬂrgthFQ?ﬁgéécelIv

interfacesupit, 330rRbRAY¥edes, thel BECEHBaEY xtekApkenei celilsr yahobeaddrdssi ng
tinme cells-331-346. "The tinme cells can be_arranggdﬁgs ledN arrays of
di f f er ent ini 2esingde &iagpleteshd oBotPEraitdPe &NEFREYCREIPAVGHPy

cont ai ni ngi§it)é§ﬁe§5ittis”%fc%lﬂn% ii ptre rhawh oet s Hehckoun 1le-betckiharyand the
four sets could be constructed such that each set neasur dtgif er ent
peri ods otailugeis| aPLke tox &PILE SERGWYEN SBitdtFe COBLEN Fe OdePS 5305334

forma sipghg §etaiyh Whicchst Repgatineal beabiyekhemeasunedng 1ebitweek time
period in one-week“increments. Ti cells .335-338 %:so fornh% set of tinme

celI's in WEERYt K8T1s SEPFESSHTe S a SLERS SR EATE RETPEH 547FF SRE- week

increment §5,iTiiABization or the programming of the time cell array. The
temporal resolution provided by the 16-bit value is dependent
upon the time periods that are measurable by the time cell
array. _
Referring again to the example time cell array shown in
Figuré 3a, it may be assumed that the time cell interface unit
returns logical zeroes for expired time cells, and it may also
be assumed that the time cell array is read such that the'
least significant time bit represents the time cell with the
shortest time period. A bit éﬁring of OXFFFF (hexadecimal
format) represents that it has been less than one week since
the time cell array was initialized; as an egample in which
the device has an aécuracy of + 1%, time cell 301 can measure
a one week time period within a range of plus or minus two
hours. A bit string of OxF800 represents that it has been
somewhere between 5 and 6 months since the time cell array was
initialized; as an example in which the device has an accuracy
of + 1%, time cell 312 can measure a six month time pe;iod
within a range of plus or minus two days. A bit string of

0x0000 represents that it has been over 18 months since the



. cells 339-342 and time cells 343-346 formtwo sets in which each set
.collectively neasures an ei ght-nonth tigﬁ period in two-nonth i nclef8nils
52 - 6 MAR 2006 Each set of four tinme cells may be initialized by
different data processing systens for different purposes at different
starting times. The tinme cell array may nonitor a maxi num of four

different tinme periods, or four different _"tinpe . I i '
- general , Fh@enﬁ?iﬁuﬁfﬁﬁﬁb@?so?n%Fhﬁllé%?S oty ee%@%Heo%@t §f§% @? of
time Ce"aeb?c%hﬁaéigﬁ SEEhraéyr@Y angk f hei panderl | uehioh néwsuierasel | s
are constructed to neasure different tine periods. For this t pe of .
functi onakittethmeonthl timeepeateduwi th3302 negngavet dphas Oﬁo%-QBFa??Fe
menory cel,ls, such as tine set identifier unit 348, for storing use '

i ndi cat or 82¥fat show whet her a particular tine set is alreadé in use and
for storing infomsaticoacthah undenBRhi eyt hecehve peaeesss ngndysEEH Phat

"owns" a particular_ .tinpe t. Ti 0 bpoasspshBlbyehytsher ed
in the ngﬁm9oF893F8tﬁ8 Sr§308IVégﬁﬁkgﬂgﬁtﬁ%%nggs ide%tifierﬁunrt,so t hat
a sensi ngrédequesé may readitheofi mequeryhienmend thak sebtahs RnfiP&l i zed

or initiated. The, ti t iLdentifier.unif . g4ppLkYyai pEauBBLi on to
t he progrgﬁﬁyﬁg V@&ﬁggFggpFéggngﬁsgﬁﬁ?? %gﬁ%g?ﬁFﬁgﬁ?ﬁe tineésetg avai | abl e
for requést. aeherefientinoe ndwwhetbiegups Bet hhpl 8RPEPHgEAREIBFIELCE an

array of time gells for neasyring;multiphe t tABnPehREOdSnENvadgeordanae with
an enbodi%gﬁtt f Fﬁgepfgggnggfh e%gyg%. Fiéure §C shows a set of sixteen
tine cell gusiyi kammaodt.hodd, soshéwe itAmE §EEECEAONTHRR LcEEFUEREeff ace unit

350 provi dgs) L JAGGESSE Yelioul ik Ger naddr enshnentl EEneetlescdtlodts. In
e, a or

this exanp he time cel'l s have 1dentical associ ated tin%he

peri ods, andtareévires eh®oodesnaiviaduehett "falsel | apiigrnatively,
: time detection unit can return the bit string that is received

from the time cell interface unit if the component that
generated the request has knowledge of the time periods
repfesented by the time cell array.

. In another alternative, the time detection unit can
return a binary value that represents the minimum, verifiable
number of seconds that have elapsed since the initialization
of the time cell array. For example, if the time cell array
contains a current bit string of_OxFBOO, then the time cell
array was initialized somewhere between 5 and 6 months ago;
the time detection unit could then return a 32-bit binary
value of 0x00C5C100, which is equal.to a decimal value of
12,960,000, which is the number of seconds in five months at
an average of 30 days per month, thereby returning a value
that shows that the time cell array has measured an elapsed
time period of at least five months. Many operating systems
contain system calls which support the computation of time
periods in units of seconds or less, SO the original requester

‘may actually desire to have the elapsed time returned in this

form for ease of use.



~may nonitor sixteen concurrently running time periods with difoI@géR D.
. starting times. Again, it should be notgg that the tine periods as ;Q@d
with a tinme cell nay be set through the construction of the tine cell,
which gives the tinme cell 53 - 6 MAR 2006 its particul ar physical
characteristics, or through the programmng period for the tine cel

whi ch gives theg ti s el t t Y8Snése ag
initial conditP8n ?BFr%hgd ﬁ@ecggﬁigad?% 3$g§£gﬁﬁ%§?oﬁﬁsglnenset

ldentlfleinuekbréﬁgdnay $tmnE1ngsEhenpreaentsanﬁﬁtlQHOMFmEB?h@?n%er in

particular_ ti i.,s,alread u d tion information of the

dat a procHE%FHE i?EFSH1Fﬁ§F pe%ﬁﬁgs ﬁg%ar%.%ﬁ#g%tgﬁne cell; a tinmestanp

associ at ed wnthntmﬁltnameZaehbnlmdquastngrtpeogrﬁmmaﬂgmﬁﬁaHeﬁEemﬁvne

cell.'s el apsed peri o S .. Ni e y her i rnatlon whi ch
RER&he PEEPhe opti erd ot a0 TR a5t by ahg

may be pép S8 PRe array and use. The
time cell paht@yctnewa itAnkl gene 3€rﬁgyaadselbe agegrasﬁ PﬁérﬁBPPBWFﬁét

manner. The tine s i.dent.i fi.er _uni y t i f c St3pd- 3841t o0
noni t or ae§Fﬁ§FéV§iX B T Rt aéﬁlgg Fgg glgﬁng@lnggﬂegbgdttlne period

or time SakraBabmeh shhantugmngealS|ngleh5|ﬁém@epﬁlﬂoﬁréaﬂequested time
peri od, It| s are u [ equesly uLhitr sl ved,
I T ey R

t he readi atistically conbined to forn1a
dEternlnabb@@p%ssb@awbabhemasbhﬁrtm@seﬁeﬁﬁ@@eﬁ&§ -el &g ugP@rl@xanple a

six-nmonth tine _periqd is not deter d \ I ddnti I3 here are at
| east two 9EKSRed ﬁlﬁ'e Eiltlhse GRS r%eﬂ%ar‘?}%grhq% N ;%Frgfgl%cgléll arfary?[)e vi ewed

as prOVIdM®@l@.bﬁp&n&&ummﬂﬂmwamaytme samwoﬁaﬁﬁecktngs|@OﬁﬁéPﬁeeFsted tinme

measuring G |I|t| 0 NUNPRI+Qf Jdf M neeldes 1tshale aatused
as a redd &2’? r%(ﬁnet hcé:"l?‘lLurLéogrtr%yo s:lorre cee s that are required for a

positive dextl&n.tphmtalcalps@‘d drimel gEsdcdds 1w e gy peasured.
With reference now to Figure 3B, a block diagram depicts

an array of time cells divided into sets of time qells in
accordance with an embodiment of the present invention.
Figure 3B shows a set of sixteeh time cells similar to those
shown in Figure 3A. Time cell interface unit 330 provides the
necessary, simple circuitry for addressing time cells 331-346.

The time cells can be arranged as M x N arrays of
different sizes. For example, one could divide a time cell
‘array containing sixteen time cells into four sets of four

~ time cells, and the four sets could be constrUcted.such that._

each set measured different periods of time.

In the example shown in Figure 3B, time cells 331 -334
form a single set in which the set collectively measures a
four-week time period in one-week increments. Time cells
335-338 also form a set of time cells in which the set
measures a four-week time period in one-week increments. Time
cells 339-342 and time cells 343-346 form two sets in which
each set collectively measures an eilght-month time period in

two-month increments.



The redundant use of tinme cells may al so be used in nore conplex ways.

* Referring again to Figure 3B, tine cells_ 335-338 may act as a backMiR 2086
“or error-checking set totime cells 33%2338. Each of these sets of time
cells can neasure a four-week tinme period in one-week increnments, so the
time set 54 - 6 MAR 2006 identifier unit may require that each set of tine
cells show a mninumelapsed time period before that. tine riod is
confirned. ForEe&hnpeé,OésﬁgﬁfnblﬁgafﬁllﬁaWaYh%et+ﬂ%t%%i+ze§r Ay is read

such that 1 taSEINLEL  hi By bibms T £OF egeRtSréhe punposeslawith the
short est ?% © §$?03$£%h%£b§?ﬁélsgt yden??fier unit m require a reading

ht e
of OxC frébnffemehtsetantingnbivebl s %@?oFémﬁog?%%V%F§a$e%%¥t?%ﬁlF%5taa

two-week tine period - i peRet BErivassebyr ofotii n@ifeetéstver e
initializ%ﬁxb?ggr%grgﬁﬁgdskgﬁgﬁePefereﬁcg ﬁOM/?g Figure 3D, a % aﬁhical

depi cti on“tsmeprsetstedwhereassnant geacdat hathfafa b8 eg %o %u t¥Fon
with the_present.i.,n .Qn,._ SRkt 4,340 Lngkudeslknpht thentimé cblilt ons
374, and agéﬁtWSH%g §§§%h§y°§7 .EBﬂg?%ng 374 may be_ used bg a gurgh ser or
owner of &heagnantl thedmhoneirnpot whagh £hE8 SélPecEfhySspEti FPRSFOHEEFENns
provi ded an L] i PeLaki Rr98akhe BRI thear dypbi spl ay 376
presents ?ﬁf8Fﬁagggn8?%fgggégsg?ﬁ%fBtﬁe smart card generated bg

appl i cat i gnaceibhadite simet cedddingessrsryunif 83Rj BAZt NBHEWPEREE devi ce
or data processing.system [ t Lt +GAELDske ¢aHBRLedier LAiwhi ch

t he snartneﬁfﬁoﬂg%lﬁ sgfpgég g?%%?ha??&???? g%grtscard 370 does not have a
di spl ay, Bub,afuserstEryngpersat dndicedders d¢batcshpwarheshigked pastifdladart

card and interacts with the smart card,, and t ‘uset [ ophLena
Funct | ons CaRg etedti At oaRs A5 OErRy' T8 G 7 Laar denrsecr Kact her

case, a uUggen¢aFike RHevidded piode sisdxigualysiedy chagr Aphhsal ai RArEACHAS Ton

the display of a, device that indicate the status of one or nore tine cells.
on time set.

Timestamps may also be associatively stored in the
non-volatile memory cells in the time set identifier unit so
that a sensing device may read the time at which the time set
was initialized or initiated. The time set identifier unit .
may also-suppiy information to the programming request
processing unit concerning the time sets available for
request. ' _ | |

With reference now to Figure 3¢, a block diagram depicts
an array of time cells for measuring multiple time periods in
accordance with an embodiment of the present invention.
Figure 3C shows a set of sixteen time cells similar to those
shown in Figure 3A. Time cell interface unit 350 provides the
necessary circuitry for addressing time cells 351-366. In
this example, all of the time cells have identical associated
time periods, and a device that contains the time cell array
may monitor sixteen concurrently running time periqu with
different starting times. Again, it should be noted that the
time periods associated with a time cell may be set through

the construction of the time cellﬁ which gives the time cell



_the physical token containing the time cells. Wth reference now to
. 3E, a block diagramdepicts the hardwagg conponents within a snﬁrﬁtM@aﬂwe
that may be used in conjunction with a time cell array of the present
invention. Smart card 380 shows the typical internal har dwar e conponent s
of a smart card, such as smart card 370 shown in 55 - 6 MAR 2006 Fi gure 3D

Smart card, 380 contains a,CP 1 i c } biliti
vari ous anbei BAELORG AR APTaTEAL charpcBEPEiEe Rboerrbign TeReD Lo o 1°
t enpor ar ypgbgragrihgr peheotlofidi nghantipeocessi nghb¢h dat ges evBlEei | e

menory 383 royi de rmane st.Qr a i.cations,and: ir related
databasesFeéﬁsb¥§yeiaggfgﬁtggicgéﬁggggeggéFegg%¥§$i%% %%tgg%%bg%e shown on
di spl ay 385ndBttibanfeenthel tinket c886’ sedilschadgepfesesses- user sel ections

of buttons ‘on the physical interface, ofcsmucl capde 380l fEuiatertace unit

387 al |l ows smaft™€ard e~ W t arrous card readers,
scanners, thR@eRBow Rhe@hBer acpaputicenlar behwockilelat elireadysinBuseon

control unit 386 allows a user to input various _sel L QNS a 0
appl|catiéﬁ§n6hféﬁ&ﬁﬂ°€aﬂ6f§§@?%lﬂﬁdg¥iBﬁSId?ﬁﬁuPraggg%gggnﬁggggﬂi%gﬁﬁded
rg:Qg?;t;gb@ﬁ%ﬁcgdngfi@@gg&3ggm@ ?8El;Dhspﬁmysﬁ&ﬁpnaysbeiphyéiwathythe
W simart_.car al t hough ot he IS uni '

connect ed tiMe §gddt 1041 E35409 N@ﬁ-&&mﬁtgFewhéﬁérghﬁgggﬁ%y8%%21ggélgssed
¥?r|ﬁty OEi%EO%@Qﬁg%fﬁk@einamdataﬂabhhﬂthes,oSbeh asfpemdtonhywhirghompy

asl or an, cr ive,' .product of | nat.L..qpa i
Machi nes ©6r BEF&tGRT FSC%B%dOPﬁraiﬁﬁBnQ% %ﬁvgrE%Egng%%gga%gﬁggggﬁ;§ al so
include aybava Virtual Machine capable of running Java applications and
appl ets. Those of ordinary skill of the art_wl] ager%%%agﬁsotg@tuggg

hardware in Fi §ie SRemef ary JadpSfdiRy tonTvdiF8us™ Mgl Enént ati on

consi der atjiPRhe FYLIXAMY Gannershouhd kemenskeeditibatifhereuedtr maiycset

within smart card 380 may be , . . .
aside time cells 351-354 to monitor a single six-month time
period for a single requested time period or time set. Rather
than using a single time cell for a requested time period,
multiple time cells are used. When a time request is
received, the readings from time cells 351-354 are
statistically combined to form a determination as to whether
the time period has elapsed. For example, a six-month time
period is not determined to have elapsed until there are at
least two expired time cells. 1In this manner, the time cells
may be viewed as providing a type of redundancy or
error-checking in their elapsed time measuring capabilities.
Of course, the number of time cells that are used as a
redundant set and the number of time cells that are required
for a positive determination of an elapsed time may vary.

The redundant use of time cells may also be used in more

complex ways. Referring again to Figure 3B, time éells
335-338 may act as a backup set or error-checking set to time
cells 331-338. Each of these sets of time cells can measure a

four-week time period in one-week increments, so the time set



[}

i npl enented on a single chip. In addition, other t i

‘could be used in place of a smart card, .quch as aylg(él\s/CIOfA CQ%SI ??gshokens
menory cards, and various types of articles of manufacture. SH&riBMﬂR@UU&?O
or smart card 380 also contains a batteryless, oscillatorless horol ogical

device in accordance 5 6 - 6 MAR 2006 with the present invention. Tine cell

array 388 is controlled by time cell jnterface i L i me
peri ods i ndeatifineer Uil may Fqu‘ﬁéethﬁ%r ga tﬁgggggﬁg?m&gég gi%?‘!"gg?“ "

above with. c LOWE i . . .
mlﬁﬁﬁﬁg %}%@s??ﬁ#}ﬁ%hﬁérigd Bkferratheel yimehpesiadt iscard may

contain a ' sin i . . .
for the smntfg:lla:med.apmoircgﬁaglﬁiegggglsg)éﬁtg\émgggti?xﬁ (5’11%1;932%%?%??‘%9%%2?: renents

confi gurati fQr, QRe Ol & [ la@rt- jiffid ) '
ha®PRhieC akiag- speeiifficaptr pasesbi

380 may b@r%%a/pl &d o a_S evi ceav\hi ch contai nﬂq pr.opr. jeeing .rgnﬁg tecard
pr ochm ngeprietseants dhe rdngecedti é’ﬁthur'ﬁ&‘te, Sgﬁprgr‘?ﬁﬁ &g‘r@;‘p%g&ongy Ele
g o o D D ol nen. & bLGoLAN

_ : _ ag a rel atiaqnshi et '
dreﬂ\gl g_e, a eseisiseg ddvitdae celd saPefGre FH%CA" Fev créey’lo\r%%gc grt %%ggam Egan
enbodi ment_ of  the \nesendyidyeidd @lapHl harleogiealtubeiede ocforitidiens one
or nore tinme cells simlar to that described above with respect to
Fi gures 3&<30s SystenmBgoiashssd 9 MHIAME Hevi ce 391 connected to

batteryl ess O%Ei! Ao 8BS GlRFHHO RS rip,Cad dyrchptii L b r
: 1 nf@ 3o, iem 13
turn is connect edgk%o readi nge devi ce 3913. VWi | e i tdgi . _possi .g%sltc.‘mqm-lliﬁof
;helsga d?ylmﬁfjaiesjlmrataecbmﬁnmiqﬁlt%éiwa%ﬁq é%ﬁecgelﬁgrf:d?rﬁdmucptoln h"gl h
a1t er ont iR B TR bR o r o her. dovi geral T o - whi oh

| _ : , er device, a of = whi
net wor ked piogstidesra n sedree rectnssni Eoti sxbayp| 76 ¢ hBWated y?r'é%§“l ; e[ray e

card may bl?séglg;/azlalgggcr? sgp grSSgJV.Q rigft{}r&éﬂéﬂe{'rﬁjséi'ﬂd for inputting
and selecting specific functions provided by an application
operating on the smart card.

Display 376 presents information to the user of the smart
card generated by applications within the smart card; possibly
in conjunction with a device or data proceséing system to
which the smart card is coupled or in which the smart card is
ihserted. Alternatively, smart card 376 does not have a
display, but a user may operate a reader device that couples
to the smart card and interacts with the smart card, and the
user can view optional functions and selections on the display
of the reader device. In either case, a user can be provided
with textual and/or graphical indicators on the display of a
device that indicate the status of one or more time cells on
the physical token containing the time cells.

With reference now to Figure 3E, a block diagram depicts
the hardware components within a smart card that may be used
in conjunction with a time cell array of the present

invention. Smart card 380 shows the typical internal hardware

components of a smart card, such as smart card 370 shown in



initializing device 391. A consuner may carry the smart card while it is

*nmonitoring an-el apsed tine period and tggn may present the smart -daAR e a
“merchant. A nerchant's data processing systemthat contains reading device
393 may then 57 - 6 MAR 2006 determine the smart card's el apsed tinme period
for a variety of business reasons. Miuch of the progranm ng device

circuitry and reading device circuitry nay be j.opl Sheddscard
392. Hoveigure a3l t i onart c¢ardi3BYy %%%ajt%s t%ed%:?(;s oPEr?n%n acture of the

smart card, "and_there oy, 5R5 64 A pp Tt tenat Larsted emough t he
smar t carBrﬂﬁﬁsﬁbﬂgaf%ggﬁfgftg%%?%?gﬁal circnﬁ%ry, it shoul d be understood
that the ghget €6kl BSOSt Memdiye382dprevideer FEBROLII Hal r2T¥ 8ss

operation. For exanple, the.snmar ard c _ { De anPHOPY aBBBNY Or
ihitializiﬁgdéngcapﬁ,péﬁéeﬁﬁlﬁ%rg%tﬁﬁégéeﬁﬁég gﬁgégir%ading %r sensi

circuit, {390%'&89 pesRahbAtPEegEAgEI poraappsenst hgns capdurhelyr hgtate
electricity froma power source external to thet g”gEESQHEQtiniahebi%bng
devi ce 39d@atebhakns pPogpanii agaphet 384 IGRFEATTacki VeS programm ng

commands and sends st atus oyhet heg, PEQAr @BALRE10NAL 8t BBASréads shdwn) .
Pr ogr anmi R§ EEPWn3§E g&SR%?§I§%PHe SPogranning oper ati on of

i me, cells _395.
Once thepRoegkaes ngeapaedkictions ofnplétenst RE FPﬁePEXFF“@ﬁ %E‘H%(r%gféi%el ts

stored charge over tine. At a._sub ol,pt ¢i Bghi AR oEBEhacar dal¥?2 i s
coupl ed ©& FBAdIthGad P@@'BQ%/Eﬁﬁg%%?g%C?ine detection unit 396

det er mi nes gl (CYireRtsider 6ahol dravalciagepsy ckatkesti REANEEFR(sTO%E vas

~descri bed above, and returns the el apsed.ti rresponding to the current
t hr eshol d ovolottlige icPmPRe &t _éF&Fﬁgﬁ gge#%é requester. An

hor ol ogi cal dey g8 i tdy A EXRandeddd eaning gatserhal i1OPUOMEH T a
programm ng FGFET and chargel oss-sensing FGET A fourth enbodigrent of the
present i ndridtarorextantisiatee to applications on smar

Additional input devices may be included with or interfaced to

smart card 380. Display 385 may be physically integrated with

smart card 380, althougﬁ other display units may be connected

fo smart ca;d'BBO; Non-volatile memory 383 may include a
variety of storage devices and capabilities, such as read-only
memory, flash ROM, or an IBM MicroDrive, a product of
International Business Machines Corporation, located in
Armonk, New York. Smart card 380 may also include a Java
Virtual Machine capable of running Java applications and
applets. Those of ordinary skill of the art will appreciate
that the hardware in Figure 3E may vary depending on various
impleﬁentation considerations. For. example, it should be
noted that the electronics within smart card 380 may be
implemented on a single chip. In addition, other types of
physical tokens could be used in place of a smart card, such
as a PCMCIA card, flash memory cards, and various types of
articles of manufacture.

Smart card 370 or smart card 380 also contains a

batteryless, oscillatorless horological device in accordance



concept of using the floating gate of a floating gate field effect

. transistor (FGFET) as the insul ated chqﬁge storage elenent for an- § MAR 2006
hor ol ogi cal device in accordance with the 58 - 6 MAR 2006 present
invention. Preferably, a progranm ng FGFET and a chargel oss-sensing FGFET
have a common, expanded floating gate. The programm ng FGFET is used to

programthe common floating gate with an a of el rostay e
that is wridattde tihegsete HRRIHIL ST eITe’*é‘ler(5’5%[‘?‘;1|a‘cr Warggebt Szre \-Ic)r&ﬂaécg

typical FG:F%W%NCE S efr%%okpa G]nt&dl@ d4dd ot %a@@ﬂﬂg ctuwt;ﬁmincads afn t he

floati ng iTec term ned %%a charge | oss sens%gg
device wig hnéﬂn@eﬁs§irﬁimh§:etc§)forté1mr aivreg eledg e idiaty e e SR

measurenment is converted into an el apsgd rbéi eCthe tdifart
char gel os3R e W%e’?&e%‘%esg%n%d of s]tqlor ad @l ect r ‘ostatic charge

that is losi RYErcénPslhod @{ngléretﬁye tdwel devi e dm@b@vmxe dhorthei s

enbodi nent may be terned a progra char 0 I Adgating
gate fiellging %%E’l@ga%‘il‘é%%?me%?ss ‘?ﬁ)lé} : afrrcgea{r]ror}ﬂ]%a{ﬁe operatl on

of a PCSREJtésmphal tRE £¢pé her @Q@éactebh odn fi gt e | fohozre foF MPEe based
on a non-volatile nenory cell. %r evi ously described above, the
assocrate@@Pll%%5$%$a%P%Clf%?mpﬁ£ﬁ? " for this type of time cell has

expired if 'tsﬁﬁfﬁab&?dasé@%&@'b é 0o @lé@neopmmhevmeenhmhmnb@ens
programmed. The binary deternination of whether or nof.the has

expi red paopmlesaramba@rEeq’ér:S’éaPW(h%S%hﬁl% YOhe 20¢ 3 m%eﬁi'flE JS[EJEM nary time
cel I GO0 85! subDe ORLEASBOma Pl bl NEoREREETLS csobasate davhnabogt

rreasurerren ate .when an elapsed tine is to be observed, as
descri beddlﬁfemeet tjemasl further bel ow. Although the final, out putted

time value m‘ﬁg?ﬁ DedighLal &QrE& g&éaﬁﬁ of ED@cE@f&}ram depittal |y
9

sensed in an manner or t ason, the PCSFET ma be ternmed an
"anal og taneetetlidn sh\iphbeEWeeenaepnowr@@mni@uﬁéglg,% 4B, SEPFLBE| gevice,

and an horological device in accordance with an embodlment of
the present invention. The horological'device.contains one or
more time cells similar to that described ebove with respect
to Figures 3A-3C.

System 390 shows initializing device 391 connected to
'batteryless, oscillatorless, electronic smart card device 392,

Whlch in turn is connected to reading device 393. While it is
p0581ble that all of these devices are located w1th1n the same
system, dependlng upon the application, each of these devices
may be phy51cally located within a different system, product
component, or other device, all of which may be netwopked
together in some manner. For example, the batteryless smart
card may be initialized by an issuing institution using
initializing device 391. A consumer may carry the smart card
while it is monitering an elapsed time period and then may
present the smart card to a merchant. A merchant’s data

processing system that contains reading device 393 may then



representations of the horol ogical device of the fourth enbodinment of the
_present invention is shown as a progranping FGFET and a chargeIOﬁﬁw@ qﬁ%ng
FGFET together with a common fl oating te. In Figure 4A, programm g
FGFET 402 is 59 - 6 MAR 2006 "coupl ed" to chargel oss-sensi ng FGFET 404
(also sinply terned "sensing FGFET") through common floating gate 406
Progranm ng FG-ET 402 has control atf 408, drain 410 aEd source 4

whi | e sendehgrroreTtae4shast dFard aEBGQCEl%&GPer%%% Dt ? ol A yhT 418
Conmmon flggtbgglg@gg #08sohhough, acts as.a floating gate for both FGFETs;
progr anm ng 02 stores an electrostatic, charﬁe intg ngnn floating

gate 4086, andMBthPﬁgtF%FEﬁoﬂBﬁmthgr%%Y%?edﬁfﬁ?H% BY R htd of
electrostagbﬁcghgigguigg g b8 iﬁﬁ@éh@ﬁtgét8n49ﬁaﬁt dakateg2.point in

time afte e programm eration. gure 4B is simlar to Figure 4A
except thawavgnread&utdepattSlanléfEra @5ehﬁoﬁhﬁeﬁ?SFnoﬁhm%%ugﬁCture

addi ti onal,cel grenf, | Scaddedahd LHErE hGYibe COHPLI BOngaLe1420 assists in

s
‘storing 4%l &Fger anoun?gof charge onto the common floating gate than
woul d otheomsséebetp033|blhlmhohghttbGUQmﬁne gard mayocongais thikpl ai ned.

in more dg&ékklgﬁLQ #989E9§b 50 §LB&§dCBérQﬁdé9s£88dC@HEEntﬁéOaimag gate,

the floalrng gate rammed. Duri ng gro gramm ng operation,
only the pem@raﬁnsnglEcﬂETecsedséd p¢Wérl@ﬁér@éIB§ teERLLAY FEFE?t%%ﬁalns

e andgbheckehbages el Lharesaeoolifl BondRinCanbEol:Bheng: eral | oned

to float gr are i'éd to groun refera , progranim ng nechanismis
- channel mnntebécznog CmreéntononﬁrQﬁgﬁOFﬁetbmégﬁaﬁﬁﬁngaP@FETreB9lP9|ﬂ§ its

source to ghggﬁg %% CQHt%ﬂ%cHaEgs@ngh@rﬁkBgrhﬁmﬁH@fhﬁdegéhylhggh

vol t ages. I frent e conmon floating gate is eng ? Fo
accunulatelacuatgedraWD@ﬁ?C§¢l§h§Vg§rPﬁaﬁ Hﬁyeﬁe5§P698d65§er yBPcE
FGFET. A LaLger -.apgunt of stored charge provides two benefits. First, the

comon floatlng gate will require a
Initializing device 391 contains programming unit 394

which receives programming commands and sends status about the
programming operations (not shown). Programming unit 394
controls the programming operation of time cells 395. Once
the programming operation is complete, the time cell
discharges its stored charge over time.

At a subsequent point in time, smart card 392 is coupled
to reading device 393, in which time detection unit 396
"determines the current threshold voltage(s) of the time_
cell(s), as was described above, and returns the elapsed time
éorresponding to the current threshold voltage in some manner

or returned to the requester.

An horological device with an expanded floating gate that is

common to a programming FGFET and chargeloss-sensing FGEET

A fourth embodiment of the present invention extends the
concept of uSing the floating gate of a floating gate field
effect transistor (FGFET) as the insulated charge storage |

element for an horological device in accordance with the




_longer period of time to discharge a larger amount of stored char

.Hence, a longer elapsed time period can ge noni tored when the dev%&@&l@&r1
its time nonitoring node of operation. é 6 MAR 2006 Second, the | arger
initial charge increases the initial condition for the char gé decay
function, in a manner si m' I ar to that described above with respect to

‘Figures 1L-1Q The |ar i
FGET to DRESEME RPGREFLPArt] BFCERF 85nsl d*val CaLariend ROSRrrFRIRE™ acay

or di schapggrgayoshakensIhigs FGIFE(DWhaaedescgmmpnt oeppékdedhélpaﬁgégof

t hreshol d vol tages over which th FET d
el apsed t 9@Eeper ilb§. PERETAREIBH ?ﬁ§g§ §h|§g?g%9n§% ngﬁeﬁggggggﬁgggthge

C|rCU|tryfqg@E§h@|@gtbhﬁltBCSEEEmopamabésemethrnSCetualﬁhaégﬁa§é§t afd the

operational threshold volt f th
of “vol { ag@realiass WA temRLERe ohe BEC GR B 0pe At Pan or: Sehey @ o o°

iﬁ;;ggndgggpyqé%“ﬁdmwrFbWQVe@ledMEdngouhespnugmamﬂ»ngh@péﬂapﬁéhc as the
unul ates in in t
nﬁ&ﬁﬁepbe%§|J@PP gﬁ%% e is Q%eﬁcﬁﬂgﬁr@Ekﬁg 8@%%Qﬁln%%pe|5

an i nc_reaﬁ being emtt Into
tunnel i ng Wlad%rm‘rgtéﬂgowsogreamﬂn@gdléﬁﬁEﬁ witthe tbleeesisdssaace Pépélhleed back

into the channel I'n this h r.i I
Gat o woul PHAFIANAR AR g JOERE ¢ e T S e s gt e o
store nor e gharge dimgdwl aameorvafllueat i g eqéte@t,amh@ppmweép@s\r@etn&@élq s

applledtothe coupl t
D Pough | e S oL AR R S et el

fﬁgagghgrgﬁnst '%xgar taahlepaef::gmd atf Itum;e oy s @lecm:rege Thite devifieg droat itoHsS of
descri bed ?“ﬁxfft?:ir“éerbfet% egcgtelct C%a’:ltial gt??%%F teﬁ%?émg’}%é‘rﬁ@now to
] Figure 4Qeaes )dlﬁmaamanacttes fireld veofl fieafe - Tgpstiisd@ 0 M S W Yo &S FET -
termnals Of th? dqgﬁééaf&”ﬂHQJOperatlon of a PCSFET is similar to the
operation of a time cell whose form is based on a non-volatile
memory cell. -As previously described above, the associated,
measurable, time period for this type of time cell has explred
if it contains a loglcal “0” at some point after it has been t
programmed. The binary determination of whether or not the
time cell has expired provides a basis for calling this type
of time cell a “binary time cell”. In contrast, the operation
- of the PCSFET results in an analog measurement of its state
when an elapsed time is to be observed, as descrlbed in more
detail further below. Although the final, outputted, time
value may be in digital form, the state of the PCSFET is
initially sensed in an analog manner. For this reason, the
PCSFET may be termed an “analog time cell”. '
With reference now to Figures 4A-4B, symbolic
representations of the horological device of the fourth
embodiment of the present invention is shown as a programming

FGFET and a chargelossJSensing FGFET together with a common

floating gate. In Figure 4A, programming FGFET 402 1is



t he progranm ng operation. To induce CHE injection within the progranmm ng
* FGFET during the programm ng process, gghigh positive voltage is MR MR
~ 2006 61 applied at the drain of the programm ng FGFET, herein terned VPD.
Because el ectrons are being injected into the floating gate, a high
positive voltage, herein termed VCG is applied to the coupling gate to

attract nmpre injected el ectrons in t fl ENgigBle, tthued
al | owi ng tﬁ@uPiﬁggiﬁﬁ ﬁg?ﬁg?gos?eaéﬁsgﬁﬂigﬁgngg?gné?g%btﬁéngm?thout t he

coupl i N 93LRs i TherceRYp) i BarayR vohhogerVoskiagsyaght B96hi gher than VPD
so t hat e vol rfage of

the floating gate_approaches hi, gh val u during
t he programingmpingeE6FETh&080hpreeCoRtERe ﬁﬁ&@rgﬂﬁinarﬁﬁgE$&Ps ?Pgd to
ground while it ontrol gate_recei a I eq¥Rin Whikchsaaycbkedis,
substantiéPPﬁthglgang %gthagséggvkﬁﬁﬁg #g?nbﬁgls of "t he 9sgnsing FGFET
are unbi aggd apdtabhoygdet @18l oatomMbhhfieheirgcganenddé, FtharahaDacks

di agram depicts the Voltages applied to the various term ing a
sensing aperafiloptfiog gageviies BﬁtﬁcESF@EHCepﬁPgﬁagﬁlgﬁggggggn?Hgf t he

present inyention. The manner .i [ anebapsadohl FeoReingdgaite 406,
deternine&%PSFsaaBrS&Fggggg%ggégcgﬂﬁgefhig enbodi ment | s s?gnificantly

different shpaRehkany merdet 4odi dnddpecatliyodsterhdnesr §hge38OUBEd °&bove f or
ot her enbodinents. In this enbodinent, .the.ti e i rati

conpri ses edechiroshatdc FoRLdGe - gﬁ&?ﬁ& &Be%&PFggngn%%%%c%%fﬁg%r%té?ﬁgé

el ectric ﬁgggﬁn-ga&jgg 1R efretedleN @4 cRireeiniost aplexatliange on the floating

‘gate is indirectly determned or "sensed" thraough the_  chargel.oss-s i ng
FGFET. Figure iBgiendB e wémidgds tonFaautee 42 5rced™ %ht ¥ §':cee'gl uring

the sensing qpgrati 8 e S UtikcRri nfe@iHt 1@l w#alcd aanGddriaiionefl tdlemserisi ng
FGFET are ﬁégﬁhéﬁﬁqh$€%¥%ﬁages Vsél VSO, and VSD, respect i

manner  whischdaldcove fudre tdig ditsi n§opdriatd G teadals atfegsltﬁtlysgé%’, islrji:r(]”:allng
a larger amount of charge onto the common floating gate than
would otherwise be possible without coupling gate 420, as is
explained in more detail below.

In order to store charge in the common floating gate, the
floating gate must be programmed. During the programming
operation, only the programming FGFET is used. The _

chargeloss-sensing FGFET remains idle, and the voltages at its
‘source, drain, and control gate are allowed to float or are
tied to ground. Preferably, the programming mechanism is
.channel hot electron injection through the programming FGFET
by tying its source to ground and its control gate and drain
to sufficiently high voltages.

In this embodiment, the common floating gate is employed
to accumulate a larger amount of charge than may be stored by
a typical FGFET. A larger amount of stored charge provides
two benefits. First, the common floating gate will require a
longer period of time to discharge a larger amount of stored
charge. Hence, a longer elapsed time period can be monitored

when the device is in its time monitoring mode of operation.



L)

nore detail below The upper contact of the coupli i i

plin ate is b
ka{lomed to float, whereas the | ower porgpon of thegcgupling g;?eI?;iaRandd
a the same vol tage as the source of the chargel oss-sensing FGFET mhi?%%
is shown as V,ss in 62 - 6 MAR 2006 Figure 4D. The term nals of the
E{ogﬁgnzkng FSFET are unbiased and allowed to float. Wth reference now to
FEET coupl ed TRTUEn B R e P g e oot senei 0.

- - - 1 W 1 1 .

PCCET 11 conabtbeni bor uibé bl AneR HoF T St o adh o M ST et "

( nt o e present .iny i Fi hey&u -1q .
phys!cal~P@Stﬁﬁtdgg?ﬁﬁ}b??g%?gogEﬁgfgokgﬁgﬁgéﬁ%it ofﬁ?ign$o¥%:mlbmeﬁat are
gggl;s?oaga} sﬁdgﬁﬁg@apo&hadgéiaguaesptbgrahﬂfﬁgl®®%T%?P%%n%nﬁGggieﬁ
sinultanebagﬁ aOEQQE%EeEg?EXghtggggsggfdnggleggg§8@ﬁiéM SRpttedthe
St _ ydo C U1y, "as"descri bed above with respect to Figure

and Fiydupe 4P. aAscaheys fonEigunerd@hteapdr ¥hen Bievae EBnfron floating

gate is placed vertically between the, co
: progrannlﬁ&rFéﬁEidaN8?59§8 ggF?chﬁﬁgtbe?3ég% ?%ngggﬁtggﬁmgg%g gﬁdpgﬁghnel

of the seppingahGEES: Ahreshsidseolitenas evew phieht hBE PREFHroGFdMTng

FGFET or the chargel oss-sensi F%g Wo [ a Si mo 2yid
. : i I
shown in Wﬂé&répfﬁgtgl S Gf Fﬁ% gonggﬁ fﬁégfigsggg?é inhSLgEsth§E$ =

obvi ous| y tgxiends ihgbtrantt he peogusenithg FGFEFIARY CRELaLRAPFel*0Ss- sensi ng

FGFET. Because of this conf.iguratl h I i
- i K i E l
sensing FEEEFEToORSTANE Sa i glFﬁgQﬁééigﬁﬁﬁﬁgﬁﬁth&ﬁiEEE,nggdtlbmal

el ect r 0st atyre sHRAKY& oIt gy ey ot dinee PCEFHTDF AN &8t PFGUIGet 67E8 Red . ge

_ 1 _ np&and
dhschar?egwihgﬁﬁih Fo%gerquﬁg&eggﬂﬂ#yyyégubhé%aeﬂﬁﬁwkﬁuﬁpenkﬁMmibﬂﬁ t he
physi ca of i GiSensi ons “of the tunneling region hay be

const r uct athd Gurarturalinde iratg try.

However, during the programming-operation, as the charge

ging

accumulates in the floating gate, the accumulating charge

repels an increasing number of electrons that are being

emitting into the tunneling oxide of the programming FGFET/

the electrons are repelled back into the channel. 1In this

scenario, the electric potential of the floating gate would be

limited to a value that is lower than desired. '
In order to store more charge in the common floating

gate, an appropriate voltage is applied to the coupling gate.

The coupling gate induces an electric field through the common
floating gate, giving the floating gate a larger capacitance,

i.e. a larger ability to store charge. The configurations of

the coupling gate, the common floating gate, and other regiohs
are described in more detail with respect to Figure 4F;

With reference now to Figure 4C, a diagram depicts the
voltages applied to the various terminals of the device during
the programming operation.

To induce CHE injection within the programming FGFET

during the programming process, a high positive voltage is



of discharge fromthe comon floatin ate. The overall i
. of the PCSFET is then equal to the sgn? £ t he di scharge guﬁﬁ??é%i B?M@%‘ﬁ§
the programm ng FGFET and the chargeloé -sensi ng FGFET. However , dependi ng
on the dinensions and properties of these tunneling regions, one of 63 - 6
MAR 2006 the tunneling regions nay be purposefully considered to be nore

dom nant. than the other region. Alte t
common f|applhed aatehardraie %ﬁa‘?ﬁ%lr%nra‘?#a? ’}ﬁ%@'ﬁj i bld{V@gﬂnéQe
char gel osg- Se?%bggsgegfgétggﬁsb@réoﬂéiﬁgciﬁﬂeéﬂeahﬁhtoFbmkeflbbtdhglm

tunnel i ng” "n ese regions I1s negligible over the t
e PSRy nasA et s s RS aTR e el hy Fgff sha! ebest.

adj acent ER?Lgﬁuﬁfng %e£é°@6'§8t9§é€ née dpgFéd bed @I@Ntﬁ@ﬁéylnaodon1nant

tunnel i ng constructed wth nore pre0|f|on t han
el enent's bntohehdegicatingogaee, t Bhaghd bhewhRd atheaf LoRbite gagﬁaﬁ cl osely

adheres to s (heopellcal ondely Lk ebychenebthaoconpEi Ryeghse. Li Toe

neasureneﬁ?g uring t time perio r
es As
exanpl es obupmmngogatheVphysg@anp#épéi%Bg§1YtHéghﬁﬁyggénc ﬁtF@lFéﬁk?er

obt ai n thg i%g ngaEhgngh chagagheei sbpesadhed diMkghek| yadne
ma
nodi fy, P% ? I'n cgﬁblngtgon %2 aZpegts of ?he froatlng éate

and/ or thdurmngethelenegtgmm#na Preaeffig gate FET. The anount of

char ge
that may be st%gdsg}ﬁrggeoffl eakl pgogeaﬁm@ag berroughbl yietiotnubabeddas: C =
eox* A/t ox wheré he anmount of Char t he_area. of ! %yf %@tlng
gate, eoxwhdlehdtdi ebasrelcIabBst8RELIYE tﬁeVPhgﬁgﬁtlﬁg NE?Erlg\

oxi de), andyLex;rs 10 LRkokaRssval.chbe axi Ug or Teiherrminsilsati e
mat eri al . $ ary 3 ? nmount of |n|t|gl E?o%e in Qn 9% the floa?ing gat e,

one can vaews@aghF@EEﬂhggg papapsesr §nd ed to
With reference now to Figure 4D, a diagram depicts the

voltages applied to the various terminals during a sensing
operation for a device in accordance with an embodiment of the
‘present 1nventlon The manner in which an elapsed time perlod
is determlned for a programned device in this embodiment is
51gn1f1cantly different than the time detection operations
that are described above for other embodiments. In this
embodiment, the time detection operation comprises a threshold
voltage sensing operation in which the retained electric
potential of the retained electrostatic charge on the floatlng
gate is indirectly determined or “sensed” through the
chargeloss-sensing FGFET. Figure 4D shows the voltages that
are applied to the device during the sen51ng operation. The
source, control gate, and drain of the sensiné FGFET are
biased with voltages Vss;, Vses and Vg, respectively, in a manner
which allows for the sensing operation, as is described in
more detail below. The upper contact of the coupling gate is
unbiased and allowed to float, whereas the lower portion of
the coupling gate is biased at the same voltage as the source

of the chargeloss—sensing FGFET, which is shown as Vg in



. and/or.the initial charge/programmng tine. It should be noted that .
. varying these parameters may require chggges in the fabrication prd%%ﬁ%ﬂmﬁ
that is used to create the device. One can al so control other physical
aspects of the field effect transistor. One can vary the channel |ength
and wi dth, each of which effect the tunneling area. For exanple, a wide,

64 - 6 MAR 2006 |[ong devi ce has rect el ] t angi ng the
rate of Fhﬁ“ﬂ?séﬂarg %r%%ﬁ@%?a£$ %Eoﬁﬁ% %gggggéﬁf?%agg€%gyafﬁreghoPd
vol tage f@hpfabondakdoanebweevieertaatbe substantially higher, however.
For a narrow channel device, the threshold %ncre ses_or QS§%8@§6§

. .

dependi ng uporWikk re&eFeRati BAV: ERhRTERES (R of ner i RbP s PATS”i S a second

order ef 0 t her Latk ORS [ ; _ aagesh
oLt oo gl E ke A e camp e Dabpcankiay, pesmcssocplodimhmmyche
t hr eshol da ¢DMmgheflda§L@gtgﬁéchh§FaﬁtCBPéSelPBﬁEFEHFﬁﬁgtﬁ?ggﬂofa vol t age

of the deXEﬁBi8;E§5HH%%Eﬁig€coﬁ§9ﬂﬁg°@a9@'Yn(ﬂ@b&@&hd@é)wpéhnhhs t unnel i ng
at thicker oxides at higher rates than those oxides grown thernaklé on
PBa

nDPocrystﬁmbbdﬁmshtio@nthEonEgané apvenkaopor t FoFUEE tHeShEHDA ting
gate wthin t rogr amm ng i Lght [ f
t he ponnDNlFVoagiﬁgpggFécﬁﬁtﬁggﬁﬁﬁedagzg%gelgg -gégg?ném%gFégewﬁgggﬁgfEgoon
the i npl egentaki e81ehgeshendevace, appeisiizeés thet Hevécpobetbndurapdhe equal

-or may vary. Wth reference now to_Fi > 4F ' i fi i
V1 ew ShowBrDAERBBIPET GREFAEGPR: FBHoR ForSL ongP o B Ao PasT P ag ar e end

&P?hcgﬁpgkggggggﬁta&:an?ﬁggeaenabké}ychapgébds§im9ﬁ§ﬁﬁgoF§ﬁET°Fn accor dance
drawn to Concurrently, as JUE5SRL S ILSTL! QR enTBEsHRELCR ! FiBAkeNCeRRRI 1Y
Figure 4D. | '

As shown in Figure 4E, a portion of the common floating

‘gate is placed vertically between the control gate and channel
of the programming FGFET and also vertically between the |
control gate and channel of the sensing FGFET. A
cross—sectional view of either the programming FGFET or the
chargeloss—sensing FGFET would appear similar to the FGFET
shown ih Figure 1A, although the.common-floating gate in the
PCSFET obviously extends between the programming FGFET and the
¢hargeloss—sensing FGFET.

Because of this cénfiguration, the programming FGFETIand
the sensing FGFET both have a tunneling region through which
trapped electrostatic charge in a programmed common floating
gate can be dischérged through Fowler—Nordheim_tunneliﬁg. As
previously described, the physical properties and dimensions
of the tunneling region may be constructed to control the.rate
of discharge from the common floating gate. The overall
discharge function of the PCSFET 1s then equal to the sum of
the discharge functions of both the programming FGFET and the
chargeloss-sensing FGFET. However, depending on the

dimensions and properties of these tunneling regions, one of



scale, and the insulating material, shown as an oxide, nmay ¢ i

 nore different materials deposited or formed in nultipleyfab?rggizgﬂone o
steps. The comon floating gate is preférably conposed of ponsiTlcoﬁzmﬁhe

comon floating gate is preferably conpletely insulated by an appropriate

material, such as silicon oxide. The coupling gate is conposed of an

appropriate naterial, such as metal or polysilicon. 65 - 6 MAR 2006 .- The

size of thRecoURRBLihgatéqUogateaysba pespase thblyeconhidemrpeb@isPdn the

amount of charge that opne desjres ,{o _ whi ch i s obvi Ly i
by the di@@ﬁﬁr%@m¥HﬂEFiBhantﬁ t 8B%eﬁe§%§£§nfor a particx:grstyngnfluenced

measur ement pepi edrndbeveRgni thderodidnS batwhen 1eabi
the amount of charge th 9! regi coupl ¢ergmemt Elearpends upon

f e that one desjres _t n,the floati :
substrategﬁéaléﬁdbEESMF ﬂ@nﬁgﬁp%PngﬁﬁaPﬁggg%ﬂég?gmﬁﬁghe f?ga{?%g ggtg ilhe
g;ggg?:glgha? E&?EELEéﬁbynb;EGEETmﬁmhy pespenstrocted souphihg gate.

, e i ckness of the oxide, betwe c L
2nd the cBAHLPRGNEREESLE RIERCEAPEer Rt necoba ac e hedeP b Ohar ©
tunnel i ngthegikans pbribe prognasweny. FCRETeadd the BRSFEE| B3¥- BaMsi RES

FGFET. This preference i 0__ensure, h } i
hrough  PEWREr SNBPBRBR Tt SHRBETRIS: FePRE P URRIR ERatr g e paipr M nly
FL (r)]% re ia_rrm &?OE?EEE @ladle_t.heAehaegelrcnbeds pnsiviguBCFET2adanhapantt RuBnghing

ing to the couplin te. h [ ' [ t hi
of the t&ﬁﬂéPPn&adk'8ecﬁﬁg%5gf§é§e%%n iﬁagﬁggﬁgF §§8P;g§égsffﬁgg pe:fggess
that one @asmees s anMeasudevicedependideg GpoachhevedpBchatyalf BRYEFLEN t hat

oxi de- bet (08T RSO P Edating Gt b osad e chaarLho. earedand bot veen
Egeengﬁmﬁfgmﬁ @ rgator earicet g meubsasareMes tsr épgbébr%?d%aﬂg‘ég?lgt tWSeﬂm
time pereio(zpacl>r1!g(?l.nlt%i"sestth.rOugh these oxide
~As further examples of some of the physical properties

that may be controlled to obtain the desired operational
characteristics of a time cell, one may modify, either singly
or in combination, the aspects of the floating gate and/or the
other elements of a floating gate FET. The amount of charge
that may be storéd by the floating gate can be roughly
formulated as: '

| | C = eow*A/to
where C is the amount of charge, A is the area of the floating
gate, e, is the dielectric constaht oflthe insulating material
(e.g., oxide), and to is the thickness of the oxide or other
insulating material. To vary the amount of initial charge in
or on the floating gate, one can vary each of these paraméters
and/or the initial charge/programming time. It should be
noted that varying these parameters may require changes in the
fabrication process that is used to create the device.

One can also control other physical aspects of the field
effect transistor. One can vary the channel length and width,

each of which effect the tunneling area. For example, a wide,



regions is negligible over |ong periods of tine. It should be noted that
"there is a tradeoff, though, for a thicker oxide in these regions.s\RfGa
thi cker oxide reduces charge loss, it @fso reduces the capacitive coupling
effect of the coupling gate. A larger distance between the coupling gate
and the substrate reduces the electric potential between these two
regions, thereby dimnishing the strength of the electric field%on tFe
cormon f| pahiyndegate Babumbrd BennebiMARPODE BReh®RY tHRNELEPI TR HALE and

t he substrat I't,.should al notedskhbaigthe QXxtég breiveenet he coupling
gate and PﬁeghﬁoﬂﬁﬁﬁgﬁfggtPﬁgc%ggé d%gssﬁot necessarily have the sane

di mensi onshasshbedoxblieabet dieenat hengophnnel 0deVhge gat® Bfd the
substrate. After.,th rogr in tio thenstpsRdcBLARBEL OgERL LS,

char ge inSPQEEEBEﬁﬁﬁlglgggﬁ%glgg?ggﬁfff bggfn {0 tunnef through the

t unnel i ngthegitapesholbothcthespsogr adetnga FEFEFePandiRAeUB8RsFRG FGFET, the

effects of ngi(:h ¢an ggﬁiﬁgghg Aggdgg?gpg\%pﬁg; 81 §hounavktbonaspedert o

previ ous £ FEQFlOPh guences of the charge | oss on the threshold
vol tage efffacdevi ce can be nodel ed. Hence, the effect of the charge |o0ss

on the threshold voltage_ of .th nsi a edhahgedeaimoae an
el apsed ti e pgmati:ae%c8&5&&%8?%%n*3955?5%°ﬁ%§;-’263,§§ ghahgedenay

progra d.
However, asqooted.pr egiadus! v, thhe rudder alhowki ﬁrtﬁéStéFaﬁggagggﬁg BE4 od
is determ_ned for . thi i,men - PLeseRt-ikN¥eRkiranti aldif f er ent
fromthe MRNRES &Q?cF%ﬁ%gggggve hmﬁ%ﬁh?gsgect to,%on-volatilg nenory cells
that are domkirguteed thsetsheddcwblsage aécéPgafc¥iGeth StREM2enbEdTents of

the present inventign, [Erc QeR6r sReqtitke tuhhe1dey e ithikhies oxides
enbodinenﬁrgﬁgrgﬁb Oﬁﬁ’é§§ﬁ§F grengngér to the pre described tine

cell's; a wfpaighe gattesy thare tHETe §X1LEgAE t%%%&zhﬁg Charge in the
floating gated:Aldi¥ed A 1icon.

In Figure 4E, the portion of the common floating gate
within the programming FGFET is slightly larger than the
portion of the common floating gate within the
chargéloss—sensing FGFET. Dependihg on the implementation of
the device, the sizes of these portions may be equal or may
.vary.

With reference now to Figure 4F, a simplified
cross-sectional view shows the positional relatiopships of the

.commdn fioating gate and the coupling gate of a programmable
chargeloss-sensing FGFET in accordance with an embodiment of
the present invention. The device is not necessarily drawn to
scale, and the insulating material, shown as an oxide, may
comprise one or more different materials deposited or formed
in multiple fabrication steps. The common floating gate is

. preferably composed of polysilicon. The common floating gate
is preferably completely insulated by an appropriate material,
such as silicon oxide. The coupling gate 1is composed of an

appropriate material, such as metal or polysilicen.



di ssipate in a discharge process through the insulating material over a
~period of time. In the time cells in the previous enbodiments, thpugh0is
sinple read operation suffices to dete®d ne whether the measured tine
period has reached a predeterm ned el apsed tine; those time cells can be
termed "binary time cells". In contrast, the present enbodi ment uses a
threshol d voltage detection circuit to determne the threshold voltage of
the sensing FCTRE; sthe bifmeheekbsmbn fhbstiegbgdteent sadebégnechedceanal og

time cells"”. 67 6 MAR 2006 Wth reference now i e - circuit
dlagran1_&Qﬁﬁcg§p§nﬁﬁr8§hgpﬂ As et eogngéfggnkgﬁgcgﬁ% Pégggggrgéncg Wi th
ggt :g*tﬂ,od' BRRLeOf twha@hpligsaabiﬁwgm iaflutheedobpl ehe dikrbshged fusktigan
( ion circuit conprises the PCSEET. . Only the ch Loss: sensi FGFET
i s shown ¢ﬁa¢|@@ﬁedgéﬂrﬁﬁefofeFnPﬁﬁF%CH%afhExﬂFogﬁgﬁﬁgggeggFE%§?%b?ﬁe
f’&?ﬁ? ?re al l ?“ﬁ(@dmaﬁgﬂiﬁ:h@_@t o(illim;c,n@ri hedies ensiplg ngperadtel ciepeas tipen the

nal s on e progranmm GEET do.not affect the operati h
thresholda@@Ppéngqépééﬂﬁoﬁ%gFr8GFtd&&ﬁfﬁ& ?ﬁesggﬁgiﬁg Qgge%é??gggg%h:
gg\r/: gg d_et%%pcle?.ed el Fulb%?e{i%@:b tregiiogubed oAtAE canplingi geteamangl dssdew ti me

wi thout _an external power source. However.,. I

and addi t itRalf LOGtEG T3} Carlé FEQuReEs £5 SSPFS%"IP%%?%%%‘%%% ‘%%W Souree
oper ati on,respiceh teThedestiplied aaaee W th respect to Figure 4C, and to

performthe sensing operation: FEar this e i . of .t r nt
i nvent i on, theﬁﬁ%ﬁ%rﬁgﬁabe 5E¥&ﬁ&e5féogﬁ§%FE§géﬁ%l8GQ§§F%agggﬁé¥gg¥?én
circuit shawatihdFiggite o446 tihd cloupdiilnd e te deatedhod aagsenditeg déw ce

| ocat od of*tRe. RInASA do 104 o TRESH” sbgienE, SETAR R o Ot her
devi ce Wi tHyFETOQURY t31eppihar gel catsherensdmgs FAEES -t ellhisaley sfferrenssupls rg?
with an e)§=-_tnesl’ur}:é}aI ol eavtI %%em%ot}%flch%%é NANost mainly through
Fowler-Nordheim tunneling in the tunneling regions of the
- programming FGFET and the chargelbss—sensing FGFET and not
through tunneling to the coupling gate.
As shown in previous figures, the thickness of the
tunneling oxide may vary depending upon the elapsed time
‘period that one desires to ﬁeasure or depending upon the
discharge function that one desires during the elapsed time
period. However, the thickness of the oxide between the
common floating gate and the coupling gate and between the
common floating gate and the substrate is preferably larger
“than 9 nm'to ensure that the charge loss through these oxide
regions is negligible over long periods of time.
It should be noted that there is a tradeoff, though, for
a thicker oxide in these regions. While a thicker oxide
reduces charge loss, it also reduces the capacitive coupling
effect of the coupling gate. A larger distance between the
coupling gate and the substrate reduces the electric potential
between these two regions, thereby diminishing the strehgth of

the electric field on the common floating gate situated



appropriate location that may depend on the application being supported by
“the horol ogical device. The threshold voltage detection circuit inbRAJUNE
4G shows the chargel oss-sensing FGFET 66 the PCSFET, a detector FET, two
resistors, and an operational anplifier that is operated as a generic
inverting sumanplifier. The detector FET has been constructed so that it
has operational characteristics that are nearly identical to those of the
char gel ospegRashNgheGEGIp MRy §oete Chad gehossulsensatng. FGEETshsuldotalebar ged.

In oth ds, the detector FET and the - 6 MAR 2006 68_ch - sensi
FOFET o cbRabehed EOER ERALOFIRy RAVESRCHRFy P UBN{Tdaa Fhr BHoFRovol tage

curves ovebmihbg S&BEtiﬁ@ggat@fdb@puﬁst Héee £ €5 S1ankhese Rthandalk@ are al so

equal . The chargel oss-sensi ng, FGFET, can have basicallX two states of

oper at i ond1ReRSERBS cBAMbRS PRLEF nge HHUE B hERE noP™BRBnF 1B hiPanBEE aRE (2)

t he commopnt! eabkBgagat e has been programmed. First, the operation of the
t hreshol d-vol ta

e detection circuit in the non-progra d de is .
descri bed, andAgFﬁEntpﬁepﬁPgﬁ?%ﬂhBﬂ ﬂBﬁﬁa€$O%peF§?igﬁogggdgggFE58aFa?ﬁ8
inputs tochheggaif and demmdnofibheidetgsterwEEl beginsbortafneso the

source-to-drain vo|ltage and. the source-to-gate ol tage of the tor FET
are equal EhRAREh ELSCEE“Pﬁ lnﬁef%§¥BPsFﬁ? gﬂ%@ Eg?upﬁggﬁﬁmﬂﬁag gﬁhﬁ auses

the detechan ERE stasany aEFBTCOUREavtfedtsent whuchecali beeslitply
i and Y1 renmmins at

constant . ol 558 b K2 HBbuSCHOBS FhabEholS' Blhs Bl Hhele e, s, 2
V1 is anytwual uenkegaehbap ¥BPDrhe. eha¥ie<1¥EP. oihehet hrr PEBEEA vslnate
N L A
of the detteetsobnFEhe ahdebbBoddseclhagéwoft thasssheingaFeFEMataehebe ulked
9“rre”t tggoaggegﬁgnghgkgg 85%&899§529p5§f§§ g%nce the common floating

gate was programmed. .

However, as noted previously, the manner in which the
elapsed time period is determined for this embodiment of the
present invention is different from the manner described above
with respect to non-volatile memory cells that are configured
as time cells in accordance with other embodiments of the
present invention. From one perspective, the device in this
embodiment operateé in a similar manner to the previously
described time cells; a type of floating gate FET is
programmed, and the charge in the floating gate is allowed to
dissipate in a discharge process through the insulating
material over a period of time. In the time cells in the
previous embodiments, though, a simple read operation suffices
to determine whether the measured time period has reached a
predetermined elapsed time; those time cells can be termed
“binary time cells”. In contrast, the present embodiment uses
a threshold voltage detection circuit to determine the
threshold voltage of the sensing FGFET; the time cells in this

embodiment can be termed “analog time cells”.



equal to the current through the detector FET, i.e. 12 equals |. Hence, V2
- equals V1 since R2 equals Rl, and V2 is also less than VDD, i.e. V2 < VDD
" The operational anplifier is operated in_a node that allows it to-&dtARa§06a
generic inverting sumanplifier; the f 8ddback net wor k t hrough the rest of
the circuitry is not represented in the diagram Hence, the circuit
operates in a manner such that when its two inputs are equal, then VOUT is
approxi mately equal to VDD, and when its inverting input termnal is nuch
| arger than théibbnrefeeencagnprpte Figureats, -8 MRCRDDEAEIIrABN t he

out put voltage, is_c er o] S, citc es mnth
the Tol | oHPRECERRP oxher ROHAI kBh bhdi BEEREROR chaT e kb (o BRBRALEY

0 - VOUT i Sithnmahedmbodpmsnti vé VDétpgesenanunE£n31angalﬂheacomplet@r
constant. _, We P FET | S e FGFET i s
at equiliBPFﬁﬁFoga ag%ngFgﬁgggﬁvgfﬁCuigdﬁ§Q§£?%L9 é%%-péégggnned node
of Opgrgtbﬁm% €héechBEgamabsgsénﬂmngeFGFE331beehownognamngdrel4Gcahhbe
regarded as having entered a programe e.of ope evi Qus
descrlbedteépﬁéﬁlgh8 pFBGrBﬁﬂg gﬂ?ﬁgeggggghén Bﬂg ﬁeégggs?ﬁ?eﬁgiﬂg? e |%

t he conmmogef tmaatngugah the deﬁseﬁgu agetbltsbugh Fnal ehe Noedinehalsuanel i ng,
whi ch causes t he thres hg ¥§ t.age gf %E el 0ss-sensin g ET to

di mi ni sh tBGePrPPRE™M i Rie§FEEE| §OaPP Ecgo nO?F53?%ﬁB agt Ras been
programmednhrtbayyl, vbheatbr ashetdivnl tageuot dheinghahgekessingnsi ng FGFET
is at a maxi mum value. Since the source-to-gate voltage, i.e. control gate

vol tage, PBSEBRLPENt and equal to V1, the chargel oss-sensing FGFET is no

| onger turnedrps hekithi gesoptirel gatkR vekpage. tdhEigueesnsaiidrdeaps as
the threshol d voltage_of the chargel gss- sen5|ng FGFET risis, i.e. its.
sour ce- t oM@PAFRTY B8Pt §48PPPEes1mg REE19S Fith an external power

source. However, an external power source and additional
circuitry are required to perform the programming operation,
which was described above with respect to Figure 4C, and to
perform'the sensing operation. For this embodiment of the
present invention, the sensing operation employs the'thréshold
voltage detection circuit shown in Figure 46, which could be
located on.a sensing device that contains a power source.
Alternatively, the sensing circuit could be located on the
same device as the PCSFET and then later coupied to another
device with a power supply. In other words, the terminals for
coupling with an external device may be placed in an
apprbpriate location that may depend on the application being
supported by the horological device.

The threshold voltage detection circuit in Figure 4G
shows the chargeloss-sensing FGFET of the PCSFET,'a detector
FET, two resistors, and an operational amplifier that is
operated as a generic inverting sum amplifier. The detector
FET has been constructed so that it has operational
éharacteristiés that are nearly identical to those of the
chargeloss-sensing FGFET when the chargeloss-sensing FGFET is
not charged. 1In other words, the detector FET and the



very snall, there is very little potential drop across R2 n
1€££&o§rnately Squal to VDD. Referring again topthe voltagearglay?okgMéRZMB
vs T = VDD + B (Vi V2) /| vOUT > 0 . Since V1 is sonmewhat |ess than VDD and
is approximtely equal to VDD, VOUT°Swul d eval uate to | ess than zero if
the output were not referenced to ground for negative voltages. Hence
VOUT would be equal to zero just after programm ng the PCSFET. .For the

speci al case of B equal to two and V1 V
zero W|thohar@elcngST%¢@$¥@\@E§F?Wz%:?%I‘E‘Eal é%%é&%%éﬁ%ﬁ%%ﬁﬁ%ﬂ#yre?%rgagz ;gw
to Flgureﬁ?gkiﬁJ%%gnﬁﬁéﬁg tHfé@H@léh@Mité@@ ERAVES Ve mhilod ¢dree vodnages

and curre change during a nonitored ti
ne
in Figureo#Hinptter t Bee coembat2neas i g agst &2hase %gﬁﬂ SﬂBﬁEerlOd fﬁeshomn

t hreshol d voIt e
floating gate Sgéa% Sloﬁgaégﬁ£9§§ BERET Nga it Gdnle diegs tasEBy aswd he conmmon

shown in F 41
vol t age detaeasesf pherdtapn: c&&iehbetﬁ?%%é% Fngégﬁﬁr%%ﬁsséggeﬁgﬁﬁgggéFET
hncreases ggra eﬁcrgﬁﬁe§2 thee POLEBhLI 28l o8t opgagapsesh&R baeneases, and V2
ecr eases? I'n Flgure 4J, over a sufficie ﬁ 9-pgy 8 of tinme,
V2 happropmbg$ammedandFW®®traﬁbﬁoﬁ@ﬁéétWBD OfntPﬁ|g ﬁéﬁhgﬁ ?ﬁ t n5|ng
mec an:zgg %e%%i'gn%gééé+t Qﬁs%hélHGanQobbéﬁﬁhdlﬂodeliagdesﬁruhed, and

charge sensi n in an i ndirect manner e
vol t V
i nver sel y thenattde moghf@mﬁdeﬁlﬁéﬁdoxfoppéﬁéuSPt HaugﬁsFﬁégg%’hr eshglgg V(C)IIJtT aL,Z

i'sS not neasure I h e
bCSPLT At oy ggﬁreﬁhﬁ% £5Ne HEeRitRy apAEaRanbsorobher desethors Fafe agk t he

PCSFET.  Thbaidteinee ¢ &gtuﬁqghfﬂ?@éﬁglégﬁﬁéﬁgbggg |t|n§g§t h%“%%t Boalth®
subst ant i g 1y undi Qe dde el ages hi, eshhtieht pdaces the
char gel oss- sen@% %Légé% during the sen5|§gpgrocess ba
detector FET into saturation mode” and causes the detector FET
to act as a constant current source. Since I, is constant,
the drop in potential across R, is constant, and V, remains at
a constant value between ground and Vpp. R, and R, can be
chosen so that V; is any value less than Vpp, i.e. Vi < Vpp.

When the PCSFET is not charged, the chargeloss-sensing
FGFET is in a steady state. The control gate of the
chargeloss-sensing FGFET is at the same potential as the gate
of the detector FET, and because the two transistors are
matched, the current through the chargeloss-sensing FGFET is
equal to the current through the detector FET, i.e. I, equals
I,. Hence, V, edquals V1 since R, equals Ry, and V; is also less
than Vpp, i.e. V2 < Vpp.

The operational amplifier is operated in a mode that
allows it to act as a generic inverting sum amplifier; the
feedback network through the rest of the circuitry is not
represented in the diagram. Hence, the circuit operates in a
manner such that when its two inputs are equal, then Veyr 18
approximately equal to Vpp, and when its inverting input
terminal is much larger than the non-inverting input terminal,



Aé‘should be appafent to one of ordinary/ékill inthe art, the_§§&ﬁ%§$
circuit will have nultiple design solutions for nultiple input v gs,
which include: the threshold voltage to be neasured, which.s a function
of the elapsed tinme to be neasured, th§9charge to be stored, and the
physical characteristics of the PCSFET; the matching characteristics of
the detector FET and the chargel oss-sensi ng FGFET (gate-to-source voltage,
source-to-drain voltage, current characteristics, etc.).; euSHEEENthe

t hr ough thﬁeannégehprtSEQ$tﬂgeFEFEHi?%?)FOaﬁﬂ?ohen%%,g%%%PoV tﬁ;&[nput
vol tages tq the remai nder of.}he,gi eyl biihfeapprbrgrate - belabinARNZDO6 71
hel d at tﬁérﬁéﬂécPBFrEE$saﬁ tbhghcontrol ga?e of the char %%3§s-sensing
FGFET (V1), ang¢_heace, t+he*ovher hpuVor vol @ ageVao Jt%e“rl%‘r% St of the

circuit. Wth appropriate desigp choic t gpgrdgrcieashahveen the
circuit elpomdfiye ¥oRtBESSno8EH Bo%b?a?%ig ggg?r ed vol tage out put function
at  VCUT Differgnt, $9RSipe@rehr d¢yi o srhprgedusébe ghargfdosf —S6Fdi A&y skil
in the art would appreciate that the sensi | SR may, yar ¥ ndependi ng
on the i mEGEmNtiat jadn esfuitliidriyies@RE Vaven ﬁ’og‘.ﬁc %reg'dem&”ct ed exanpl es are
not nmeant to irg)lrya}Metrg LRldOonE Woldtattg@opact to the present invention but

rat her pr SATEGIH S at 1 on concerning a preferred _sensi hanismyen
accordance wi t lorare ertizodineeifty (iflﬂtené?eﬁfleg’@ﬁt %qeﬁ’vé)ﬁﬂ%?r?. erﬁir'rg(rEL er to _

convert the obserye Ut v9liagss f @Rddremmeensiody ¢ ff cwearatdoh elfdhsed
tinme val ue’fegt%e&eo%ea?sa%\ﬁla,g églk#ar Acteristics of the Analee dd Myl | nust
be known. phsevipnevipuddscridied, QﬁF%ﬁkﬁqq(ﬂfQQfﬂﬁghlﬁﬁ ating the physical

di mensi ons_ of the tie,ceh!nd e ORerald aainahaflastteimetdas® B the tine

o H 1 . . .
cell over aarﬁ%rfapse Ime period al so depend @&Iglélmq’lil B, £k | &dud e tiiad

condi t i onsdedheas g i Bir ew@untowker TIREYE St ored'TH the conmon float|

gate sets &ﬁfeéﬂ&i&a$oltage of the chargeloss-sensing FGFET to diminis
over time.
Immediately after the common floating gate has been

‘programmed, though, fhe threshold voltage of the
chargéloss—sensing FGFET is at a maxXimum value. Since the

source-to-gate voltage, i.e. control gate voltage, is constant

and equal to V,, the chargeloss-sensing FGFET is no longer

turned on for this control gate voltage. The current I, drops
as the threshold voltage of the chargeloss-sensing FGFET
rises, i.e. its.source—to—drain vo;tage rises. Since I, is
veiy small, there is very little potential drop across R, and

Vv, is approximately equal to Vpp. Referring again to the

voltage relation: ¢
Vopr ® Vpp + B¥(Vy - Va) VOUT > 0. . |
Since V, is somewhat less than Vi and V, is approx1mately equal

to Voo, Vour would evaluate to less than zero if the output were

not referenced to ground for negative voltages. Hence, Vour

would be equal to zero just after programming the PCSFET. For

the special case of B equal to two and V, equal to Vip/2, Vour

evaluates to zero without being referenced to_zero.



electric potential, and the initial threshold voltage of the '

- char gel oss-sensing FGFET varies with the initial anount of stored-chMAR 206
" Hence, it is also inportant that the p egranning operation be perforned in
a manner in which the common floating gate is initialized with an
appropriate initial amount of electrostatic charge, or equivalently, in a
mannefr in which the threshold voltage begins at an appropriate initial

val ue. For any _desired initial starting condjfi for the_ an 1
cell, the conﬁ%ﬁtglﬁﬁ ?ﬁ@nﬁﬁtEOWagob t Bﬁ?ahaﬁggfo? 59 r?gbgégﬁgﬁg%hgabf
time. ForcgXagRhfert OnS{/BLENTORE GHBEgGesi Andheucosnds fhoehé NpCYBEE, the

pyogranning operation is 72 - 6 MAR 2006 L.gerforned for a |l onger period of
time. Diffbpeae ABERBAsanagniberedetii®® BEFEPHi ne the specific length of

programm ng tiﬂ%_sﬁgﬁnaiﬂiﬁﬁguﬁgahﬁﬁ LepBrcehl &oMhbAUEBbLONgAGatet BEs
previously for binary tinme célls, the required Ilength of programmng tine
for any gbeen mnappgmmede tbelthheshghdovostagenay Beefound enpirically by
char gi ng éhggg&}ggﬁ—sg s%ﬂgl9§FﬁTn3e8?££§esE§§htﬁén€oﬁﬁ$$ ENohbengelatk
time cells u e chargéd for a different length of tinme. Each tinme
cel | woul dloskenibe abarger edAsoshownsiphBhgerendlnreshbhe thbeeshgedover a

period of tipe, The initial gLanm n I _ e e correlated with
t he thresﬁ8#g§98Iagﬁge888§y Ebgs%g%g%s?ug%gﬁﬁhF§P¥%§grﬂ%%ion woul d be
stored fochhageloasesenFhegt E§FEfgiproeadases Banlaligw i rfda he

t ol erance f h f dndev| / i W i nhar RN, a
time ceIIBaﬁ?ﬁt%%itgggpaggﬁgﬁgngfgﬁgﬁg%“ﬁ%§sF€gF\Ecﬁgggg?gg%éti%g ggﬁkgpbe
enpl oyed in mbgurer 44, r ange ef stiffieécipetlydionpgapevapcfesfntineit ¥,
programm ng_operation. Alternatively, in order to provide the analog tine
cel | mﬁtﬁgﬁﬁgﬁgsﬁfapé’i?ﬁ ii%”(ﬁﬁ?iqﬁc i, ﬁﬂﬁ-progranning operation may
enpl oy the prognashibBgmkERET, abHet henshapgmbobansemsingdesigned for

observing the threshold voltage of the chargeloss-sensing
FGFET in an indirect manner. The output voltége Vour 1s
inversely related to the threshold voltage, al;hough the
threshold voltage is not measured diréctly. ' The sensing
mechanism observes the state of the PCSFET at any desired
point in time without disrupting the state of the PCSFET. The
retained charge within the common floating gate is
substantially undisturbed by the voltages applied to the
chargeloss-sensing FGFET during the sensing process.

As should be apparent to one of ordinary skill in the

n art, the sensing circuit will have multiple design solutions

for multiple input variables, which include: the threshold
voltage to be measured, which is a function of the elapsed
time to be measured, the charge to be stored, and the physical
characteristics of the PCSFET; the maﬁching characteristics of
the detector FET and the chargeloss-sensing FGFET
(gate-to-source voltage, source-to-drain voltage, current
characteristics, etc.); the .current through the
chargeloss-sensing FGFET (I,), and hence, one of the input

~ voltages to the remainder of the circuit; the voltage to be



FGFET in the follow ng manner. As described previously, the progranm ng
process injects charge into the comon floating gate via the progr&H&%%g
FGFET. After the common floating gate has been charged for sone pe b
time, the coomon floating gate m ght béllexpected to have reached its
desired potential. In contrast to the previous description with respect
to Figures 4C- 4D, however; rather than |eaving the chargel oss-sensing
FGFET idle during the programm.ng process, its termnals can be connected
to a threstedld arolthegaeteettoct IFET endcahe. constredd gatteasfurdheg that the

pr ogr amme PCSkE h: . ] ar i nitj ho v e.in jts
chargelos%pfg SHEQSF%%€$1§%{gF%?he(pﬁggr%ﬁéiégﬁggér%ﬁ oﬁ#ﬁgﬁelnPﬁ eshol d
vol t age detoddiaigen toi rthwei trems iadplropdd the ceaswié .t hFith appridpRi2@@6
initial thy | d,,.val t age .duri r.QQr i ng_operati.on. .. If .the _
thresholdq$%ﬁg%bgmg%§e%dtt%@tdgggéﬁg3gﬁgg %gg%F%& %vglﬁéfcﬁﬁg ﬁ&ﬁ&%ﬁ%ﬁ ng
process nearcbrt iohosenAssupbhginhat desheeex pedtadepoagpatmfmgctios iax known
fairly accurate the_ . programin rocess._should only need to he
-continued%gﬂf abXFgFﬁFPGeﬁﬁggﬁBQtcgﬁgﬁﬁﬁso?aYiﬁ% BF?Qr ?ﬂg BPSngnning

oper at i on orasinaaryplsétidd am ithiet aalt poaddaappbrgcphiase thile theogkeamiingg
process . i r upt. uring.t t hreshol d val e

reacur oo ohriah, By, $ny2 bR RY o TR0 BT a6, Shor R

i Nt er r upt @ egignitng nviea t Lcanai Mier depitliedpeagmpieisng rer codsmeant to

Al ternati t o] # ). r d r l.d.v neasurenent
process  euply, alniRLIShATIAS PREERY B0ch’ BRaBelr Db AR IR D
i s reachedatdelre proatided s nfformdétionnicrnng rnfhsgpropee fprogdaseinesg ng

par anet er g Juy heenpl aved whihau i%kfgﬁtgﬁgohgﬁeﬁﬁfg? ?&gtggesghﬁsent

invention. To.convert the observed output voltage om nsing circuit
to an eIaB@@@nﬁﬂ@@-value, t he operati onal

In order to convert the observed output voltage from the
sensing circuit to an elapsed time value, the operatiocnal
characteristics of the analog time cell must be known. As
previously noted, in addition to manipulating the physical
dimensions of the time cell, the operational characteristics
of the time cell over an elapsed time period also depend on
the time cell’s initial conditions. The initial amount of

charge stored in the common floating gate sets its initial
electric potential, and the initial threshold voltage of the
chargeloss-sensing FGFET varies with the initial amount of
stored charge. Hence, it is also important that the
progrémming operation be performed in a manner in which the
common floating gate is initialized with an appropriate
initial amount of electrostatic charge, or equivalently, in a
manner in which the threshold voltage begins at an appropriate
initial wvalue.

For any desired initial starting condition for the analog
‘time cell, the common floating gate may be programmed for
variable lengths of time. For example, to store more charge

in the common floating gate, the programming operation is



characteristics of the analog tine cell nust be known, including the
initial threshold voltage of the charg ss-sensing FGFET and t he

t hreshol d vol tage decay function. The | tial threshold voltage carﬁ Mf@ @gﬁr
during the progranm ng, operation, and although the analog tine cell may

be designed to respond with a particular threshol d voltage decay function,
the. actual threshol d vol tage deca u can e foun iricall
However, IR SEhréshd (\?’rﬂelraé’ r]\?éiq eijg‘tl y P (’f&l“g n'%hi‘é?drs mI’E‘éund
by obser Videg ulskel @t plétt e rafin tﬂﬂee%@iécd.fl\émlte&@th%tfe@tﬁo@&aﬁﬁn&%@l tcinfehe

- threshol d _ voltage/tine reIatronshr provrded by .the threshol d voltage
decay fund@fof % VELs MEAY - 1M&pC NP ERUESEEOR  vol tage/ ti me

rel ationship pm@Vln@Q(édbprfehﬂ.dtM@ﬁ rf@de b\i@iatr?{ngniéeb%QtLlsQn tOlet Plalyufiuaet i on.
The natheqati rel ati onship il R 2006 between _the threshql.d voltage
det ect i on 160N FuREFHOISRGHERI 1&&5 L oy 94 VEEy ddad cmbitFec &8ty and

st ored fOl’de|sE.iJ'g<ﬁr WS &.i zlen nratyhere VERILGhSY, empqeltdaelcyperyathem@hn@har aels@r iseitd CS

of the an i me cell e been b erved neasur e is
SO B R L naFhg o LoftrB: cod-s
sensi ng demma Wiet Ia:halig%ldaﬁfmd at rdIEﬂearetm, 1eJR@fter oifn@ ig@al nEtdaehFrtgluree 4?
t he val ues f t he ,vol e out put, funct are ed.tq el apse
time val ué§: lTWé)ue]rrqalt%’ﬁ% nd"fto\?&f}T (%n % &t é&n%ﬁfgsgog ital

val ue by awlhabe owevrert @rerl\mkﬂ ©If itimesed The a_mﬂa)lppr@fgrmmmm@g tiimeet i on

I ' I He f
o e PP AL, PRSA N L0 LD, M, RC IE YA U HBACR LT 2 o1 ven
i ndirect cleseownateison aok tthe s ummE&m@udomommaga @h tsite rEGSERE andelry ukeaw ng
the initi %e E@ B%e%ro%l%%g%s ca %S erml %#gp%oﬁ%&ghggéfgrann]ng’

an eIapse i me va can be genera vra “a Simp i on,
such as t e provfdedureda deviigles . Io@&&@ tabbeempnranaaluainamateon, a

e”bOdinentim%h%eﬁﬁakﬁth5&%€%@Jla%a@i%%nsions or physical
characteristics could be employed to monitor a range of time
periods that varies with its programming operation.
Alternatively, in order to provide the analog time cell
with an accurate initial condition, the programming operation
may employ the programming FGFET and the chargeloss-sensing
FGFET in the folloWing manner. As deecribed previoﬁsly, the
'prqgramming process injects charge into the common floating
gate via the prdgramming'FGFET. After the common floating
gate has been charged for some period of time, the common
floating gate mlght be expected to have reached its de51red
potential. In contrast to the prev1ous description with
respect to Figures 4c- 4D, however, rather than leaving the
chargeloss sen51ng FGFET idle during the programmlng process,
its terminals can be connected to a threshold voltage
detection circﬁit. Instead of assuming that the programmed
'PCSFET has a particular initial threshold voltage in its
chargeloss-sensing FGFET after the programming operation, the

threshold voltage detection circuit is employed to measure the



" paired with a non-volatile nenory cell. If a device has nultiple tipe
cel I's, then each time cell can be pairedyyith a non-volatile memoryb 4R 2008
When an analog tinme cell is programmed to an initial threshold voltage,
the corresponding non-volatile nenory cell can be programred such that it
also. has the sane initial threshold voltage. Since the corresponding
non-vol at il 0, |, | t | 4l (g w1 K | me
. . t .

period of llnﬁ'ttrel‘r%reigtt%lrt %301%%?%5%% r?d;aﬁllglrrll n-\?gl gt ioﬁga(rﬁr@%él% o?\eéle%lratggﬁi act as
a ref ﬁr endél. t heh dri e sthiorlets sl ld ags thege nea digite meachegedds G siideser f or ned
on the ana ti I 11 | re | e t
operation?@ e‘%ﬁ%ﬁ%&ﬁ%&-onfﬁk éﬁ%%ﬁ%%% ?ﬁﬁﬂﬁ%ﬁ@vor§§%#§6H§£ﬁﬁff'ce||
ghe magsurteht teh:cpa:fufldj pua g ragren ifrrgp rh itttee Lsndmondl dpidlrd ymavwsar ad@ly .cdha hen
e used as a reference 7 - t f QIRAL @gainst the
nmeasur ed ﬁro&%agﬁn&%\?oﬁraogcges ?Som c%%gﬁ'aﬁ/ g]!g? et%? (r?r:é) ?& I% Witrfﬁ%a;f er er?ce now
to Fi guresediétilvely Hhook dirgirdmo fddpims @ I areltds GrognamBangeen a

programm ng devi.c ensj VY. C8, a i.cal jce in
accor danceo%vﬁqia#la(%I rgarﬁs)od&)ﬁdr%%tegf a{rﬁgnﬁfd;%eln?)l{%%%lﬁﬂ??’o : p1t%§\éﬁor ol ogi cal
devi ce cont ai rthea RCSFEEMMINe pravesmimEy dmadeniot We dintieyrrapte

conbi nati on. of 0 1 j F iJm | t hat

combinat! Myl d HELAILD0 FIRL AN 2 SRR T FEE S iy e tha

i Im tlt al i zimren slenanoen ¥ 52 ourrreatad 4o madsatiadr Heesgtegyointest siyndgy the

el ectroni . C | . i i i
geh\%lﬁog&giogéa?ev O;s;@?goﬁ%gé%lh% 5 laégst.urmt%&;m_ /edBd tigesensi ng

devi ce 45 . isp of these devices are | ocated
within t e cpmeusing anoekpemihd hisrhalik ifiadeaties ureamah o P 1
devi ces myy, pe, é':?%léé’té&’%?tlﬁ%ﬂ i P anfinti Sy st@shdirpduct
conponent, or er device. For exanple, the horological device of the
prgsgntilmm%ﬁQQﬁ1xﬁnKQ§§hQ$aleq within a batteryless smart card that is
initialized by G¥hel SEdiNEHd NBS) tald O Usi g e grigd @l gamavige. A

consuner

parameters may be employed without affecting the scope of the
present invention.
' To.convert the observed output Volfage from the sensing
-circuit to an elapsed time value, the operational
characteristics of the analog timelcell must be known,
including the initial threshold voltage of the
chargeloss-sensing FGFET and the threshold voltage decay
function. The initial threshold voltage can be set during the
'prdgramming,operation, and although the analog time cell may
be designed to respond with a particular threshold voltage
decay function, the actual threshold voltage decay function
can be found empirically. However, sincé_a threshold voltage
value at any p%rticular time is found by observing the output
of a threshold voltage detection circuit, the threshold .
voltage/time relationéhip provided by the threshold voltage
decay funcEion is essentially replaced by the output
'voltage/time relationship provided by the threshold voltage
detéction output function. The mathematical relationship



.may carry the smart card while it is nonitoring an elapsed tine period and

then may present the smart card to a nepghant. A nerchant's dataﬁMAR 006
processi ng systemthat contains a sensing device may then determluat%e
smart card's elapsed tine period for a variety of business, reasons. Mich
of the programm ng device circuitry and sensing device circuitry may be

i mpl enent gde QBef e POEL ARL B0 B8 W Bt agd NiSt d¥PEoRT oREp@P OptRAt i 6h | @M an
accurate programmng operation in which a progrannlqggaéoce s -and a

measur emeflappedcbiBeats dgeived emPHELEEH ] BRPRRHOVECT erlatedi tFéna

circuitry adds;fo,thercRsta®l OSROMTEEE UsSePitidiga BNBRArS@E&risandstbere may
be ot her comrerci al considerations. Al though the smart card nmay conptain

thi s addi thenanaépgctineyceil havieubeeheoRPeeYefood tHAE PRRSEFHREREILSi s

still dir@%k@ﬂt&ﬁlig 5 PrYAR2006 ROYEIAGSEnET oRBHLET YT €BBe OPERathgn,
‘Wwhet her or not the n%rt. card contains a batter%. Inltlal£2|ng device 452
cont ai ns Bi-8gRARMPAQSBRFLNGSEEVHRP cHlFRceP vekaBFodr hF nje tofmands and

sends sta§g§egpgﬁé SﬁﬁianQQﬁ 18946 PCERE | GABUuEHOb £ SBRUNY 01 PAGET 80EDHNE
unit 458 "control's the progranin ng operation by asserting pro rannlng
a g/”

vol t ages BtpcP2onaat P3y ake dhapped revctlarbed tigre agekuas . | .
by anal og_Li 1|, 460, T, i 1] SO @ NS/a1 Oy nat igopof a
progranniXéiE%F§$ gﬂﬁ ga%éﬁgiﬁgﬁ%%§%%d3??ﬁ§ Aconnnn fléztingggate whi ch
recei ves aooWargerduwhnght he upedginnmPng bpeea®f OR2PERES £ReCHEOBr akMi ng
operat! onybipi G8TBLELEe ibACCBNBLEA h! AR Egabsehisehaedeaiies stored charge
over time oRPaYsy sequent point In tine, the horological device  that
contai ns anal ojencae &ekl a46dves Epvbpl €8 #Baiedstige aelicePusBavhRechA has

vol tages §$n¥§%teanéi§§t5ﬂaaathﬁ FpbR hheinahacgel opscpeasiog GEFERe
termnal s VS VSDI and

Vss. Sensing device 456 may,thep initiate.the
sensi ng opbrasheAdovokkpdfaPrt FBE Basgﬁgpéﬁg.?Ynﬁn?éhﬂ%sghﬁoﬁﬂﬁﬁﬂélAs t he
charge inthBeshold voltage of the PCSFET immediately after programming,

an elapsed time value can be generated via a simple mapping.
operation, such as that provided by a simple lookup table.

| In an alternative embodiment, the analog time cell can be
paired with a non-volatile memory cell. 1If a device has
multiplé time cells, then each time cell can be paired with a
non-volatile memory cell. When an analog time cell is
programmed to an initial threshold voltage, the corresponding -
non-volatile memory cell can be programmed such that it also.
'hés the same initial threshold voltage. Since the '
corresponding non-volatile memory cell does not lose its
initial charge over a time period of interest, the
corresponding non-volatile memory cell can act as a reference.
When a threshold voltage measurement operation is performed on
the analog time cell, a similar threshold voltage_measurement
operation can be performed on the corresponding non-vdlatile
memory cell. The measured threshold voltage from the

non-volatile memory cell can then be used as. a reference



~floati'ng gate of the time cell dimnishes over tinme, the threshold

vol t age, response of the sensing FGFET alilso dim nishes., Tine detecth MAR 2006
unit 462 controls threshold voltage sensor unit 464, which indirectly
determnes the current threshold voltage of the time cell, possibly using
a threshold voltage detection circuit as was described above wth respect

to Figurey4fxadbersst bompgeiapnuagaohsel apsedeasinedt haresholéspohtsgeo the
determ ned threshold voltage is _then conputed by voltage-to-time converter
unit 468, f5AE@ the aBpapPdelIPEnEets-then processed in some manner or

returned to tﬁ?tﬁeﬂgfékehceAnM@rE@trieﬁréermx-Mﬁy Bepused 8Qagepart the
el apsed tinme value, such as a tinestanp, a nunber of el apsed seconds or

ot her tindephtts, aorehatiapshibobpEHAcapuRrogyayming fARI 96062 ABNELRPNg
whet her the elapsedq tLfeyi hbanca sgl setedqahibsewyahugn Figure 4L
IS sinila?gygggfggﬁg aﬁéhk?agég§%§i$hoasc.systen1470athatwls siﬁilar to.

syst em 458mbpdEngntecdKtivet hrepgaht iHENEEPBr enBENDAEPAPEIGRL0EENEER Wit h

i denti cal ent 5. oF e 4Lcal i vdesippt kenal {haehcekl a paraneter
menory 47§o§%§?ﬁ§ EOFEFgg?éaﬁ Sevggekﬂig geséribed above W t h rgs ec& to
Fi gure 4G-ombhsatipnenft aspaperahming EREESgapfind é@PFlﬁﬂsFGgngﬁgﬁé afo an

el apsed  LLmppuhencLhg hbAEapRYE! YakhonekpelRUg, FlgREdar shoaper form the
conputat|on_properFy, tRe voltage-1o-ti e converter unit must have
know edge aboutykhemogsoathowal ivapabiliztingsdetithe458i pennerkedstieh as its

decay or discharge function.and the initial mu - e dinto
t he connDHaFF8£¥gﬁ§SgaPECl&&FFﬁﬁaFﬁg’ngSFgﬁﬁggg g%ggg?gggggoggbggg
equi val enygky, thecht hiheshehdivokbagecdedayof seakiog drtithe4bhi.ti While

I Ol R R
of the degay Luhnet is9Bteihe depiehidahngt peshahe applltiagéineedsathb bé khewe
- along mjtge%%%%gekg§sb%e%%§ERQQQl%hiocated within a different system,

| product, component, or other device. For example, the
horélogical device‘of the present invention ma& be located
within a batteryless smart card that is initialized by an:
issuing.institution using the initializing device.- A consumer
may carry the smart card while it is monitoring an elapsed
time period and then may present the smart card to almerchant.
A merchant’s data processing system that contains a sensing
device.may_then determine the smart card's elapsed time period
for a variety of business reasons. _

Much of the programming device circuitry and sensing
device circuitry may be implemented 6n the portable device.
This type of arrangement allows an accurate pfbgramming
operation in which a programming process and a measurement
process are cycled, as described above. However, additional
circuitry adds to the cost of mahufacture of the smart card,
and there may be other commercial considerations. Although
the smart card may contain this additional circuitry, it

should be understood that the time cell is still directed to



~time cell's decay function. There are many ways in whi-ch the sensing or
reading device can obtain the informatiygn that is required for - 6 MAR 2006
determ ning an elapsed tine.. First, the analog tinme cell and its
progranm ng operation may be standardi zed such that the sensing device can
assune that an analog tinme cell was manufactured with a particul ar design

and progrgawedlLtsacrPBatLEHY RESHBBPELat 06N WRELhEH! 8F APRUDhe OkmhkEE. I N
this scenario, the sensing device directly converts an observed threshold
vol t age vaptd €enhalBfapseatEPHE: The sensing device can be built to

convert val ueSIMUIﬂgﬂ%&Sﬁge%s&%ge 52%8&@8!119@?98&%%&!?@uﬁi‘é‘ gggque to a

tg
particular tine ce 2003 Second, after the analog tine cell is
initializedichheecpiugsapnpgygarivingecenoargdst andi pendal skatusnabofibr khei on

into an accessible d [ t sin Lce. 10,8t
i nf or mat i Bh°Pha %§90§§§g$§?88¥35§§ti §0§§2érvgfggﬁéﬁﬁﬁégagﬁﬁ#t?g i zation
i nf or mat i eanttrght thel pdegtaemanguopendtionebyfassahtthgt peoyrammieyl was
pr ogr ammed d a | gok tabl,e_that, . correl at es programi times,to gl apsed
Lines for ALGPOER Eypd s of it e G THT ¢ STRHTer Thate BT (e Tensing
devi ce t0ahave,sbghanknbgr mameonedvadbabl eThehanhlogpkime tball tbatains
programm ng deyice, and %he sensi ng device_are ngtmorked,in sone mag t he
oper at | onal CPRPARREEPE §fedsPHPEHATNHIRYt FREEE R par SHBELRY RGRETOVAER e
menory 479 bymhbg PLOgtaAAYi ggtunivhidhr regeities progsagei agropgraheon. Since
t he operationalﬂgaraneters are fSM/ang reguire a smal

h e

| _amount of
i nexpensi PECIRBHMYBP aPPFE2 tABRor yO i fe Faﬁﬁ?ﬁ?lQ%Iﬁ@%rigﬁoﬁelgtored

qui t e eascbypldbe, pahanehalsgnaymencéulieddsehargasr etof stbeefiothangag data
items: a tineséa consisting of the tine at which. the programm ng

oper at i on°W&§ 6ﬁgrete; an identifier of the manufacturer of the time
cell; an identhti er sabstheehyppodfit in time, the horological device

that contains analog time cell 460 is coupled to sensing
device 456, which has voltages S;, S;, and S; that tie into the
:chargelOSS—sensing FGFET-terminals Vee; Vsp, and Vgg. Sensing
device 456 may then initiate the sensing operation or may wait
for an elapsed time request command. As the charge in the
floating gate of the time ceil diminishes over time, the
threshold voltage.response of the sénsing FGFET also
diminishes.. Time detection unit 462 controls threshold
voltage senSor unit 464, which indirectly determines the
current threshold voltage of the time cell, possibly using a
threshold vbltage detection circuit as Was described above
with réspect to Figure 4G. The.estimated amount of elapsed
time that'corresponds to the determined threshold Voltage is
then computed by voltage-to-time converter unit 468, and the
elapsed time is then processed in some manner or returned to
tﬂé requester. A variety of forms may be used to report the
elapsed time value, such as a timestamp, a number of elapsed

seconds or other time units, or a simple boolean value -



- time cell; an identifier of an industry standard to which the tine cel
adheres; a | ookup table correlating an atiserved. threshold voltageMARiZ a
nunber of units of time (if the sensing circuit is not on the same device
as the time cell); a |ookup table correlating an observed detection
circuit output value with a nunber of units of -tinme (if the sensing or

det ecti onjglieHtingSwhBthee saBeedapksed asnikhést gieacell! thaand salected
identifier of the fype of tinme units stored in.the paraneter nenory. O
course., &iRErV8pEFational paraneters may be stored in association with

the tinme cellsp;fheef QLML ofimiihke tparagaier IK. hemgures 4mpyhadizere to a
standard such that different manufacturers of these devices can ensure

i nt er oper agsketmy 4799 thag NMARs2088akt tohsiisdebe 488t o FigurendKcoviddpt of
enpl oyi ng, nul tipl tisme cells. as_an_hqraql ogical h.C ' | ai ned above
f or bina%ggpkﬁgaieFFSFrF8c§|§8m§66?Fc§6%8%38%%ﬁag§§5tﬁﬁg%ﬁéﬁﬁg. In this
enbodi ment]edesels .0f Figntengropdisat iord vdes petiionadd tioe aeddt of anal og
time cells in which each anal o i et. has been designed to

time cell in the s
reduce t hB2ERPESKS| BEPErYadd2 o e %@é@é?gﬁﬁa FF¥dEEer mi ned val ue within

a predeterm neds pRL-Qdnel bbb ealdieh ir%s?@%'tbQ%n FRGRGHAIEE J £ 1S ichg rdh t
i ndi rect observation of the threshold voltage of each .analog _tine cell, an

el apsed t stretealode then abalgst dimeneg Homusicihe BRRPSG tiomdrc&lrpPseseh

anal og ti ??‘g‘%et e thide tSqke %s}e:rg%t%hl %swabédeposqeﬁ%r@e&nit%%eqifwﬂar ge

function e other tine ce in the set. Alternatively, all of the

anal og ti ibeceglonpuitatiche pyepesflvyi fbec doid agsy toodd&€s GoReftiteal Uiidchar ge

functionsp, kst %Qg%!ing%l@@. d ablafe ithel tﬂ@@@@ﬁ%ﬁbdb&ﬁit&%%hdﬁ|ﬂhéXﬂ|
to be constructed in the sane manner, and the_ discharge functions across a

set of ti fdneelcled lmay ushs @ sdilftsedechgc Qs 8igehadiog damctiomarncoddit i ons in

each time ¢8kli31F@mount of charge stored into the common floating gate
during the programming operation, or equivalently, the |
threshold voltage decay function and the initial threshold

. voltage. Since the amount of charge does not change the form

of the decay function but does change the initial condition or
starting point of the decay function, the initial threshold
voltage needs to be known along with parameters describing_the
time cell’s decay function.
| There are many ways in which the sensing or reading
device can obtain the information that' is required for
determining an elapsed time,_ First, the analog time cell and
its'programming operation may be standardized such that the
sensing device can assume that an analog time cell was
manufactured with a particular design and programmed.in a
particular manner for a particular amount of time. 1In this
scenario, the sensing device directly converts an observed
threshold voltage'value to an elapsed time. The sensing:
device can be built to convert_values without reference to

stored parameters that are unique to a particular time cell.



. exanple, a set of identical analog tine cells may be progranmed for
different lengths of tine, thereby proviiging each of the tine ﬁ&ﬁﬁ?ﬁﬁéh a
different initial amount of charge and a different ability to # r
shorter or longer .time periods. Miultiple analog tine cells may be
enployed within a single horological device for a variety of reasons. As

one exanple, theohtMeageklsthBYabalvyevefleaseplovidingtaalypedpfthe
redundancy or error-checking in their ela i me measurin capabilities.

capsed_t .
The conpuPEBJIEREPBE PFHéC§aFGQ§ePrBHﬁeéEEtlaﬁéFéﬁlPPnénEEF afpynpanto

statisticahl ¥ceenBined, d8t8basedvahagBdrhensendengt aeObtai Readki 88l get
reported el apsed tinme _value for the horoLoglcaI devi ce. The nunmber of tine

cel s thapfarpatien sbak A&dGRAARLAEEE WAEN: AESnBRBEFVBFIPNAe cEPfs 80 - 6

MAR 2006 §hatialezkeduhr edrbenadipashipue datetdenahboamefingnoel apsed tine
may vary. As anot her exanple, each ana oggtlne cell ma progranned

b
initializ&BXoYhdrhr Ehent 188t SeprtokBSsPREIEHEMEREANOR éPP?BPeE? bﬁrEBéEgrat

differentcékﬁélhBGStFHSQraﬁm&hﬁetiﬁ§E|t@réixpgaﬁ aRnktorodi Af gigah tipe
periods, or differen "time séts". The maxi num nunber of tine sets would
depend on®ft héMRufBel -of analog tine cells in the time cell array and the

manner in whichnhibg,tirgeheel khadr expesst eHet e@nkongeasuiee dof herensuthnme

periods. The horol ogi cal  device | so_store . use, jndicators that show
whet her alﬁgPFWE L8 ?Vﬁéq§é evsaﬁiF%eéH9iFﬁsuggagnah?oprogrammlng
storing-i akoLast baa that sedefhigf Hesitbeardahatpooredsingssyst @ayf hahe" owns”
a particular tine i

'represent8P?Bﬁ§iapgi;ﬁS&%RgFESES%EEEEEEEg@LEB b%giggoégifog?géggﬁ%%gle
char gel osgofiefsiag i keFREmbe yba7ose¢ @ﬁeaﬁragﬁhﬁﬂinbiﬁﬁiﬁebhrih? thegure 4M
a single FGFET has control gate 490, source 492, drain 494, floating gate
496, and ESB%FPW@lQEtQPGrat on. Since the operational parameters arg
few and require a small amount of inexpensive, non-volatile
memory, these parameter values dan be stored quite easily.
The parameters may include one or more of the following data
items: a timestamp consisting of the time at which. the
programming operation was complete; an identifier of the
manufacturer of the time cell; an identifier of the type of
‘time cell; an identifier of an.industry standard to which the
time cell adheres; a lookup table correlating an observed.
threshold voltage with a number of units.of time (if the
sensihg circuit is not on the same device as the time cell); a
lookup table correlating an observed detection circuit output
value with a number of units of time (if the sensing or .
detection circuit is'on the same device as the time cell); and
an identifier of the type of time units stored in the
parameter memory. Of course, other operational parameters may -
be stored in association with the time cells. The format of
the parameters themselves may adhere to a standard such that
different manufacturers of these devices can ensure

interoperability.



. 498. The PCSFET shown in Figure 4Mis simlar to the PCSFET described
above with respect to Figures 4A-4G except that a single FGFETS WAR H0&
large floating gate replaces both the programm ng FGFET and the
chargel oss-sensing FGFET. Figure 4N shows voltages VcG VpD, and VPG to be
applied to PCSFET during a programmng process simlar to the process
Sl/ggcrl beg ia/g%ve*c shotldespendted FhauriehetComienit e BERMwE V| Mablekb /8D,
SS, and ) to. be applied to, PCSFET L SENSI, ro
sinilar tBl?ﬁecﬁ}gﬁegg ﬁ%g%?¥%£%g%% %é9€Y%ﬁg?§§%§%&g§%ﬁ§ | gur e ﬂg;ogvtﬁess
ref er encepput{y ot Ehgucel 3P, as dahge aapplkpial be ato phyaslel tdesi @@l kdnpri sing

a PCSFET with a coupli.n te_in : i : j
present iﬁUeEP?Bn?mgPaﬁﬁﬁggP %h%%ga%f?%%ggfg%y%égﬁggﬂég?gaﬁgggéigérﬁggice
3!gngfOgén-ags@%RbZO?ﬁaIOg;hﬁﬂesgehhsihnFW@D¢@sem¢h4@naHM@ physieal 1
i i an operation o e. devi j i i I

the devi 28 CHEwACENEFoRPen st ek diE “Frok Slet e Hhfedio L3 plrage 1o
tr a]pSI st 35 gpQ::EOPUSFb!Dt Bot heppedgt anmi ngd avall sensi biyi opeript ¢dpterhibeder e
perforne ~the programm F T - i

PREbEg® PIATTLPA, "N 20fcch e AUpLARLESS oensl g PTET Shown

in Figure ( Shown i gure 4P has a’ di sadvant age
when conpanadrtett bestirretdiehl of ntEegtheediold veohbade hef peaghaan? hgdand

sensing processes.nust b rf,0L¢E u t i r or der
o obt ai hEABE Fat epabd® ARECH FI o eney ALt oo So Ao gt bt Sense.
such ap CHhalbgj ¢édmeonelfthe transi stor nust have particul ar physi cal

characteristics. In_order bt.al sit.ed erat | I i es d'
~the sensing prgggés?nﬁgggt%gﬁgiéggg %ﬁs%ﬁghggg %gr%?@ﬁ|§?9%ﬁ§§§%a| e
char act er psssess Fhendigiikedésthaphgsifuprtieguirerehbe abhebetifecthtéfti on

duties. HMerE BTSSR Ry SRR B Al e o aren
the set of time cells may possess identical discharge
functions. It should be noted that it is not necessary for
each time cell to be constructed in the same manner, and the
discharge functions across a set of time cells may also differ
because of varying initial'conditions in each time cell. For
‘example, a set of identical analog time cells may be
programmed for différent lengths of time, thereby providing
each of the time célls with a different initial amount of
charge and a different ability to measure shorter or longer
time periods. _ '

Multiple analog time cells may be employed within a
single hordlogical'dévice for a variety of reasons. As one
example, the time cells may be viewed as providing a type of
redundancy or error-checking in their elapsed time measuring

capabilities. The computed elapsed time values from each :
analog time cell may be statistically combined, e:.g.,
averaged, in order to obtain a final, reported elapsed time

value for the horological device. The number of time cells

that are used as a redundant Set and the number of time cells



.the advantage of being smaller and having fewer elenments to constrgg; &@@n
the analog tinme cell shown in Figure 4EggConcl usion The advant ages

present invention should be apparent in view of the detail ed description of
the invention that is provided above. A sinple, electronic, horol ogical
device acts as an electrostatic hourglass. In general, an insul ated,

charge st eaféeﬂggﬁlté CP@fgﬁdpoMbtP@egddeermtﬁat£®@r@ﬁ $it 06 Bgss e enent
a known eléctric potential wth respect to points outside its insulating

medi um Cuére anpgrvatdyef tinme, the charge storage el enent then di scharges

the electrostatigc,GhRLge.khnoygh eséhlmyiaglﬂgn@edeummyowgh some type
of physical process, thereby redUC|n the electric of ar ge

storage epepghammad. grginehl@biﬁ?d|hYSQlff%rﬁﬂ$2%@6% PFﬂ%es?h%gef%%F??ﬁ

potenti al gf &PEf&PéﬁBe §£86§8§ gtegepteiont 0bservely eihmder diredimey or
indirectly. now ng ? begi nning electric goten |aI of tﬁgﬁcha ge

st or age etehbnarraYh@aMb@@ﬁwéﬁre@éé??F%nboFé%?| $rLP9F heOFi SLRLBEFR

time, and.f QgﬁgharQ@héaﬁ§x9$uﬁhﬁuﬁbéfgsfStQmegeeekewaﬁld dépeﬁﬁapﬁed
tinme perloa can be déetermned for a given point in gfg The pres

n
i nvent i ontpeonimberepécenahpg tine crbhguiBnbit WTRob gbht nﬁBﬁsEEﬁergy

sour ce, SMSHnQ? fn QHREﬁthrtéﬂeA@eQ_fLsDQreoweﬁs@ﬂﬁawd Nbrﬁeasnrethe
present I nventi on provi des electronic ting ¥ gmant

Wit
osci | | at odiffiaresti Fimei RGrépasui t Thy 585P1891ﬁﬁ SYohfit BFY a%?°aﬁ§o5?her
type of e|,getihgithiBrhasgaesshblvaiiaetndhea barahognaaltﬂmulsetoisthe

present invention also operates without an externa er
i ndi cat or 2éreaf¥piayusenandyfPEnSERLENY - ﬁﬁzﬁﬁmégﬁHBtkglgec %gngghgnd

|nterpretda@alggb@egg&n§0§yaﬂeﬂlanaed“bwﬁe"parpadtasumeasummd bytt he
hor ol ogi cal devi ce. However, the horagl ogical ﬁeghce i s uieful for many
“appl i cations oFighodgéeserrewRrEhty EFQ%F&? 8 e

representations are shown of a different embodiment of a
programmable chargeloss-sensing FGFET to be used as an analog

: time eell In Figﬁre'hM, a single FGEET has control gate 490,
source 492, drain 494, floating gate 496, and coupling gate
498. The PCSFET shown in Figure 4M is similar to the PCSFET
described above with respect to Figures 4A-4G except that a
'51ngle FGFET with a large floating gate replaces both the
programmlng FGFET and the chargeloss sensing FGFET. Flgure 4N
shows voltages Ves, Vepy and Vs to be applied to PCSFET during a
programming process similar to the process described above
with respect to Flgure 4C. TFigure 40 shows voltages Vsps Vs
~and Vg to be applied to PCSFET during a'qhargelbss-sensing
process similar to the process described above with respect to
Figure 4D.

With reference now to Figure 4P, a diagram depicts a

physical device comprising a PCSEET with a coupling gate in
accordance with an embodlment of the present invention.

Figure 4P shows a top view of a physical PCSFET device 51m11ar



. ti mekeepi ng substance or device is not necessary. The present invention
al so has many physical advantages over gther types of electronic M Z@ﬁ
Chem cal batteries present potential chem cal |eak and di sposal a§ FRd:
Batteries tend to have a short shelf life, especially conpared to the
useful life of the electronic ci rcuits that they acconpany. In addition,

batteries  ar nme S .Se ar éﬁ@,@ ui t
to which tWe%h%% thcg”ﬁ"nec \ﬁg.g%[ ASer e y Sao%ﬁlgr;e e |gltr(1:}&?e§itl?[%r{sﬁomr{£s\s o(ar{{cfhe
el ectroni gpégvtGon I0F aont drstice %opmesenw:lgumtamns priondilges @ e |

ti mekeepi ng device that is herneticall seal ed and e }[I ally i r’%’ﬁaw ous
to exter naleviifesisdwwrefife Glgurs épte prterfé’atteﬁ"pérla‘t Lo

radiation. tf}%% %’%dst e IfzoermsS'HHHrﬁ ﬁrﬁbgﬁbﬁﬂ&mlr@%d@wmﬁngcost provi de 8

3 - 6 MAR al physi cal econgoni ¢ notivations for use in
many  applopeatatdrmns 1Ghats Werﬁﬁ)rﬁ&dﬁrﬁoﬁl‘}?qﬂd%ye ShFate R TR }:F%tand

i nvention has Reen deser Q,Eg Cg,%{ if midutld WE.unctioning data

pr ocessi ngt sys dl“tlﬁoo%g éo ri(ﬁ]nary ski i nl t he&lat% will appreciate that

Eﬂe ]Lor ocesfses (I{het Fatenaplrcaﬁennne roeelrit |s?wwn eln dalpmmb :%g:df el n’:g distri {out e]g in
e formaf instructions in a er reada [ aﬂ,‘eﬁ/o

ot her f or fEsad e e Gt q%@ap%?r)#ﬁc%l% C%/]ﬁ‘ée |ng nedi a

actual l'y UhE P g%mitx{r:tg adi&tsférmﬂﬂg)rprdi?@’ﬂﬂse%ﬁt koo it B rineechdabl e

medi a i ncl ude nedla such as hard

di sk dri vehmough e dﬁrm\kraw*i%nsrﬁ%s%ﬁ?’f?%er%%ﬂpp ?fgljrfseg% Wl
and anal Othchmiféﬂd}@rt&ﬂiﬁﬂ(Sthérh&dm}mﬁg qn:ccdeslshe puased ¢Hventi on
bo- exhaustiNAEGhL Fhm G2 AT S M ERed CH g et L4 S 364 i cat | ons
and vari atdgdysadid i Hei @pparentoddet rm:seokotfalmrcthswe;d skidtatiyonde art. The
enbodi ”empsré"léeéf J(_:ehsosgurlng the sensing process, the transistor must

have particular physical characterlstlcs, The different

physical requirements may be in contention such that it is

'easier to construct separate transistors with dlfferent

dutles However, the analog tlme cell shown in Figure 4P has

the advantage of being smaller and having fewer elements to

construct than the analog time cell shown in Figure 4E.

Conclu51on
The advantages of the present invention should be
apparent in view of the detailed descrlptlon of the 1nventlon
that is prov1ded-above A simple, electronic, horologlcal
device acts as an electrostatic hourglass In general, an
insulated, charge storage element is charged, Wthh gives the
charge storage element a known electric potential with respect
| to points outside its insulating medium. Over a period of
time, the charge storage element then discharges the
eleetrostatic charge through its insulating medium through |
somé type of physical process, thereby reducing the electric

potential of the charge storage element. At a given point in



-explain the principles of the invention and its practical appllca&igﬂf @ﬂd
to enable others of ordinary skill in tl8& art -to understand the i 10
in order to inplenent various enbodinments with various nodifications as
m ght be suited to other contenplated uses. 4 - 6 MAR 2006 -84 CLAI M5 Wat
is clained is: 5 1. An horol ogical device conprising: a floating gate filed
ef fect transest ahecedprisingpateéhvaailngfghhe; chadgansitnsabat eAgneadi a8 of

i nsul ati ng, mat eri.al jacent ta I , e char ge
rate of agﬁﬁgEﬁspgeebghgés lfﬁgFagl8%h§§éggggg§grec??okﬁgg%ggcﬁggge st or ed
Wi t hi n t hped@nhlagt elgcgate pstenvérndeby tekatkdrge atomiagkenedemehntyhe

i nsul ati ng. regjon, and erei.n th thic $s f ti;ng ion is
- sel ect ed ?Be0§b§§r¥ephF£gﬁ5F&Cv8P Bglaﬁ etP? Q%n g%#g%fﬁglél fect
tranSiStO&naotheadhsahatgdetetEInédthbrehhmgd vabtage wilehienta an
predeterm ped ti eriod.after ro h | Qat . gat, 32- The
horologlcﬁaaﬁéﬁﬁng EF Eﬁﬁﬁﬁglcﬁﬁeggi eﬁgfﬁ %PE %ebﬁpgge?ernlneg time
period vahimes with an initial threshold voltage of the floatlng gate field
ef f ect transis%g: after pr.og ramm_ng th .flgag&ggtg%%g i NMethod for

usi ng an horol cQFeESQFCén EREL Y REGVESTHr &FNG ogrannlng a
floating gaheutbabdtewﬁehbutranspatanuowheeebmgwh§OME@&b|ﬁ@C@a@@ fai el d

ef f ect ansi st or CQUPLi.S i,.n an ul ajien i.@n of
Tnsul at i nE MR & A Aokt £S5 PRACI PUBPLy g PatoyREyy dnel Aretat
floating gawentwhar@rnvadewsehangeonapetomeam@a§@ﬁsmg@tp §§ttMﬂ

di scharges an cLrogiat) st.Qr, Wit hi e Rr Qgr I i ng
gate is |ﬁ§§ﬁ%§ﬁ% réla% s%}éﬁ?%qg t%?g%%ésé %fgfﬁg Fﬁs %égggggﬁgggﬁa and
wherei n tlog &hiycltdes ¢iypehefi sdelcariing tiag bases oselidded®@rt-o dadse a

threshol d %%lﬁ% 8.cqh E.%lc%o%%'Q%egﬁk%s%h%lQn%%BQQBnt%QQ%'%b%&a%%sreaCh a

predeternlne reshol voltage wt predetermned time period after
progrannlwgthh@t fanoaxiteg ngadfly. PO csivikd endifdgadorclodi MiSPHIGr el a

I engt h Of#%@%hp%%%%t%fmdm%% E%%%o&e@hg@c%Q P sWirtR AR iifitrplrethragshol d
voltage o l'oating gate filed effect fransistor after progfannlng t he
floating indicator for an elapsed time period as measured b

horological device. However, the horological device ;s useful
for many applicafions or products in which a display of the
£imekeepihg substance or device is not necessary. '

| The present invention also has many physical advantages
over other types of electronic clocks. Chemical batteries
present potential chemical leak and disposal hazards.
Batteries tend to have a short shelf-liﬁe, especially compared
to the useful life of the electronic circuits that they
accompany. In addition, batteries are sometimes several times
larger than the electronic circuit to which they are '
connected, thereby placing design restrictions on the
electronic device. In contrast, the present invention
provides a small timekeeping device that is hermetically
sealed and essentially impervious to external physical effects
except extreme temperatures and extreme radiation. The small

" size, simple fabrication, and low unit cost provide



- gate. 5. A conputer program product on a conputer readable medium for u?%
in a data 35 processing systemfor using3an horol ogi cal device, t kb MAR 7006
conput er program product conprising: [R U |IBCC]04632.doc:gnm - 6 MAR 2006
-85- instructions for programring a floating gate field effect transistor,
wherein the floating gate field effect transistor conprises a floating gate

and an '”§Hb§£hﬂgléﬁgbﬁpsQEann%Hhabbagommatmbtabaadpaeembrtusehanfmaaylng
gate, wherein a discharge rate of a discharge process that discharges an

eIectrostappél@héigésstored within the progranmred floating gate is

inversely rela&gd % @rEBhQKE%S§oQE thati ppyhat the pegsent andenhévein
t he thickness sulatlng region is selecteg to cauge a. th %sgold
vol t age ohashbeﬁhodﬁﬁﬁglééﬂelﬂléh& EPPEEKL: PANG SUSLYr fupghdpning data

predeter”h?SQ Egﬁﬁﬁ ?gtéﬁlt%ﬂﬁs@ﬂb&'Bralh%Qge%?&EunQd thee aper adlaf t er
progr amm R t and instructions for orm.ng a_read
operatlonapprﬁhéaﬁﬁoébﬁﬁgtg&t@rPFéﬁéeéfpécF rBﬁ§F§P§rlP8enf6°geﬁéFnlne
whet her EaB?FlEh%fpb%Q%bebﬂb&%dbhm@a ner ited E@&meb&piadthasedonl ihether
or not the oating gaté field effect transistor reached the

“predet er rrpnwuﬂ'—ﬁlﬂfeﬁ%ldéb\lﬁl fiegd ung anfn @ VaA3Gter Oﬁr 6’ R&h 5P588¢t of claims

- Wwherein ap Egﬁghﬁe%% e thiee Rt med Wy ofesigtalabieas ivigt meanai niti a
threshold v

progr anmi ng‘—ttuﬁé%gll g’%tefdggw;i%t%g; YFQRL\ aft%GC]d(}E iﬁod‘%(:t : ra%%amtp(irésa%tfe "1
computer readable media include medla such as EPROM, ROM,
tape, paper, floppy disc, hard disk drive, RAM, and CD-ROMs
and transmission-type media, such as digital and analog
communications links.

The description of the present invention has been
presented for purposes of illustration but is not intended to
be exhaustive or limited to the disclosed embodiments. Many
modifications and variations will be apparent to those of
ordinary skill in the art. The embodiments were chosen to
explain the principles of the invention and its practical
applications and to enable others of ordinary skill in the art
to understand the invention in order to implement various

'embodimehts with various modifications as might be suited to

other contemplated'uses.
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CLAIMS

What is claimed is:

1. An horological device comprising:

a floating gate filed effect transistor comprising a floating gate; and

an insulating region of insulating material adjacent to the floating gate, wherein a
discharge rate of a discharge process that discharges an electrostatic charge stored within the
floating gate is inversely related to a thickness of the insulating region, and wherein the thickness
of the insulating region is selected to cause a threshold voltage of the floating gate field effect
transistor to reach a predetermined threshold voltage within a predetermined time period after

programming the floating gate.

2. The horological device of claim 1 wherein a length of the predetermined time period
varies with an initial threshold voltage of the floating gate field effect transistor after

programming the floating gate.

3. A method for using an horological device, the method comprising:

programming a floating gate field effect transistor, wherein the floating gate field effect
transistor comprises a floating gate and an insulating region of insulating material adjacent to the
floating gate;

discharging the floating gate, wherein a discharge rate of a discharge process that
discharges an electrostatic charge stored within the programmed floating gate is inversely related
to a thickness of the insulating region, and wherein the thickness of the insulating region is
selected to cause a threshold voltage of the floating gate field effect transistor to reach a
predetermined threshold voltage within a predetermined time period after programming the

floating gate.
4. The method of claim 3 wherein a length of the predetermined time period varies with an
initial threshold voltage of the floating gate filed effect transistor after programming the floating

gate.

5. A computer program product on a computer readable medium for use in a data

processing system for using an horological device, the computer program product comprising:

[RALIBCC]04632.doc:gmm
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instructions for programming a floating gate field effect transistor, wherein the floating
gate field effect transistor comprises a floating gate and an insulating region of insulating
material adjacent to the floating gate, wherein a discharge rate of a discharge process that
discharges an electrostatic charge stored within the programmed floating gate is inversely related
to a thickness of the insulating region, and wherein the thickness of the insulating region is
selected to cause a threshold voltage of the floating gate field effect transistor to reach a
predetermined threshold voltage within a predetermined time period after programming the
floating gate, and

instructions for performing a read operation on the floating gate field effect transistor to
determine whether or not the predetermined time period has elapsed based on whether or not the

floating gate field effect transistor has reached the predetermined threshold voltage.
6. The computer program product of claim 5 wherein a length of the predetermined time

period varies with an initial threshold voltage of the floating gate field effect transistor after

programming the floating gate.

(RALIBCC]04632.doc:gmm



