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BATTERYLESS, OSCILLATORLESS, BINARY TIME CELL USABLE AS AN 

HOROLOGICAL DEVICE WITH ASSOCIATED PROGRAMMING METHODS AND 

DEVICES 

CROSS-REFERENCE 'l'O RELATED APPLICATIONS 

The present application is related to the following applications: U.S. 

Application Serial Number 09/703335, titled "Batteryless, Oscillatorless, Analog 

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, AnalC?R 

Time Cell Usatl,le as an Horological Device": 

BACKGROUND OF THE INVENTION 

1. Fie1d of the Invention 

The present invention relates to horology an~, in 

particular, to methods and devices for time measurement using 

an ~lectrical t'ime 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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.2. Description of Related Art 

Portable eiectronic devices have become ubiquitous, and 

as the size ·and co.st of electronic ·circuits continues to be 

reduced, electronic devices continue to be.incorporated in an 

increasing number .of consumer ·pro~ucts·. As an example, paper 

greeting cards that play music when opened. are no longer 

·c"onsidered a novelty. Technical progress has been made on 

flex·ible c~rcuit.s that will. allow electronic circuits. to 

created in a variety of shapes and to be embedded into more 

products. · 

Inexpensive electronic devices can be categor:tzed based 

upon their power requirements. or associa_ted power systems . 

. Some electronic ~evices have a vari~ty of functions that may 

requi_re the ·.ctev.ice to be po~ered by an external power source, 

such as an electrical· outlet via an AC-DC adapter, whil~ some 

devices require one or mor.e batteries. · Other d~vices may 

require both types of power sources:.an external po~er sourc~ 

for enabling ~o.st functions, and a small. battery for: powering 

minor functi~ns·, such ·as· a clock or timekeeping: function, 

.while .not .connected to an ext~tnal·power .source. or.while 

~'turned· off". Small electronic devices fr~quently incor~o·rate 

a small, flat bat t~ry.1 : similar t<_> those that . power. elect,ron;i.c_ 

·watches,· mere-ly to power a clock c,ircuit. Generally, the 

battery powers some type of time· base. oscillator or pulse· 

generator that measures the passage of units of time.· 

The incorporation of .a battery itito an electronic device 

·sqlely for a simple clock function creates several 

. disadvantages .. Chemical batteries.present potential chemical 

:1eak and disposal hazards and are relatively'_expensive 

cqmpared to the co~t of fabricating a tiny ·electroni~ qircuit. 

Batt~ries tend to have a.short shelf life, e$pecial~y compared 

to the useful life of the electronic circ~its that they 

accompany. In addition, batteries are s.ometimes several times 
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.larger than the electrqnic circuit to which they are 
connected, thereby placing design restrictions on the 
electronic device. 

Electronic time base oscillators are assumed to be 
necessary for small, electronic, ho.rological devices, but the 
accompanying batteries have many inherent disadvantages. 
Hence, ·.the current state of technology constrains the 
conception of other devices, consumer products, or consumer 
se~vices that might incorporate a ·time measurement function . 

. . Therefore, it would .be advantageous to provide a tiny, simple, 
electronic,_ horological. device that pi;:ovides time measur~ment 
without a battery or an oscillator. 

-···. 
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SOMMARY 01' !rBE · INVENT:toN 

A simple-electronic horological device, termed a time 

cell, is presented in addition·to associated methods, systems, 

devices, and computer program products. The claims of.the 

present application are m~stly directed to the structure and 

i~itialization of a particular type of time cell and the 

devices and thei.r associa,ted methods that may be· used to 

initialize.or program the time cell~ 

A.time cell includes an insulated, charge ~torage element 

that rec_eives an electrostatic charge through its insulating 

medium,: i.e •. it is programmed,· thereby giving the charge 

storag~·element an electric potenti~l with respect to poi~ts 
·outside the· _insulati_ng_ me~ium. ov~r time·, _the c~arge storage 

. . 

element then loses the electrostatic charge through the 
. . 

insulating medium. Given the r~driction of the electric · 

. potential of the programmed.ch~rge storage element at a. 

·~mbstantially known discharge rate, and by observing th,~. 

·electric potential of the programm~d 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 ~ continµous power source. 

O~e type of time cell is a binary time cell; it may be 

similar in form to·a non-volatile memory cell. A progr~ed 

: binai:;y time cell' loses its. charge du.ring. an elap.sed period of 
. .. . 

time. A read operation obs~rves · two._possible state_s of the 

programmed binary time cell: the·time _cell has retained eno~gh 
. . . 

cha_rge· ·such th~ t the time ce.;Ll appears ·to be a programmed time 

·cell; or the time cell has been discharged such that it 

appears to be a non~programmed tinie cell. ~ rea~ ·operation on . 

a programmed binary t·ime cell thereby allows a binary 

deter~ination as to whether or. no~.a particular time period 

has elapsed at a given point in time. A time cell can be· 
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designed and/or programmed to sel·ect the particular time 

period to be measured by the time cell . 

.... -·----------
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BlUEF DBSCRIP!l?ION OF THE DRAWING~ 

The novel features believed characteristic of the 
invention are set forth in the appended ·claims . · The invention 

itself, further objectives, and adv~ntages thereof, will be 
be~t ·understood by reference to the 'following deta.j.led 
·description when read in conjunction with.the accompanying 

drawings; wherein: 

_Figure !A.depicts ~_typ~cal non~volatile memory-cell 

contai_ning a charge storage ·el·ement implemented as a typical 
. . ·. . . . 

·floating gate field·effect.tran~istor; 

Fiqqre 1B depicts a ~y:nibolic representation for an FGFET; 

Figures 1c.:..1Ddepict the·effect upon the threshold 

.. voltage ·b:y a p1i0grammed '.floating gate· of an n-type _floating 
. . . 

gate_ ·field. effect tre1:nsistor; 

Figur~s iE-lJ ar:e 'spreadsheet I_D.ode],~ and,graphs _that 

depict'the threshold voltage retention cbaracteristi~s oyer . . . 

long periods C?·f. tim~ .for non-volat.j.le memory cells which have 
.traditional dimensions &nd. geometries;· 

. . 

.Fiaure 1K depfcts a set of threshold·voltaae response 

·graphs showing the change in th~esho1d voitage of an n-type 
.floati~g gate field effect transistor as its programmed· 
floating gate loses its charge; 

Figures_ 1L-1Q are spreadsheet m~de~s and·graphs that 

depict the thresho~d voltage rete~tion char~cte~~s~ics of an 
n-type floating gate field effect trans,tsto.r: i·n a time cell in 
-which the tunnel oxide has been thinned; 

. . . 
Figure 2~ depicts· an· insulated charge sto~age element 

usable . as an_ horological device in acc_ordanc~ with . an 
embodiment of· th·e· present invention;_ 
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Fig\Jres 2B-2C.depict simple prpcesses that.may be 
performed within a co~puter or electronic device that uses an 
ho=Foloc;J.-icai device in acco~dance with the present invention; 

Figure 3A depicts a set. of time cells in· accordance with 
an ~mbodiment of· the present invention; . ~ . . . 

Figure 3B depicts an arra·y of time cells divided into 
'sets of time cells; 

Figure 3C depicts an array of time cells for measuring 
ni.u~tiple time perio_ds; · 

Figure 3P is _a grap~ical depi~tion of a smart card that 
may be use4 in conjunction with the present invent~on; 

Fisjure 3~ depicts the hardware components within a smart 
card that may be_." used in conjunction with a tj,.me cell a.i::.i::ay. of" 
the present inyention;· 

Figure 3F depicts a r~lqt~onship between a programming 
device, a sensing device·, and ~ horologicC!-i de:vice_ in 
accordance with an embodiment" of" the present_inyention; 

. Figures 4A-4B are symbolic represe~tation~ .of a~' 
. . . 

embodime~t of the ~resent invention that show· a.programming 
FGFET and a chargeloss-s.ensing FGFET together with a common . ~ . 

flpc:tting_gate; 
. . 

Fiaure 4C .de:oicts _.the. volt.a.des .. at>nlied to the. .. ~rj 011!=1 

terminals of the device during the programming operation; 
FigUre 4D depicts the voltages applied to the various 

: I • • • • 

terminals during a .sensing operation for a device in 

~ccor~ance with ~n embodiment :of the.present ~nvention; 

·. l'igure 4E depicts .a physical device comprising a 
progr~mming .FGFET coupled through a common floating gate with 
a chargeloss-sensing ~GFET in.combination with~ coupling gate 

·· in accordance with an einbodiment of the present invention; 
FiguJ;e 4F is _a ··simplified cross-sectional view that ·shows· 

. ' . 
the positional relationsnips of the common floating gate and 
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the coupling ~J"ate of a programmable chargeloss-sensing FGFET 

in accordance with an embodiment of the present invention; 

Figure 4G is a circuit diagram that depicts a threshoid 

"voltage detection circ·uit in accordance with an embodiment of 

the present invention; 

Figures 4H-~J are a set of graphs that show the manner in 

which the voltages and currents in ·the PCSFET change during a 

monitored ~ime period; 

Figures _4K-4L is a block diagram that depicts a 

relationship between a ·programm:i-ng device, a sensing device, 

and an horological device in accordance with an embodiment of 

the present invention; 

Figures 4M-40 ~re symboiic representations .of a different 

embodiment of a programmable ~hargeloss-sensing FGFET to be 

used as an anal~g-time cell; and 
. . . . . 
~igure ~P depicts a physical device comprising a PCSFET 

with_ a· couplipg gate i~ accordance with.an embodiment of the·. 

present ~nvention. 

·, 

---·--· 
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DE!l!Al:LED DESCRIP!l!J:ON OF !l!BE :qwEN!l!:CON 

Introduction to basic device of ·pres·ent invention 

The present invention is ·directed to a simple_, 

electronic, horological device. In general, an insulated, 

charge storage element rece~ves an amount of electrostatic 
. . 

charge through its ip.sulating medium, i·.e. the cha~ge storage 

element is "programmed", th~reby giving the charge storage 

element .a known electric potentia·l with respect to points 

outside the insulating medium. 

over a period of time, ·the charge storage element then. 

los~s, discharges_, emit~, or leaks the elec_t.i;-ostatic. charge 

through its· insulating medium through some type of physical: 

l>roce·ss,. thereby .reduc:Lng the electric p_oten:tia_l of the charge 
·storage element. . In ~the~ words,. the·. electric potential . of 

th~ prog.ra,mmed chc3,rge storage _element _is reduced at a· '· 

silbstantia.lly. ~no~· l:'.ate .·tp.rough a transport o:r emission 

p_rocess in which electrqsta~ic charge . is ~emoved· from the 

char,ge storage: e·lement". The discharge r~te m~y or may not be 

linear·, ~ltho:Ugh ·a ~ischarge ftmction that_ mode.l_s the· 

dis.chatae proces.s. p.f the __ .cilara.e .. storaa~· P.1 em~:mt i s 

· :sUbstantiaiiy known. 

At a given point in time, the electric potential of the 

cfy:arge storage element iS. observed. . By knowing the beginning 

eiectric potential of the charge storage ele~~nt; .the.observed. 
. . 

electric potential at the given -t;._ime, a:r:id the charge discharge 

rate of the charge storage element, an elapsed. time pe·r_iod can 

·be determined for a given.point in time . 

. . The programming.process.and the ·dis~ha~ge process of the 

.-charge storage elem.en~ inay be selectl. vely controlled by .· 

varying the. geometry; material·s, · a~d/or physical construction 
. . 

of the charge stor~ge,e~ement. Since the programming process 

---·~·-·-· 
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may .be a quicker·, les_s· precise process than the. discharging 
. . . 

process, the charge storage element may-be designed with a 
. . 

higher priority to controlling the discharging process •. In 
other words, the horolo.gical devi~e may be engineered within . 

' . 
cer_tain param~ters to achieve desired tempo·ral properties for 
a inathematic·a1 discharge function that models. the ·physical 

. . . ' . 

discharging process, as is discussed with respect to the . . . . 
embodiments of the invention that are presented belo~ in·mpre 

-detail. For instance, it is desirable that the period of time 
during which a programmed charge stor~ge elein'3nt di-scharges 

should be substantially longer t~an the period of time 
required.to program the charge storage element. 

The charge storage element col1lPrises its insulating . . 

~edium and its in.ternal_ medium. Aithough an -insulating medium: 
exhibits relatively poor conduction of electric cha~ge, ~harge 
may· pass _through an i~sul~ting medium depending upon ~ertain 
factors,-· such as the· dielectt.ic const~nt of t~e· insulating ·. 

medium (its. resistivity) and the_ w:idth o·f the insulating 
-m~dium between. _the source ·of the: c~arge and the ·destination of 
_the· charge. ..TyPically, an insulating medium ha·s a higher 

·electrical resistance than :adjacent media and generally .serves 
to separate _and-to is?late adjacent condu~tors or 
semiconductors. ·. In the ·present invention, the ins~i"ating 
m~dium of the charge storage element sub~tantially surrounds· 
and contains an internai medium· capable of bearing an 

electrostatic charg~, .·i.e. the. i;nternal medium cannot ·be . 

comprise~ solely of free·space. The insulating ·medium may 
·c_omprise free space, a gaseous medium, a liquid, a so.lid, 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. 

-~-----
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~though the. ·cha·rge storage ·element 1s substantially 

el·ectr.ically_· isolated by it.s. in_sl,llating medium,· the char9e 

storage element may ~e programmed through' its in.sula.ting 

mediUm. in.a relatively short period of time using a va~iety of 
. known phy~ical p:rocesses.~ · In general, an. insulating mater~ai, 
such as silicon dioxide (glass}, is a substance w~ose 

conduction band is separ?i.ted from.the valence band by such a 
large band gap that hardly any electrons·can acquire 
sufficient energy to be.lifted intp the conduction band. 
However; ·certain physical processes may ~ause very limited 

. . . 

transport of electrons through an insul~ting material. The 

physical" pro~es~es _by_ whic·~· ·the internal medium receives _or 

discharges an.· ~lectrosta:tic charge· th.J;'_ough th~- insulati~g 

me.di.Um will. ya~y ·depending µpon impleme:r::i.tation of the. charge 
storage element, which should be apparent ~s. the va:r:j..ous ·. 
embodiments of the invention are presented ·below in .more 
detail. 

Accuracy of basic device· of the present invention· 

.~he accur~cy of the norological·device of the present 
. . 

invention ·is inherently limited. Ho~ever, the accuracy ot· any 
-actual horological device is limited by the prec~sion ot its . . . . . . . . 
construction. Moreover, any.finely constructed instrument ~or 

. ·-~easuring time. ~s inherently limited by· the phy~.ical processe.s 
of the inter?lcting opje~ts that are being used as a standard 
unit.of time o~ as t~e standard of temporal measurement. For 
example, a wristwatch that. operates by winding a spring cannot 
be construc.ted so that .:!-:t: is as precis"e at' measuring fractions 
of .a second as an atomic clock that operates by monitoring the 

· vibrations· of a cesium atom. 

With the.present invention, the accuracy of the· 

horolo~ical device is inherently limited by the accuracy to 

which one can model th~ discharge process' with a discharge 
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function for- an actual physical device and the accuracy to . . 

·which one. observes the r~tained- elect_rostatic charge. For 

example, ·a .. programmed charge storage element may exhibit a· 

non-linear discharge proces·s in ·which. its electric potential. 

asymptotically approaches·a value. In that case, the· temporal 

a~curacy of successive·observations tends to decrease over "the 

lifetime ·of the electros.tatic charge, thereby_ limiting the 

purposes fo~ which the present invention may be useful. 

However, . the diminishing a_ccuracy may or may not be. a 

disadyantage, depending upon the parti"cular purpose .for which 

one might use the present invention. 

~he use of any· instrume~t represents an ·antecedent choice· 

between ·the desir.ed accuracy of. the in·~trument'.s measurements 

and· the · c6st, ef;Eort,·. or ··importan.ce .of the meas~rements. For 

example, one does not expend the cost.and effort tQ 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 sa.y that a decent wristwatch 

and an atomic c~o.ck were equaily sqited ·to the task of 

determining a·time period o~ one y~ar·to an accuracy of one 

minute. Sim:i,.larly, in determining whether the present . . . . . 

invention wou.ld prove useful for ·a particular purpo·se, the 

accuracy and·tl:!-e operational e.haracteristics.of the· 

horoiogic~l device of the prese~t invention Should be suited 

to.the pa~ticular purpose. 

The accuracy and operational characteristics will vary 

according to the embodiment of the present invention~ The 

inh~r.ent trad~offs between accura~y and utility should be 

apparent as the various ·embodiments of the invention are 

presented below in more detail. 

-~-------
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Anaiogies between an hourglass. and present.. invention 

In order :to provide a~ expandeq Ut?-der~t~nding of the ·. 
present inventi~p., analogies. can be· made between the p.resei:it 

. . 

in~~ntion ~nd an hourglass. An hourglass is a _timekeeping 
device of ancient origin consisting ~f ·a. time~~eping container 
and a ti.Jnekeeping substance. ~he timekeeping_ container is 

. . 
usually·two cl~ar,·couhterposed, flasks or.flask-like 
containers that have their narrow or open ends joined to form 

I • • ' 

a ~mall apertur_e ~ The container is usually· suppo.rted by a 
metal 9r wooden fram~ or stand~ One half of the cont~iner 

. . 
holds, or is almost filled, wit:n a fluid or gr~nular substance 
that -acts as the tiniekeepi:q.9. s:u:bstance. Most co~only, the · 
container is made of glass, and tbe timekeeping substance is 

. . 
sand. ·Inverting the hourglass imparts grav~tat~onal pote~tial· 
energy to. ~he timekeeping substance, which· ~a uses the enclo.sed 

. substance·t? flow from·t~e upper ha~f to th~ ~ower half of the 
. . 

container over a per:iod of time~. 
· Hourglasses, also c;::"ailed sand -timers, may measur:e .a 

·period oi one ~our, but· the· term is used for any s~ch 
. . 

~ravitational dev_ice". The hourglass'~ measured time peri:od i~ 
set by.the. amo~nt.of time~eeping substarice and the size of the.· 
container's aperture. A larger .amount of timekeeping 

. . . 
substance and a small.er aperture extends ·the measured time 

. . . 
period, although the aperture can be ·so narrow that the 

timekeep~ng s~stance 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 ex~ple; large sand 

grains.may flow-through the aperture moxe slowly than fine 
sand grains. 

The container's transparency allows someone to observe· 
the amount of timekeepi~g substance retained in the upper half 
of· the container (or the lower half),. thereby providing an 

. ' 
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indic·ation of the amount "of time that has passed since the 

hourgl.ass ·was in~rted. The hou~gl_ass may_. be marked. tc:> denote 

smaller period~ of tim~ such that when the surface of the 

tiinekeepi_ng substance _falls to the niark, a predetermined 

period, of· tim~ has pa·~·sed. 

T.he horological d~vice of the present invention could ·:pe 

termed. an "electrostatic hourglass" as it is analogous t~ an 

hourglass tn the following.manners. ~he ·insulating·medium of· 

the charge stor~ge. elemen_t is analogo\l.s to the· glass. container 

:of an hourglass; anc:t the internal mediuitt o~ t~e charge stoi;age 

ele~ent is similar to the ·free · ~pace within the glass · 

container.·· In· the case in· which the tim~keeping substance in 
~.n hourgias~ comp.t:ises sand· grains, in~i viduat . charge carri~rs 
are ~n~logous to individual sand grains. The insulating 

medium ·and .its i~ternal.meditim serve to c~ntain an 

electros.tatic charge possess.ing. electr.ic J::!Otential energy., 

wh~reas the hourgl~ss . serye_s as a cont.airier . for a :timekeeping 

substance possessin.g gravitational potentiai ·etie,rgy. The 

insulated charge s·torage ei~ent may h(;!.ve a suppor"t::1ng · 

s~ruc~ure, _such as .a semiconductor substrate ~pon_~hich it 
. . . 

rests, . similar. to the supporting frame of the hourglass·.· ·. 

Although the timekeeping ~ubstance within the hourglass is 
' reused;· th_e ch,_arge within the ·pres~nt inventiqn is not reused 

·a:Cter it is ~isc:;:;J:iarge_d. 

· In each timekeeping device, a time period can be 

correlated with a flowing or discharge process: electric 

charge from the charge ·sto·rage element and sand {or other 

timekeeping substance) within the h_ourglass. Like sand in an 

hourglass, a larger initial amount of -.electrostatic charge . 
. . 

extends the measurable time period for the charge stota_ge 

element. In some implementations of t?e p~esent invention, 

the dimensions of the ins~lating media and its physical 

properties are similar to the width of the hourglass aperture 
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in th~t the dimensions and properties of.the insulating media 
can control the discharge rate of the electric charge. In 

.fact, the.barrier presented by the insulating·media can be so 

great .that the electric charge does not flow regularly or does 

not discharge at all~ Although the amount of retained 
electrostatic chargelwithin the charge storage element.canno~ 
be directly p~rceived, it can be indirectiy determined by 
first performing some type of ·physical ~easure~ent and then 

transforming the first measurement into s-ome form that is· 

htimanly perceivable. 

Introduction. to.embodiments of the present invention . . . 

The pres.ent inven1::-ion ·may be implemented using a variety 
of conf iguratio~s ~or the charge storage el~ent and .. 

. . . 

supporting e:1ements, .a~d. the method of .obs~rving the electric 
potential ·may vary dependin9 upon the.chosen embodiment. 

"!\- fir.st embodiment 9f the _pr.esent invention us<!'!s a · 
· · rti:odified"non-volatile memory cell_, herei~ termed a "time 

. . . . . .• :· . 

·_cell·", as the ChB:rge storage element. · Initially, tJie time 

cell, which has a predetermined discharge ~ate~ is programmed. 
. . 

Then, . the retained ·electrostatic charg.e is · indirec;tly observed· 
at some later point in: time by perfo.rniing a r~ad operation on· 
-.the .. -time . Gell -in-.. <>Ede-r-- -.:to . make··~ . determin~ti-en --as ·to- whe·t.he.r · 

or, riot the threshold voltage of the tim~ cell is a?ove a 
predeter~ined .. threshold voltage. The result of th~ read 

operatiop then.determines whether or not a predetermined 
elapsed time--period has elapsed. Aft;er the time cell has 

. . . 

discharge~ so that its ~hreshold voltage is below the 
predetermined ·threshold.voltage! it has reached-a 

-substa~tially discharged state. For reasqns described further 

.below, . th.i,s type of time c.e.11 may a-lso be termed ~ "bi.nary 
time ce·11" • 
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·A second.embodiment of the present invention describes 
the manner in which the present invention may be broadly 
viewed as cove·ring multiple types of horol.ogical devices that · 
operate according.to the same principles described with 
re~pect to the first embodiment of "the invention. 

A third embodiment of the present invention extends the 
. . 

. firs_t embodiment by E7JUploying a set of time -cells, each cell 
·. poss~ssing a different discharge function, thereby providing a 

range_ of· granularity for concurre:ritly measuring· multiple time 
periods. The r~tained eiectrostatic charge·s are observed by 
per~orming read ·operations on the time cells to determine 

. . 
whether the associated time periods ha~~- ·elapsed. 

A fourth embodiment of t~e present invention extends th·e 
. concept of using the floating gate. _of a floating· gate field 

·· effect tr·ansistor as the insulated charg~ storage element for 
. an horological device. ·Preferably, a p~~gramming transistor 
a~d a sensing transistor with a c~mmon float~ng_ gate are used 
together. The co~on~ e~panded fl~ating gate is ~sed to store 

.. ·ari amount of ·electrostatic . charge that is greater than the 
... amount of electrostatic charg~ ~to.r:ed by a typical .floating 

gate _field ·ef_fect transistor (FET), or FGFET. The remaining 
electric potential of the floating gate is.then indirectly . - . . . 
o:P-served···by- -a- ~sens·±n9-:--dev±ce1· -whi-ch····then·, ·converts···-i-:t:s-

. . 
measurement into an· ·elapsed time va.lue. . Discharge. function . . . . . 

cha"racteristics can be opt.ionaily st;c:>red as . part of the 
horological device. For re~sons ~escribed·~urther pelow, this 
type o.f time eel~ may also· be termed an "analog time cell". 

' . 
In addition to the embodimen~s.mention~d above, meth~ds, 

systems, and. Gompµter program product_s for using the· 
horolo"gical device are a+so presented. 
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Modified non-volatile ·RAM memory cell as horological device 

A first embodiment of the present invention. uses a 

modified non:--volatile.memory cell, cal~ed a time cell, as an, 

·horological device. Non-volatile memory dev~ces, which are 

memory devic~s which retain_data wh~n power is removed. from 

tpe memory device or from the system containing the memory 

device, are ·well known in the .art of computer technology. 

Many.different implementations of non-v-olatile memory are 

commercially·availabl~, and different types of non-volatile 

.memor~ operate in different mail!lers. 

Certain types of non~volatile memory lie outside of the 
. . 

scope of the pres.ent inyention because they do_ not incorporate 

a .-charge storage ·element. For exampl.e, programmable read-only 
. . 

memories, ~r PROMs, are read-only memories that can be wz:itten 

to _or programmed ~nly once, typically with special .. e~ipment 

that burns ~ut fusible links in a network of logic, ·there:by 

. setting a specific·memory location to ~-desired 19gic lev~l 
. . . . . . . 

. and establishi~g read-only ·data value.s~ Hence,: these ·types _o:(. 

·. IIl:em9ries sto~e data without a charge storage· element. 
Many other· types "of non-volatile memory .cells comprise 

charge _storage elements. Hence, . the form o_f the time ·cell of 
. . 

the present invention may_. be .based on many different types of 

notF:vola_tiie--~eiii.ory ~-el"ls·;°···--suctr.crs-·-an·-·EPROM cell, . an EEPROM 

cell, o.r al'.ly other typ~ of non-v:olatile. m.emory cell c_omprisiri.g-· 

an -i~_sulated charge s.to_rage el~erit. For exampl~, an 

ele~trically p~ogrammable. read-only memory (EPROM) can be 

electrically programmed and then erased by exposure to 
. . 

ultraviolet l~g~t at a later time. An. electri·cally ~rasabl~ 

programmable read-only memory (EEPROM) can be ~lectrically 

programmed.and electrieally erased. S:pecifica~ly, in. the 

first embodiment of the: present invention, .a generic 

~on-volatile memory c;::ell "nas been modified :to function ~s a. 

time cel·l in which an ~lectr-ostat;ic cha·rge i-s ··accumulated. 
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within the insulated charge storage element of the modified 

non-volatile memory cell·. 

The additional.feature of erasing the time cell by. 

discharging the insulated charge storage element is not 

essential to.the present·invent~on. The advantages and 

disadvantages of incorporating a~ additional erasure feature 

are described further below. 

Although.the present invention may b¢ based on different 

. ·types ·of non-_vola"tile ni.emo~y cells, "f::he following examples 

refe~ t~ a sim~le.field effect transist~r containing a 

programmable floating gate structure. However, one of 

o;_dinary skill in the art would appreciate that the structure 

of the time cell may vary .de_pending on the impl.ementatioh. 

For example, the time .cell may have an e'rase gate and ot.h~~ · 
. . . . 

device structures or ·elements in addition to the structures or 
. ' . . . . \ . . 

·e_leme.nt.s ?epic"t:ed in the ex.a,mples. The ~epicted examples are. 

not meant .·to imply l_~tations with respect to _the present . 

inventio:r;i but ·rather prov:ide inforni.ation concerning the ra_nge 

of devi,ces. th~t ~y sup~o~t th~ s:to~age arid distha~~e of an 

electr0st~tic charge within an insulated charge storage 

element in acco~dance .with an embodimen~ of the present 

invention. 

:As-·i:s---deseribed-·-·in--mO:re·-·-d:eta.±-1··-·furt:her·· rel:ow-;-··the ····charge--·-·-·--··-·"···-
• . . . I .. 

needed to ~rogram t~e modified nori-volatile ·memory cell mus~ 

be injeGted into ·or ~hrough the insulating m~terial of the 

·charge storage element. Diffe~ent m~c~ani~ms _of programming 

the modified non-volatile memory cell are viable, although the 

dif fere~t mechanisms have different requirements and 

characteristics that. may·· lead: a designer to prefer one 
. . 

.mechanism over another. In t~e following examples, the charge 

i~. injected via a mechani~m called channel hot ~lectron 

_in_j"ection. However, different mechanisms may be used, .and orie 

of ordinary skill in the art would appreciate that the 
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.. 
injection mechanism may vary depending on ;the implementation 

of. the prese~t invention. The depicted examples are not meant 

to" imply limitations with respect to thE;! ~-resent invention but 

rather provide information concerning a preferred injection 

In;echanism in accordance· ·with an embodiment of the· present 

invention. 

With reference to Figure lA, a diagram depicts a typical 

non-volatile memory cell.containing a charge storage element 

impleme.nted as a typical. floating gc:tte f.i,eld effect 

transistor. The operati?~ of floating gate field effe~t 

transistors (FGFETs) are wel.1--known in the art. The 

operation of a typ~~al FGFE~ is· first discussed in orde~ to 
. , 

provide packground information; ~hich is then foilowed by·a 

discussion of a~ embodiment of t~e present invention in which 

·a typical non-volatile memory cell. can be ·modified to form a 

time cell that can be useq as an horological device ~n 
. . 

accordance with the present inventio~ .. Figure lA depicts an 

n-channel or n-type floating .·gate FET. Altho"ugh a p-type FE';l' 

ma"y be used, in whiah case .alternative programmil).g ·_mechanisms 

may be desirable~ i~· has been f_ound ~n _the pr.ior. a:.it that an 

~-type FET with ~hannel ~ot ~iectron {CHE} inj~ction into the 

:floa.ting gate· pr.ovides ·the most e_ff~cient operation for 
progra~n:~r-t.n:e···-:memory:--c-~r1·;-··-·a:s--a1-:sc-ussea-'·1n:--m:ar·e:·-Ci~ti11 

further below. 

N-type f.loating gate FET 100 is formed on a 

·_monocrystalline silicon srul:>strate that-·has b_een 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 wit}) an n-type donor· ·ion for donating free. 

electr<?ns·, such- as phosphorus. Alternat~vely; the source and 

. -the dr~in_m~y pe for~ed in a p-we11·region .in ·a silicon 

substrate~ .The region between the.source and the drain forms 
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the channel in which :minority current ·carriers ·flow· (in this· 
; 

case, ele·ctrons) when an electrical field is applied over the 

channel. 

·.Conductive contacts 108 and 110 from the source .and the 

drain, respectively, are insulated from. _o:ther portions of ·tti.e 

device by insulating regions 112 and 114, respectively, and 

the conductive leads allow current to flo·w to or from the 

source and the drain when appropriate. In Figure lA, the 

insulating .regions are fo~ed by silic.on oxide (Si02) regions, 

but alternatively, other _insulati~g materials may be used. 
. . 

Other oxide regions and other _optional stru.ctutes or elements 

are.not shown, .and the. structures of the device are not.drawn 

to scale. 

· control gate 116 an~ float:ing gate· 118: .are regions that 

are separated. from other portions of the .. device by in~ulating 

·r~gion 1.20. Floating gate-118 may be polysili~on (also.termed 

amorphous, inulti-crystaliine, .oi· p"olycry'"stalline silicon), 
. . ~ ·. . . 
while' cont~ol gate ·116 may be metal or polysilicon. A portion 

I • • • 

of insulating regic:>n 120 betwe·en tile floating gate and. the 
. . 

channel portion of the s':Jh~trate is terme.d ·the ~'tunneling 
. . 

9:Xide" or "tunn~ling region" 122 for reasons which will become 

:gpP_ai'_e_n:t . .:. in .. J::.D:e.~..de.Ji.c.r.i;P.tion.-:D.el.oJLL .. _._J!'j.gure 1B dep j cts _ _a 

sYm:holic re:Pr:ese~tation for az:i: FGFE~. 
In a typical n-type FET, the application of a·positive 

.direct c~rrent voltage to the gat~ over the channel turns on 
. . 

the_ FET by attra-cting el~ctrons to the channel_ region, thereby 

enabling the channel region to become conductive. ~n ~loa~ing 

gate FET 100,· contr9l 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 FE':!-'' s threshold voltage, 

.a characteristic parameter that deter~ines _the point at which 

the control gate voltage has become large enough to enable the 
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channel of the.FET to- become conductive, or· in other words, to 

turn on the FET. 

The FGFE[' gets its memory function.ality by programming. 

the- floating gate. During a programming operation, the 

· flo~ting· ga~e receives an amount of charge. If t~e ~lo~tirig 

gate is storing charge of an appropriate polarity, the FGFET 

cannot turn on, thus indicating one memory sta.te. When the 
. . 
floating.gate is not storing any charge, the FGFET operates as 

if it wer~ an FET·without a ~loating gate, which indicates the 

.other. memory sta.te. The two memory states support the 

operation of binary logic in which the two memory states 

represent ei.;ther a logical "0~' or. a logical "l" stored within 

the memory cell a~ a .single bit .. 
'. 

With·reference _now to :tigures ic-lD~ graph:s depict the 

eff~ct ·upon. the thresh.old volt<!lge by a _programmed· floating 

gate of an n-type'flqating ga~e field ~f~ect transistor. In 

.Figure 1~, befo.re· the .. float~ng gate receives a ·char~e during. a 

programming ope_rati.on, any vpltage: at the. <?Op.tro.~ g~te. g;eater 
. . 

·than the FGFET'· s thresho·ld ·voltage. allows cur~etj.t to fJ_ow 

thro.ugh the 'dra~n, assuming the drain i_s positively biased 

with respect to the source. aei:ice, during·. a memory operation 

to read ·the b~t value stored in the memory·c~ll containing the 
roraT·,- ·a:· ·rea~ ··oi>e:Cat:i<>D. V:oit.~ge at·-_t:he····bontroi ··gate- gre~t.er 

than the threshold voltage turns on the.FGFET, t:hereby . . . . . 

providing an indication that the ~loating·gate has not been 

programmed. 

. ·. In i'i.gure · ·1~, after the floating gate receives a charge 

during ~ programm~ng ·_operation, any voltage at the control . 

gate less than the FGFET's threshold voltage will not cause· 
. . . 

current to flow t~rough the drain, a~sumi~g .the drain is 

p·osi:tively_ biase~ with _respect _to· the sou~_ee. Hence, ,during .. a 

memory operation to read the bit value stored in the memory· 

celi containing the FGFET,· a read _·operation voltage at the .. 
. ' 
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control gate less than the threshold voltage does not.turn· on 

.the FGFET, thereby p~oviding an indication. that the floating 

gate has been pro9rammed. 

The two operational states of the floating gate.support 

· bina~y logic.: The l~gic circuits that include the memo~y cell 

. will have.a convention as.to w~ich operational state of the 
FGFET ·indicates a binary· ".1" or a binary "O". Hence., when a: 
floating gate is programmed, one c~~ interpret the operation 

as setting .the memory eel+ to a logical "1" ·or a iogical "0". 

By performing a read ope~ation on the.memory .cell, a binary 

determination can ·be.made as to whether .or not the memory cell 

contains a logical "1" or logical "0" . · 
A memory devic~. containing .. non,....volatile memory cells· may· 

·ba,ve -. an interna·l st~te m~·chin~ that .. pro~ides' progra,mming 

al.gorithins fo·r storing· and erasi:ng data acc::ording .. to the type .. 
of architectu~e or: arrangement for its memory ce.lls .or memory · 

. . . . 

cell array's~· Since many .t.yp~s of' non-volatile· memory are 
• • • • .I' • 

well-:-know:n ~d. commercially availa1;>le·, it. shou~d be noted. that 

an essential char~c.te.risti'c o~ the present. invention. i~ th~ 

insulated .. charge storage eiement.-and its p.iogr~~bility. ·The· 
present invention could be·i~corporqted into many· different: 

. . 
·.types of non-volatile' memory arrays or architectures that have . . . 

th~ necessary ·essential ~haracteristics, a~d· memory array · 

circu~try will not be further. disc~ssed. 

· .A non-volatile memory cell can be programlt':ed by a variety 

of physic~! processes. The charge needed to program the 

non-volatile memory cell must ·be .inj.ected into or through the 

i~sulating.material of ~he charge storage ele~e~t. Different 

mechanisms of programming the.non-volatile memory cell are 

possible, although the dif.ferent mechanisms have different 

1:equiremen~.s and characteristics that may lead a designer to 

prefer one mechanism over ·another. 
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One electron injection mechanism used.· in f.loating gate 
devices is Fowler-Nordh~im tunnelin9, which is.· a 

. . 
·field-a-s.sisted electron tunneling process.-. As·s-uming that the . . . 
floating gate is composed of -polysilicon, when a large voltage 
is applied· acros'.3 the polysilicori/Si02 / ~ili~ori structure fo~-­
b.Y th~ floating gate, .insulating material: and channel,. the 
energy b~rrier is narrowed enough "such that elect.tons can . . . 
tunnel through the barrier from the silicon conduc~ion·band . . 

into the silicon oxi<;ie·conduction band. A high ·i:njection 
field on the order of 10 MV/cm is needed across the oxide 
~uri~g a. programming operation· ·that uses Fowler-Nordheim . · -

. . 
t~eling. In order to reaGh these· high-field yalues and 
limit ·the voltages needed during programming,-very thin .tµnnel · . . . . . . 

oxides are_ used, e.g.·, an applied voltage of lOV across an 
oxide of lQ nm (nanomet~r) thi.ckness. In orde.r: to reduce the 
voltage, . the· turµi~l . o~ide can be thinne+, al thoug_h a thickness 
of _8. nm ha's "been ~ecognized as· a lower iiniit necessary. for ... 
g?od charge-~etention.beh~¥ior. Additional ~enef~ts of thin 
oxides include a shorter "ch~nnel' length ·and a lower ~ead .. 
. operation voltage. · Ho~~ver_, thin oxides· can be di"fficult to 

. . . 
gr9w with low_~efect densitie~, which is.requ~red to obtain 
~ood charge-retention behavior. The main disadvantage in 
using Fowler..:.Norqheim tunneling for programming an FGFET is 
the long time period_s necess_ary to accumulate sufficient 
charge in the .floating gate. More information on 
Fowler-Nordheim tunneling may be found in Nonvolatile 
Semiconductor Memory Technoiogy: A Comprehensive Guide to 
Understanding and Usinq NVSM Devices, edited by William D. 
Brown and Joe E. Brewer, IEEE Press, 1998. 

. . . 
A preferred programming mechanism for the FGFET shown in 

l'igure 1A is channel hot electron (CHE) inj-ection, which is a 
much quicker process· for injecting charge into the floa~ing 
gate. At large drain-to-sourc~ biases; the minori:ty ca.:i:-riers 
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that flow in the channel, which a~e electrons in an n-type 
F~FET, are accelerated.by the large electric field found at 
the drain side of the ·channel. This g.ives rise to impact 
i·onization at the dra~~' and· most of the mi.nority. carriers 
gen.erated by the: impact ionization are collected at the drain. · .. ' 
some o_f . the el_ectrons gain enough energy t9 allow them ·to . . . . 

surmount the Si02 energy barrier and are emitted into the 
oxide, which gives rise to a hot.:.cari:ier injection c"ontr.ol 
gat~ current. 

The_~ontrol gate current of the FGFET consists· of those 
electrons that act~a~ly reach the control gat;.e, while s~me ·o.f 
the .electrons are collected.at the floating :gate. The main 
di~.aqvantage of CH~ injection. i_s its low injection effic·iency 
a_nd, consequently I its high power cons"umption. For favorable. 
electron injection, ~t fixed bias conditions, it is desirable 
to haye a high ve~tical electric ~ield an~ ~ high lat~ral 

. . 
electric field,. which ~re conditions that tend to·be in · 
contention. I~ an FGFET, the ·1ateral·field along_the channel 

.. tends to decrease for an inc_reasing conti:o~ ga,t~· ·voltage, . . . 
while the vertical field obviqusly increases for an incr~asing·· . . . 
control gate voltage. Hence, in order to .generate a l_arge 
number ·of hot. _electr_ons, a lower ('.Ontrol. gate voltage and a 
.higher dra~n voltage are desirable. How~ver, for electron 
i_nj ection and c::.~l,lection on the . floating gate, a high.er 
control gate voltage and a lower. drain voltage are . desirable·. 
As a compromise, bot~ control gate and drain voltages are kept 
.high. The programming voltages are usually much greater than 
. the normal ·operating voltages applied to either the contr.ol 
gate or the drain. 

The FGFET memory cell is termed·a non-volatile memory 
cell be.cause the charge within the floating ga:te is 
essentially stable and _non~voratiie. In contrast, a common 
dynamic random access.memory (DRAM) is a volatile 
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semiconductor read~write memory that requires periodic 
·.refreshing to preserve the charges on its .capacitive memory 
cells that retain.data. 

Data retention is .a standard measure of a device's· 
ability· to re1?-ain data over time. ,This .is a critical 

. reliability pa~ameter ·for programmable non-volatite memories. 
High temperature operating life and data retention bake-~re 
the primary reliability .test~ for ·t~is parameter. The typical 
minim.um patt~rn retenti~n time fo~ many commercially available· 
memories is_ 10. yea·~s at 1_50 ~C and· 20 years at 125 °C, whereas 

. . 
the typical expected-operating temperature for most devices is 

. -40 °C to 125 o·c. 
. . 

"The· most important mechanism by which an FG~ET fails to 
retain data is Fowler-Nordheim tunneling. After an n-type 
FGFET has been programmed by accumulating electrons within the 
floating gate, the.floating gate has a sign~ficant _elect~ic 

._potential, and the elect~ons.tunnel° through the insulating 
~~~de ~etwe_en the· float~ng ga~e. int;o ·the !;:h~nnel. Therefore, · 
this portio:n of t~e insulating r_egion is termed the . "tunneling . 

. oxide" or ~'tunneling r~gion", as shown by ttinne~_ing. region. 122 

in l'i~e lA .. 

As the floating gate loses electrons, the electric· 
potential "generated by the stored electrons. diminishes, and 
the threshold voltage fo.r: the E.'GFET ~egins to s;tiift. back to ·· 
its non-programmed_ threshold voltage. At some point, a· read 
operation on a programmed memory cell with signi·ficant 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 wa~ programmed in order to store a bit 
.·.value, the loss of charge· will cause an incorrect.bit value to 

be read frpm the memory.cell. 

With re~erence now to Fig\ires lE-iJ, spreadsheet models 
. and graphs depict -the threshold voltage retention 
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cha~acteristics.over long periods of time for non-volatile 
m~mory cells which have traditional ~imens~ons and geometries. 

. . . I' 

.Fowler-Nordh.eim tµnneling effects are well:-known in. the ~rt 
and hav~ been modeled so extensiv~ly that Fowler-Nordhei~ 
~quation calculatiqns m~y pe com~~ted w~thin a spreadsheet. 
For more informatio~·, see Richard G. Forbes; "us·e of a 
spr~adsheet for Fowler-Nordhe~m equation calculations", !L... 

. . 

Vac. Sci. Technol. ·B - Microelectronics and Nanometer 
Structures ~ 7 (2), pp.· 534-541, Mar/Apr ·1999. 

Typical widths for tunneling oxides are comm.only 8 
nanometers "<nm) to 10 nm.. .~igure lE. shows ·a comm.on set of . 
parameters .for a floatin9·gate FET, including a tunnel oxide 
·thickness pf 80 angstroms or 8 nm, and Fi~e lF shows a graph 
.of· the threshold voltage of ·a float~ng.gate FET over a period· 

. . . 
of 30 years. at evenly spaced, one yeaj: · inte.rvals. As shown in 
Figu,re lF, the thresJ;iold voltage not onl·y drops slow:ly over 
time but the. ~ate ·of change also dimi.nishes over time. 

Figure 1G shows a common set of parameters for a· f~oating 
.gate FET, including a tunnel oxide . thic~ness of 80 angstroms ' . . . 

or 8 nm.· Figure.lB shows ·a graph of the.threshold voltage of 
a floating g:ate. FET ·ov~r a· .Period of 32 years. Figure l:i: 
shows. a comm.on ·set of· parameters for a floating ·gate FET, 
including a tunnel oxide thickness of as· angstroms or 8.5 nm. 
Fig'1ire lJ sho~s a grap~'of the thr~shold voltage of a floa~ing 
gate FET over·a period of 32 years. 

In both Figure ·1H and Figure .·1-:r, the number of seconds 
along the x-axis i.ncreases exponentially at each interval,· 
thereby providing a perspective on the drop in thres.hold 
vqltage over both short and long periods of time. As can be 
seen in Figure lH and Figure lJ, the floating gate retains its 
charge very well; the charge.does. not begin ~o signif~cantly 

.decay until at least 1 year· after the programming operation, 
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and the threshold ·voltage h~s diminished- only a few pe~cent­

over a _32 year peri~d. 

With' this background. explanat~on of the operation of a 

typical floating gate FET,. the description now turns to an 
- -

. explanation of the manner in ~hich the fi~st elnbo~iment of the 

present inventi~i:i-m~difies- a non-volatile memor-y cell 

con~aining a charge storag.e element, suc-h as a floating ·gate 

FET, to construct the basic form'of an horological device __ 

Call-ed a time- ·ceil. 

This embodiment of the -present invention makes_ the novel 

observation that the rate -at which a non~volatile memory ce·11 

loses_its charge_ can.be selected or ·constructed in a·manner 
. . . . . 

~at al~ows· the disc:harge· process to be .l,l,seful. · Using this 
- - -

novel-observation, a modified pon-volatile memory cell can be 
. . . . . . 

~ngineered as an horological device, ·-herein t~rmed a "time 
- - -

cell", that allows observations. of ~ts. stat~ such that el~p~ed 

ti~e periods · can._ be determined. By manipulating the_ 

- insulating medium aroUnd the_- charge ~torage elem.en~ within-"the 

time cell.and its initial·conditi~ns, -the rate of the­

discharge process ca·n be controlled in a manner such that the , 

time"_ cell ·can measure a known 'elapsed time period. - ' 

In general, t~e -dimensions c:ind. physical properties of __ the 

~nsulatiD:g ll!-edium control the ability of-. electrons_ to tunnel. 

from the cha~ge storage element through the insulating m~dium. 

via Fowle~-Nordheim tu~eling. Assuming a particular type of· 

insulating meqi~ is used, the -physic.al dimensions or the 

geometry of an insulating medium, suqh as its thickness, can 

be reduced in order to increase- the number of ~lec.trons -that 

experience Fqwler-Nordheim tunneling; thereby causi-ng the 

charge storage element to discharge more quickly. 
- - -

. More specifically, in a floating g'a.te. FET, as discussed 
. . 

above, the thickness of the tunnel o~ide controls the ability 

of electrons to tunnel from the floating gate through the 
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tunnel oxide via Fowler-Nordheim. tunne;t.ing. Hence, · one- method' 

of creati~g a time cell similar in·form to. a floating gate FE~ 
is to reduc::e the tunnel· oxide thickness of the· floating gate. 

FET in order to _·increase· the numbE;!r of elec~rons that 

·ex~~rience Fowler-Nordheim-tunneling, th~reby_inducing the 
floating gate of the_FGFET to discharge more. quick~y.· · 

After a time cell is constructed with the n·ecessary 

requirem~nts, the time eel~ .then operates as.an horological· 

device ·as ·follows. Initially, the time eel~, .which has ~ · 

_pr~d.etermine_d disch~rge. rate, is prograinm.ed. As the time c.ell 
lo~es its charge, its.th~eshold voltage shifts, whiqh changes· 
its _operational characteristics. 

A reap oper~~ion can be perforiµ.ed.on the ·time c~l~· i? a 

~anner similar to-performing a read operation ~n a 
non~volatile memory cell in order _to read the non~vo~atile 
memory cell's data value or ~it value. In t~e c~se.of the 
time -cell, ·however.,· t~e read operation is performed in ·order 

, . • I 

to read _the time. _cell' s "elapsed __ t.iiite v~lue". . 
. . . 

One can determi·ne wJ:iether or not the -read operation's 
voltag_e .ts above ·or· below the thresho1q.· voltage of -_the time 

cell's t_r~nsistor by observing· whether or· not the transistor 
is turned on by the_ read voltage. ~his operation provides an 
·~ndirect observ~tion of the electric potential of the charge 
.s~orage element in the time cell and i_t~ retained 

electrostatic charge. By knowin9 the amount of ~ime 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 elaps~ before 
the transistor conta.ini~g the· charge storage element, rea~h~s a 
particular threshold voltage,:the read operation can· determine 

whether or not a predetermi~ed time period has elapsed. 
. . . 

With reference now to Figure lK, a diag:ram d_epicts a s_et . . 
of threshold voltage response graphs showing the c~ange in 

I . 
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threshold voltage of ~n n-type floating gate field effect 

transistor as its programmed floating gate loses i_ts charge. 

After the float.:i-ng gate receives a Charge duz:ing· a programming 

operat1on, any voltage at the control· gate i,ess thari the 

FGFET.' s threshold voltage will not cause current to flow 

t~_rough the drain, assuming the drain is_ posit~vely biasefi 

~ith respect to the S<?Urce. Hence, during a memory operat.:lo~ 

to r·ead th.e elapsed· time valu~ stored in the time cell . 

containing the FGFET, in a memory .op~ration that is ·similar to 
. . 

.. ~. read operation o-f a non-volatile memory cell, a read 
operation voltage at the control gate that" is l.ess. than the 

. I . . 

thresnold voltage wili p~operl~ determine that the float1ng 
. . . . 

gate i"s holding a sufficiently large amount of.charge to 

prevent ·-t::-he FGFET ·from t_urning o~ tj.uring the re~d. p~eration. 

over -time, as the floating·gate loses its· charge, ·the 

th.i;:eshold voltage of the FGFET shifts so.that it would require 
. . . . . 

less. and. less control -gate vo_ltage to turn on t~e transistor. 

At some. point, .the read operation voltage will turn on the 

trap.sistor, which. ~lso indicates th~t the elect~i·c poten~ial 
o.f the· flo~ting gate ·has·· been reduced to a pa;rticul~r value. 

By knowing the discharge function of the floating g~te, a read 
operati.?n on ·the time cell can determine' whether or not a 

predeter~ined time.period.has.elapsed. After the· 

predetermined time- period ·has elapsed, the floating gate can. 

be considered to have reached a substantial~y discharged · 

state. 

With reference now to Figures lL-lQ, spreadshe-et. 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 lL shows a set of _parameters 



30 

for a floating gate FET with a thin-tunnel oxide of 65 

angstroms or 6. 5 nm. .~igure 1M shows a graph of the threshold 

voltage of a floating gjite FET over a pertod of 15 ·months ~t'" 

two week, evenly . spaced intervals. As shown in Figure lM,· · the. 

threshold voltage· not only dr~ps over time but the rate of 

change -a1·so . diminishes over time. In contrast to · tne graphs 

shown in Figure lB and Figure lJ, the threshold voltage· shown 

in-~igur~ 1M has dropped significantly within one month, or 

2,~92,0.00 seconds. In contrast to the gr~ph shown in Figure 

· · lF, ·the threshold voltage shown· in Figure 1M drops 

significantly more quickly. 

Figure lN shows a set of param.ete~s for a·flqating gate 

FET with a t~in tunnel oxide of 6_5 angstroms or 6. 5 nm, . and· 

Figure· 10 s~ows a graph of the threshold voltage of this 

f~o~tin~ gate FET over a period of 16 months. Fig'lire lP shows 

a set of parameters for a floating'gate FET-with ~ thin tunnel 
. . . . . . . . 

oxide of 60 angstrom~ or . 6 pm, .and Fig&µ:e lQ shows ·a ·graph .of 
.·. 

the.threshold voltage of this floatin~ gate FET over a periqd 

of 16 ·months. 

·1n both ~igure ·10 and Figure lQ,-~he number·0f seconds 

along the x-axis increases exponenti.ally at each interval,· 
. . 

w~th one uneven .interval exactly placed.at the:one week 

· ~lap$ed ·tim~. intervat. This ·exponentially increasing time 

axis p~ovides a perspectiv~·on the drop in threshold voltage 

over both short and long periods c;>f time. As can be ·seen in 
. . . 

the graphs·, _the. floating_ gat~s· whose decay functions are shown 

in Fig"1re 10 and Figure lQ-do not retain their.charges as well 

as the floating gates whose decay functions are shown in 

Figure lB and Figure lJ. One can see that the th~eshold. 

·voltage begi~s to_ drop significantly-after about 18 hours in 

the graph in Figure 10 and after about 4 hours in the graph in 

Figure lQ. ·. 
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As can be seen in th~ graphs, the floating gate can be . 

constructe4 to lose its charge relatively quickly, and the 

time period c_a:n be .selected depending upon the· application fo.r. 

which one desir~s "\'.-O use a time· cell as an horol_ogical deyice. 

·-If "the· application· requires accurate ·resolutio_n_ of a threshold 

vol~age within ~ particular range of time, then the decay·.or 

discharge function can be tuned to have a significant slope 

through that time period, and th~ "time cell can ~e constructed 
. ~ . . 

with .the partic'l:llar physical dimensions. _that are required. 

For example, if one desires to a"s;:curate mea·sure a one week 

time period that is accurate to a· .few percent, i.e. a few 

hours, then ·one.would us~ a time ce~l"with "a charge storage 
. . 

element that begins to· lose significant charge i~ a manner 

similar to that .shown "in Figure 10.· ·· Obviously,· as is the case 
. . . . 

wfth many electronic devices,· significant effort may need to 
• • • I 

be applied to e~ch ~tep.during the manufac~ure of t~~_device 

in orcie·r to ensur·e that the time cells are created with as 

much precision as po~sible. · 

It should al.so be noted th~t, in addition to manipulating 

the dimensions of the tunneling region, .the operat~onal 

characteristics of the time cell.over the elapsed time per.iod - . 
also depend on· the time cel_l' s · ~ni ti al conditions~ For 

example, the init_ial amount ·of ch~rge sto·red in. the ·floating 

gate sets its initial electric potential, and a larger amount_· 

of stored charge causes the floating'gate to have a higher 

initial electric votential. The threshold voltage of .the 

FGFET in the time cell will then start at a larger value, 

WhiGh 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 _lM, 

Figure 10~ and Figu.re lQ could begin at different values. A 
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larg.er amount of ·initial charge i;n the floating gate• causes. a 

higher initial threshold voltage. As a.re~ult, a higher 

.i~itial threshold voltage. causes a higher threshoid voltage 

value at each time interval. From one perspective, the 

. "tbreshold voitag.e curve can be viewed as being shifted . 

rightward as the initi.al charge. is increased.. Hence, it is 

also important.: that the programming operat~on be performed in 

~ manner in which the floating gate. is initiali·zed with. an · 

·~ppropriate ·initial ·amount of electrostatic ch~rge, or 

equivalently, in ·a manner i·n which the threshold vo~tage 

begins at an appropriate initial value. 

·For any desired:in~tial starting condition for the time 

c~ll, the· floating gate ·may be prog._r~ed ·.for ·variable lengtJ:.i.s. 

of time. For ·example, to store more charge -in the floating 

gate, the programming operation is performed for a longer 

peJ:"iod of time. Different methods may be. use_d to determin~ 

tl).e specific Iengt~ of programming time for a given time cell 

c~nf :j..gu.ta.tio~ .· 

For ~xample, tl~e ~lectric ·potentials of .a ·set of. floa·t~ng 

gates for a ·test set·. of time c.ells ·are measureQ. immediately 
. . . . .,. : 

after ~ set of progra~ng operations on those time cells. By 

varying the. lengths of the: programming operations, :the. 

electric. potentials ··of the flo~ting gates will vary, and the 

me~sured electric potentials can be.correl~ted with a desired 

t~reshold vol t:age respons·e curve. 

Preferably, the required length of programining time for· 

any·given time cell. design or size may be found empirically by 

·ch~rging ~ test s~t of time cells. Each time cell in tQe set. 

of tim~ 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 
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voltage de~ay re~ponses, and this information would be -stor~d 

fbr iater. use •. 

Obviously, the physical properties of the time cell can 

not pe· changed after the tinie c·ell is. manufactured •. A t,ime 

cell can be·man~factured to certain specifications, however, 

~ith the assumption that its opera,tion~l behavior h_as be.en·.· . 

correctly modeled for tQose specifications~ The tes~ing 

procedures then determine· the tolerances of the manufactured 
: . . . . 

devices. With this empirical information, a time cell with 

··particular dimens~ons or physical charac~erist~cs could b¢ 
. . 
employ~d to monitor a range of time periods that varies with 

.its programming.operation. 

Dat;a sh~·ets or data, books containing these types ot 
-~pirical values or spec~fic~tions are well-known in the 

electronic arts. A.Ssuming that.the programming process or 

programming. devices are. also standardized, for any given type 
o~ tiine · c.ell, a ·manufacturer's data book can store pr.ograIDil).ing 

times and thei~ correlated time periods -a~d tolerances so that 
• • • • f • • 

a us.er. _may employ a given type of time ·cell "for monitoring a 
desired· time pe.riod. · · 
. . 

Other methods for determining-the proper programming 

pa~ameters may be employed without affecting the scope of the 
pres~nt invention. 

As. previously described,. the two operational states: o·:e 

the floating' gate sl;ipport binary logic. · The logic circuits 

that include the time cell will have a convention as to which 

operational state c;>f the FET indicates a binary "1" or a 

binary "O.". Under normal operati·on, a read .operation o~ the 

time c;:e11 ·.provides a b·inary determination a.s to whether or not 

the time c~ll contains a logical "l" .or logical "0". Using a 

time cell that has been designed. to reduce.the threshold 

·voltage o~ its transistor·to a predetermined value within a 

·predetermined pe~iod of time· after it has been programmed, a 
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read.operation can determ~ne whether or .not the predeter:mi~ed. 
¥. . . 

period of time has passed. After the predete~mined period of 

· -t:ime .has passed, the _electr.ostat.ic· charge is the time c~ll has 

been substantially ·discharged, ·and the· time cell ~o longer 

. usefully me·asures the passage· of ·~im~ a_nd qnly indicates that 

.a particular measure of time has passed. Coritinuing·with the· 

~xample concerning binary logic, it can be assumed that a 

prog·rammed timf? cell repr~sents a logical· "1". After a 
. . 

· particular· time cell is programmed,· a read ·operation on t:t).e 

programmed time cell retu~ns a logical "l". After its 

predetermined time period has pass~d, ~he time c::ell will have 

·1ost its charge, and the tiine ce~l will no longer appear to be 

programmed, after ~hich a read operation ··on the time cetl 

returns a logi_cal" ''0". Hence, ·the expiratio:Q of the time 

period far 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 "ha_s' expired"-_if -it. 

contains ~ logic::~al "0'' at .some. point after ~t· ha·s been. 

programmed~ . ·The· bi.nary deterinination of whet.her or not the· ·. . ) . 

. time" q~ll has expired provides~ basis for calling this type.· 

of time cell a "binary ~iine cell".. The· explanation of a~. 

"ar.ialog_ time cell" will be described further .below with 
. . 

respect to anothe.r;_embodiment of the present invention. 

It should be noted that a read operation on a t.ransistor 

. in a binary.time ceil 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 operation is performed when the.current threshol.d 

voltage of the tran·sistor has almost -reached its predetermined 

value, i.~. when a read operation w~uld almost cause the 

transistor to turn on, then an indeterminate result could be 

produced. Ih order to compensate, appropriate circuitry may 

be built into the time cell in order to-ensure that a 
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d~terminate result is prod~ced, ~hereby .producing. a logical· 
"1" ·or "~.,, as an output only when the pr.edetermined· time · · 
period of the binary time cell has passed. This t}ipe of 
compensation "should·only contribute.an insignificant amount of 
imprecision into the. monl.tor.ed time period. 

While the previous· description of the present.invention: 
.focused on· thinning the insulating region between the float.ing 
gate and t~e channel. of the FGFET, i.e. the tui)neling oxide, 
it .$hould be noted.that the' desired tunneliQg effect co.ulq be 
accompl·ished in othe~ regions. of a time cell ,dep·ending upon. 

· the.str~ctures and elements within th~ time cell, ·thei~ 
physic~! characteristics'· geometries, ~tc. In oth~r words, 
while cpnsidering· other requir~ments and conditi9ns, it might 

. . 

. be desirable tha.t the di.scharge proce~s occ~rs within a . . 
different regio:r:i of the time cel·l. 

For example, a parti~ular type of· non-volatile memory 
cell that forms the ba·sis for ·the· time cell may contain an 
e.rase _gate or other element not shown in Figure lA, ar,td to . 

maintain good operational characteristi'cs, it is decided that 
the thickness of the insµl.ating layer .between the.floating 
gate and the channel shou;td remain greater than 8 ~,· whic~ 
~oes not provide a ~esired discharge.rate for the floa~ing 
gate. In fact., for a desired ~ime measurement period of 6 
~onths·, the tunneling effect through this ipsulating layer is 

{ . 
alinost 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 . wher.e this oth~r region d<?es 
not have similar operational restrictions. Alternatively, 
based on fabrication or other considerations, it might be 
desirable to contin~e using a typi~al thickn~ss for the 
insulating layer between the ·floati~g gate and the chanp.el. 
However, a special element, ·structure; or region could adjoin 
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, . 
. ·the float~ng gate such that a majority of the tunneling effect 

oc::curs .through this special dedicated region, termed. a 

"dominant tunneling regi.on". In ~his ·c~se, extra· processing 

·Or preci~ion could be fo~USed on controll;i.ng the· fabrication 

-of the· domina~t tunneli~g ~egion so that its operational 
. . 

· characteristics, i.e. its: discharge .rate, closely approxi~tes 

its model behavior. 

A time cell that is used for this embodime~t of the 

present_ invention may comprise an. erasing element, such as an 

~rase gate, that.allows the time cell t~. be erased, as is well 

known in the art. When the time cell ·is erased at any poi~t 

in time after the charge storage element has been programmed, . . 

the charge storage element i_s purg.ed o_f most or -all o.f its 

·retained electrostati"c ch~r-ge. Erasure is. generally ·performed 

by applying an elect~i~ .fie"id that is opposite t.~· the electric 

field us·ed to program the ·charge storage ~lemeiit. 
' • • I 

An erasing· element provide~ the advantage of .allowing 

r~peated ~se of· the time ~ell as -an horological ·device •. ·Afte~ 

the time ce+1 has been eras~~;·it may be reprogrammed, thereby 

~llow~ng another ~i~e·period measurement.· 

·However, an erase ~l~m¢nt has disadvantages. After the 

. time cell has been erased~· it might be impossible to dete_rmi~e . 

· a dif fe.rence between a low electric potential in the charge 

st9rage"· elemen.~ caused by leaking over a prolonged period or 

by erasing~ Hence, the use of an erasing element in.troduces . 

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 manne·r in which a time period is 

determined. 
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One advantage, though,. is. that· the ,presence of an·. eras.;ing 

element allows the time cell to-be used .for. a wider varie"t:y of· 

ho.rologicat applications. · :However; these ·advantages. and · 

disadvantages s.hould be weighed in· m'aki~g a decisi.~~. t~ 
;i.n~oFporate ~Ii eras;in~ ~l,ent~rit . into the· .. ti_me cell. 

It is noted t~at this embodime~t of the present invention 

relies' upon various structures, prograi.um:ing operations,..·. 

_reading· operations,· and er~~ing operations ·-of non-v~la~ile 

memory cells c9mprising charge storage' elements. th_a:t;. were. 
: I • I 

. known. and well-established ·in the _prior. art.. However, the ·. 

pr·ior art did not teacp the . us~- of a non:-volatile lll.emory cell 

as an horological devic¢. Moreover I in 'the pri_or art, charge 

leakage from the charge storage. elements in non..:.vola.~il·~ . · 

•' memory· cells was viewed as a d~tiimerit~l 'nui;sa:nce, and if 

anything, the prior art taught that charge, ·1eakasre "should" be 
i ':'· 

avoid~d and_ potentially.eliminate~~ The present i;nvention 

makes the novel obsel;.'v~t;!..on .that the charg.e leakage r~te c;:an· 

be selecte.ci' in ·a manner .that a.110W:s it tti be useful. us·ing· 

this i;:iovel obseJ;~atio~, .. the charge storage el~ent in a . 

. ·non-volatile. mei_no~y .cell can_ be _engineeJ;eci: a~ an horologic~1 

.device that. al.lows measurements. of its operation such that . . . . . . 

elapse~ time periods can.b~ determined. ~pecific~ily in· t~is 

·enmodim~nt, · ~s disctis,s,ed- above~ the. ge~metry' and physical 

pro:f)erti~s of. the in~ulatip.g m~dium through.which the retain~d 
. ; : . . . 

electric charge leaks is·. selected in a manner .which controls 

. the leak. rate. 

Differenc'es between the present invention and prior art 

. devices that stor.e el~ctrostatic charge 

The present:. ~nvention has been .d,es.cribed as an 

elect~ostatic hourglass, which provides a broad overview· of· 

. the present invention,_' and the. pre·sent invention has also been 

. des9ribed in one embodiment in'which a non-volatile memory 

· .... 



38 

interior. A bras·s rod,, punctures an'. i~sulating st_opper of· the 
. . 

jar; and the bras~ rod is connected to the insid~ layer of 
. . 

metal by a chain .. A.z:i ele~trostatic d?.arge can be stored in 

the. jar ~y b~inging the brass r9d· in· qontact w~th_an 

electrical device, .. and an· electri"c dj,.scharge·. occµrs when. the 
two l.ayers. o.f .. metal ·are connected -w.ith. e~ch otp.er by .. a. · 

conductor . · 

Another electrostatic instrUm.ent is the electroscope, 

which det~cts -electric c~arge by means o~ the mechanical 

. :eo.r:ces exerted between:eledtric~lly_cha.tged bodies within the 

instr~erit ... In one versi·on similar· to the. _Leyden jar, t:wo 

st~ips of gold leaf a~e suspended_ from a metal rod that 
. . 

p~cture~ an insulating_ stopper of a glass jar that is ·coated 

with metal. Whe_n the electroscope is charged, the gold strip.s 

spread apart as the electric charge in the strips causes the 

strips to repel_each other, a~4 the angle be~ween the strips 

is proportional tq the received charge. Various types of 

modern electroscopes are presently used as instruments for 

measuring electrostatic charge. 
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Modern-d~y .capacitors are_ .a class of electrostatic. 

storage dev.ices for which the prior art recog~izes that the·". 

action of. discharging elect.rostatic charge is a temporal.ly . 

meanin.gful process.. Simple capaci"tors usually consis·t ·of two· 

plates made· of "an electrica.11y cqnducting mate·rial, e.g., 

metal, separated by a nqn-cond~cting material· (di~lectric), 

e.g., ai.r, ceramic, .glass, etc. 'rf an electric pot~ntial is 

applied to t~e capacitor p~ates, the plates beco~e 

capacJ.tively charged, one positively and one n!=gat~vely .. If 

the exter~aliy applied volt~ge is then removed from the 

capacitor's conductive cont.acts, the capacitor plates remairi 

charged, and the electric charge maintains an electr.ic 

po~ential between· the two plates. T~e ability of ~he device 
. . . 

for storing el~ctric.charge (capacitance) can be increased-by 

increasing the area of th.e-·plates, by decreasing· their 

·:separation, or by varying the·substance used as· the 

dielectric • 

. A capacit~r ca·n· store en~rgy,. and a resistor placed in 
. -

series with th~ capacitor wiil control the rate at.which it 

charges or.d~scharges, which produces a characteristic time 
- . 

dependenc~ that can .. be modeled by an exponential function. 

· The· crucial param~ter that des·cribes the time dependence is 

the ""time constant" RC. The time constant.or RC product of a 

series circuit d.etermines the speed at which the voltage 

across a ·capacitor can change. In industry,· qi:r.cuits 
I 

combining resistors and capac.itors ·are important because they 

can be used in timing circuits,. signal generators, electric.al 

signal shaping and filtering, and a variety of electronic 

equipment. Ho~ever,. the discharge tim~s 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 o"r impe.O.ances. 
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In order to _charge or discharge the·prior ~rt devices 
. . 

noted above, they generally require conductive contact J:?etween: 

the device and another ·material. For example, an .ele_c:troscope· 

or a capacitor· can be.capacit~vely charged by approach~ng ~t 

with a sec·ond ~lectricaliy- charged obj ec"t::, thereby "iridtl;cirig a 

separation of charge wit~in·th~ el~ctroscope or the capacitor 

through open air or free space. However, the electroscope or 

.the capacit;.or ·requires c'onductive c_ontact with another 

matej:ial in orde_i; to permanently displace an -amount of 

electric charge ·within the electroscope or the qapacitor with 

the repulsive force of the.approaching object. 
. . 

Th~ charging proc_ess of the charge storage. elenteJ;l.~ . of the· 

present inyention differs fr~m the charging process of an 
. . 

electrosco~e or a capacitor. ·In the. _present·. inventio~, tl:~e 

electric.charge: is transported.through the.insulating medium_. 

into the internal.medium of the charge storage element without 

co~dU:cti ve con ta.ct. · Th~ insula:ting ·medium acts. as a 

significant ba~rier to a ch~nge in the amount of char·ge· -stor~d 

in the internal medium dur~ng both receiving _and 'disch~rging 

processes, thereby protectiO:g ·the -:~~unt of cha·rge in the 

internal medium without being a complete barri'er. No. 

condu~tive contact with' the internal medium is requi~ed. 
. . . 

By causing r~pid d~scharge through free sp~ce, open. air, 

or .rion-c.ond:uctive m~·terials, a.· -char9ed electroscope or a 

charged capacitor can be dischar.ged without conductive contact 

with another material. In that case,_ the electric discharge 

is usua11·y created by I'l:arrowing the gap between the charged 

obj~ct and another object such that the electric potential 

between th~ two.objects becomes very· great, at which point the 

electric charge jumps the· gap or the insulating material 

experiences dielectric brea_kdown~ 

. In one minor perspective, the above-described 

electroscope or _c_apacitor and the present inve_nt,i.on may both 

I, 

.i 
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control e.lectric discharge by' varying. a dimensi,on of. the 
insulat.ing medium, such a~ its W:idth. However,. in the prior 
art, the stored elect~ostatic charge ·wa~ usually either · 
studied fpr ·. indirect effects on other devices or regarded as .. 
an energy store to be. used to perf-Orm sqme type of meaningful . . 
work. The prior art does not recognize.that the stored 

. . 
electrostatic charge may b~ used as.a timekeeping .substa~-ce, 
as de·scribed al;>ove in the· .anel:logy. between an h.ourg~ass and the 
present inv~nt1on, which.can be unders~ood as an· electrostatic 
hourglass. 

Moreover, the prior art ·doe~ not recognize that the: 
di~cJ;large. p°I-ocess it$elf is temporal.ly meaningful for most 
electrostatic storage devices. In the case of .the capacitor·,. 
in which the.prior art does recognize that its discharg~ ~ate. . . . 
is. temporally m~aningful, the cap~~itor is not entirely · . 

. . 
··insulated and oz:i.ly .operates thfough the use of conduc.tive 
contacts .. Moreover,. an horoiogically.practic~l application 
·involvin~ a c~pacito~. is o·nly useful because the .discharg.e · 
process then powers. "other eiec:trical or electronic: components 
with which it has a conductive contact. ·1n fact, capacitors 
are usually employed in· a man.p.er which cycles ~h~ charging· ~nd . . 
discharging process.es in order . to achieve some·· type of . 

. . ... . · electri.cal time base. Usually called a relaxation oscillator 
or a relaxation gener~tor, ~ fundamental" frequency can be 
generate~ by ~he time of charging or discharging a capacitor 
or coil through a resist:-or. Hence, capacitors require a 
continuous power sour~e as they dissipate relatively large 
amounts of energy for any horological application, which 
prese~ts a motivating factor for the·present.invention in 
which th~ power source can be eliminated while the electronic 
_.horologiqal. device. continues measur:ing time. 

In contrast to a capacitor, the present invention relies 
upon a discharge process· wherein an electrostatic charge is 
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di~charged··from ·an insulat_ed charge storage element over a 

perio<'.1 of:. time in such ·a. manner as to allow one to use the 

discharge "proces.s ·itself as a temporally meaningful proces"s. 

The manner iri whic.h the present invent.ion accomplishes time 

measurement also alJ,.ows for common, daily activities qver 

pote:atially. long: periods·. of time. 

. . 
Insulated charge.storage element as horological device 

With reference· now to Figure~' a block diagram. depicts. . . . . . 

an insulate~ charge storage element usable as an ~orological 

cievice in ac;cordance with an em}?odiment ~f the pr.esent 

invention. System ·20~ pro_vides sup~orting elements, 

structures, or devices ·.necessary f_or in=i:tializing the 

norolo9ical device at the be9inning of a measureq time period 

·and for determin·ing ·an elapsed· tinte period since the . 

initialization. 

Programming ·unit 202 draws.electrical power from. 
. . 

electrical power s_upply A 204 for. its operation~ Programming 

·u:i:iit 20~ receives- programmi.p.g .r:equest signal 206,. which 

· instruct_s programm~ng unit 202· to :.t..nitialize the charge 

storage element, after which charge generator 208 uses charge 
. . . . . 

process 210 to ~irect or inject electric ch~rge into· the 

·insulating medium of the charge storage element. 

As not~d previously,· a variety. of programming mechanisms 
. . 

and programming times for charging the charge.sto~e element 

may be .used in the present invention, wherein t.he choice will 

~e de~endent 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 char_ge .process _may be implemented via channel 

hC?t electron inj·ection. For other transistor configurations_. 

c·onta_ining a charge storage ele:r,nent, other charge injecf_ion. 
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mecha·nisms -may be· appropriate. If an entirely. dif~erent 

·implementation comprises· a charge-storage eleme~t that is not· 

contained within a tr.ansistor, then the programming mechanism 

may comprise an· entir_ely diff·erent ch~rge process, ~uch .as. an. 

electron be~m or ~ laser beam capable of ionizing_ t~e 'internal 

medium, particularly ~f th~ insulating meditim of the charg~ 

storage element comprises free space. 

Programming unit _2o2 may provide_ an optional ._status 

signal 212· that ipdicates · t.o the prog'ranmun~ requester whether 

or not the programming operation-was success£ul. In this 

manner, programming unit_ 202 may b_e operated :in a .synchrono.us 
. . . 

. ma-nner. Alternativeiy; programming unit may ~perate . . . 
asym;:hr-onously by ·generating a· stattis signal only during error 

. . 

detection. ·A varfety of ~echanisni.s for communicating with the 

progr~mming unit should be apparent to ·one of ordinary skill 

in the ai;t ... 

The insulating medium .of the ·charge. storage element· ,~oe~ 
not present a· complete barrier to charge. -Inte~nal medium 224 

of charge ·storage elemen.t 222 · receives the electric charge 

thr.ough insulati11:g· ·medi'um 220, thereby giving charge storage. 

element 222 an initial el·ectric potential with re$pect to 

othe~ components in system 200. The.electrostatic charge' 

stored in·the internal medium" immediately begins to b~ 
. . 

discharged through insulating medium 220 'by electr·ostatic 

discharge process 226. 

Time detection unit 230 draws electrical power from 
.. 

electrical power.supply B 232 f~r its operation. 

Alternatively, a single electrical power supply could provide 

all.nece~sary electrical power to system 200. 

At some given point in time after charge storage-element 

222 has been programmed, time detect:Lon unit 220 rec-eives ·time 

measurement request signal 234. Electrostatic detector 2·36 
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within.time detection ·unit 230 determines, e;i.ther directly or 

indi,iectly, a value for the remaining electric p·oteh~ial of 
. . 

"charge storage element 222 through ... electric fieid 2.2~, which 

is then converteg to an elapsed time value or .. indication by· 

potential-to-time converter 238. ~lapsed ti~e. s~gnal 240 is 

then sent to the device that requeste~ an ·observation of the 

ch(;!.rge storage element,. The elapsed t.ime indication .may bave 

~- var~ety. "o;f forms, such as a "timestamp, a data value. . . . 
. specifying the elapsed time as. a numbe.t of time units_, or a 

binary fndi~ation speci.fyin~. whether or hot the elapsed time 

is greater than a prede~ermined ·time period.· 
. . 

System 200 may be· implemented as .multiple devic.es. The 
. . 

programming unit may be. ppysically". coupled to · a devi~e· 
. . . 

containing the.charge storage element.during fts prograinming 

operation, after which the progr.amming unit. is decoupl·~a. · At 

·some.later point in ~ime, the t~e mea~ureme~t unit may be 

phy.sically coupled. "t;o the. devic~ containing the cJ:iarge storag~ 

~lement during. it's elaps.~d time" dete~minat.ion, ~fter :·w~i.ch the 

time measurement unit. is· decoupled.· This multi-device, · · 

-.~ulti-operation environment may ~ccur in an application in 

which the. charge storag~ e.iement is present. ·in a portable 

·device, such as a simple, external-ly powered, smart card., 

PCMC~ ·card, or other ~hysical token or article.of 

manufacture. As noted previously, however, the horological . . 

device· of the present invention may be implemente<'.l .. in a 

variety ·of forms· depen<;iing 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 wi.thin a computer or 

elec~ronic device that uses an horological device in 

.·accordance with the present inventio·n. 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 
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proc:::ess for ~nitializing the charge storage element begins by 
sending a programming.request.to the programining unit (step· 

· 252).. Optionally, after the progr~mm.l,.ng process is completed.,· 
a status signal is then received from· the programming unit" . . . . 

. . 
(step 254). The.process is theri complete, and .the requesting 

. . 
logic may perform other actions . 

. 'In Fig11re 2~, the proces.s for obtaining a value or 
observation of an elapsed time period beg-;ins by sending a time 
measure~ent requ~st·to the ·time detectio~ u~it (step :262). An 

elapsed _time value is. ,then _received .. from the time detection 
_unit (st~p 264). The process is th.en complete, and the 

. . 
·requesting logic may perform oth~r actions. Various methods· 
for· sending and re.ceiving data fr.om· the programming unit and . . . . 

·time detection unit sho~~d be. apparent to one of ordinary 
skill iri the art·. For· example, the. programming re~uest and 

. th¢ time measurement request may be sent thrc;;ugh . a simple '· . . . . 

memory writ~ comm.and if ·the· 1.inits are memory addressable_ • 

. one or more sets of binary time cells employable as an .. 
horological device 

A third embodiment of the present invention exte.nds the 
first embodiment by employing a.set of time cells.as _an . 
horological·device·rather than a single time cell. In the 
first embodiment, a read operation is performed on·a time cell 

. . 

that has been designed to reduc~ the thresh~ld voltage of .its 
transistor to a predetermined value within a predeterm~ned 
period .of time after it. ha~ been programm.~d, a.·~d 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 ar~ 
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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its transistor to a -predetermined value within a predetermined 

-perio.d of time after it has been progr~mmed~ rn··other words, 

each time cell in the set of: time cel·ls poss~sses a different 

dischar_ge function from the other tiine cells in tl;l.e set. Each 

time celf in.the set de~ays differently.ov~r a different time 
. . 

. p~riod ~rom the other ~ime cell~. · Th~ amount of retained· . 

electrostatic charge in the· charge storage eleme~t of each 
. . 

time cell is.observed by performing a read operation on.each 

of the ti.me. cells t'o determine whether the associated time 

period f·or eijtch time cell has elapsed.· The read operation can 

determine from the current state of the time cell whether or 

not the pred~te.nµ.ined period of time for each time· -c_eil has. . 

passed, t~er.eby providing gt~nularity for multiple time 
periods. · 

In·a device in·which each time .cell contains a floating 

gate FET, .. the thickness of the turi.neling oxide in each FGFET. 

can be uniql,le · ·am~>ng ·the .set of time cells. Each .time cell 

will ~hen experience . .a unique profile . of . ·electron. turm.e·ling' 

giving· each floatix:i.g gat~ a dif·ferent cb.a_rge .. d~cay_ .fu~~t~on,. 
As the· retained· "c:harge; of. each. floati~g gate diminishes, the. 

·threshold voltage of each FGFET wiil diminish.at unique rates. 
. . 

It should be noted that it is not necessary fqr·each t~e· 
~ell ·to be cons.tructed ·in the same manner. For example, the 

transistors in each·time cell in the set.of time cells may be 

different tyPes of transistors. Moreover, if the transistors 

in the set of ~emory c~ils ·are the same type of t~ansistor, 

the tunneling regions in each transistor may di.f fer. 

·Alternatively, 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 bec~use of var:ying initial conditions in ea-ch time 

cell. For. example, a set of identical time cells may be· 

programmed for .different lengths of time, thereby providing 

.• ~ 
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.. each, of the time cells. with· a . different initial amount of 

charge and. a different ability to measure· .shorter. or ·1onge~ 

tim~ ·period~, ·although· eac::h type of time cell may be · 

cons.tructed differently and also have· different programm.ing . . . . 

· pe.r~od~. Continuih~ · t~is example, in a device· in which· each 
time.cell in· a set of time· cells contains a substantially 

identical floating· gate FET·, ·the programming period for each . 

. FGFET dan ·be unique ani.ong the set of t:-ime cells . · E~ch time 

cell.will ·then experience a un,ique profile of electron 
. . 

tunneling, giving each .floating gate a di~ferent charge decay 

function. As the retai~ed charge of each floating gate 

diminishes,· the. threshold voltage. :of each FGFET will diminish 

in a un~que fashion. 
It.should be noted that the concept· of multiple discharge 

functions could· -also be applied to the second· ·embodiment ·of 

the.pre~ent inventi~n discussed above •. For ex~ple,_ multipl~ 
:insul~ted . char9e storage elements· ·Could b~ charged and 

. d.:j..schar"ged .in diff.erent ma~ners. 
. . . . 

Wit~ re~erence now to Figure 3A, a block· diagram depicts . 
a set of.time cells· in accordance with the third embodiment of· 

. . 

the present invention. F~gure 3A shows a· set of sixteen time 

cells 301-316 that are constructed so that each time cell 
I 

mea~ures a unique period· of time. ~or example, the time cells 
. . 

may be. constructed in the manner described above with respect 

to n?n-volatile memory cells with·varying tunnel regions or 

·programming peri9ds . 

Th~ time cells c.an be a·rranged as M x· N arrays of 
. . 

different sizes, and the time cell array may be -constructeq 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-vol~tile memory cell, 

and operation of the time ceil ar.ray may be very similar to 

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

i 
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. 
time· cells may be arranged ·such that the time c·ells. operate j,n· 
byte-like units in which eight _time ce~ls are .initialized or· 
read in a· single ~peration. The depicted or described time 

. cel-1. array should not be interpre_te~ ·as limiting the 12.r.esent 
invention in the manner in which· multiple time cells ~~y be 
arranged . 

. As discussed previously, the specific geometric, 
dimensio~al, or physical-cha~acteristics of eacJ:i. indi~idual 
time cell a·re s.e~ected w~en the· .c;ievi;ce is marn1factured. 

. . . 
However,. the time period measured by _any g1ven t;ilrie cell may 
be adj·usted, · within spec:ific ranges, .by· storing va.rying amount 
of e~ectrostatic charge in the time cell. 

Time :cell interface unit 320 provides the necessary~ . 
. . 

simple ci~cuitry f~r addressing time cells· 301-316. Time cell· 

interface.unit 320 responds to signals ·from programming 

request proc~ssing unit 322 that, indicate that one or more ·. 
time ·c.ells are to be initialized. P~ogramming request 

.. p_rocessing" unit 32·2 responds to ini~ialization requests 324 

from other· c"omponents in ·a·· data processing system. 

Time cell: interface. unit ·~20. and time cel,ls ·301-316 ·may · 
·resid~ in a physically. separabie object, such as a portable 
device like a·s a simple, ex;ternally powered, smart carq. In 

·that cas··e, time cell interface unit 32.0 .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· re~ponds to signals 

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 physic~lly separable from programming request 
processing u~it 322. ~ne or more read operations can 

determine from the current state of· the time cells whether or 
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. . . 

not· predetermine~ time periods have p·assed., thereby provi<:Iing 

granularity for multiple ti~e periods. 

As ··noted. previously, the time peri?d for a programmed 

tiiri.e·cell can.be determined to haye expired when a read 
.. : 

operation on the time cell returns a logical "0",. or mo.re 

simply, a ''time c.e·11 has expired" if it cqntains a 19giC'.al "O" · 

at some point after it has been programmed. In the example' 

shown in Figure 3A, all.of the sixteen time cells. can be read· 

i.n a single time detection operation, th~reby prqqucing · · 
. . . . . . . . 

sixteen·bits of time informel;t:j.on.· Hence, a 16-bit binary 

value is abl.e to represent the entire contents of the time 

cell a~ray, ·a~d as explained below, the· resulting 16-bit 

.string can represent an elapsed tinie .period since the 
. . . ; 

initializ~tion ·or· the prog~a~ng ~f th~ .·time~ cei~ array. The 

temporal .resolution provi~ed by the 16-b~t value is dependent 

upon the ·time ~eriods that are measurable by the time cell 

array . 

. · Referri"ng again to the example time· cell array shown in 

Figure 3A, it may be ~ssumed.that the time. celi interface unit. 

returns logical z.eroes for expir~d. time. cells; and it niay also 

be assumed that.the time cell array is· read such that the 
. ' 

least significant time .bit represents the tiine cell with .the .. 
shortest time period. A bit string of OxFFFF (hexadecimal 

format) repre~e~ts that it has been iess than one week ·Si~ce 

the time cell array was initialized; as an example in which 

the device has an .accuracy of ± 1%, time cell 301 ·ca.n measure 

a one week time period within a range of plus or minus two 

hours. A bit string of OxFBOO represents that it has been 

somewhere between· 5 and 6 "months since the time cell array was 

initialized; as an e·xamp:J..e in which ·the device has· an ac;:curacy 

of± 1%, time cell 312 can measure·a six month time period 

within a. r.ange of plus or minus two. days. A bit string of 

OxOOOO represents that it· has been over 18 months ·since the 
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time ".ell' array was initialized; a~ an example _i.n which -th~ . 

device has an accuracy of.± 1%, ~ime cell 316 ~an·measure an 
. . . . 

eighteen month time period within a. ra~ge of plus or.minus six 

days. 

Time .detection unit 3~6 may receive requests and -return 

time indications in a variety of ~anners .. For example, a time 
. . . . 

reqliest may consist. of a query comm~nd that contains a time 

value, Which the. time det~ction wiit interprets ?1-S a _req~est · 

for a -determina~ion· of whether · o:r not th~ elapsed t~e period 

.for ·the ~lliie cell array is greater than the time value in the 

query command. If so, ~he time detection uri.it·returns a 

boolean valu~ of :''true", and if not, then the time d~tection · 
• . I • 

uriit ~etu~ns a. boolean value qf "false". Alternatively;.· the 

time detection unit can ret~rn the bit st~ing.that is received 

·from the time c~ll interface uhit if the compo:rient·. that· 

gen~ra~ed ·"the re<IU:es.t · has knowledge of the time periods 

represented by the time cell array . 

. · In anotl:_ler alternative, the· ·time detection unit can 
. . . . 

return ·a binary value t~at represents the minimum, verifiable. 
. . 

number· o·f seconds ·that have elapsed since t~e i~itializ~tion 

of the time cell array. Fo~ example, if the time cell ar~ay 

contains a curr_ent bit string o~ _O;x:FSO_O,. th~n the _ti~e cell 

arra.y was initialized somewhere between 5 and 6 months ago; 

the· time detection Ul'.li~ c.(.)uld· then re~urn a 32-bit binary 
. . 

value of OxOOC5ClOO, which is equal to ~ decim~l value of 

12, 960, ooo·, :which is the n:umber 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 measur~d an elapsed 

ti~e period of at least five mo~ths. Many operating systems 

contain system Qalls which.support the computation of t~me . 

perio~s .in units of seconds or less, so the.original requester 

may actually desire to have the elapsed ti~e returned -in this 

form for ease -0f use. 
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~he desc·ribed time period representations should not be 

interp_reted as limiting t_he present .invention in the manner in 

whiGh elapsed time periods may be repor~~d. · 

. Ah_ initia.li_~ation request :or programming_ request may 

initiate. ~oth. an.· i~itialization operation for a. newly 

manufactur~d time cell ~rray a~d als_o an erase operatio;n that 

e:ffectively initializes all of.the time cells in the_ time cell 

array or a: subset o.f c~lls in th~ t~e cell array. : . 
. ; . 

. ·Alternatively, the programming request processing unit may_ 

accept separate ·erase ot reset requests-... Although, in 

general, al~ ·of t~e time cells within the ~ime ce~l array 

would be. ,initiali~ed at the same ·time, it is possible t;:o 
. . . 

divide ·the time·cell array ~nto suJ:?sets of time·cells· so.that 

_multiple elapsed. time P,eriods are .being measured. 

Wi l:;.h ~e_ference now to Fi~e 3B·,. a block. diagr_~m depicts 

an ar~ay of time c~lls divided into se~s of t~e cells in 

accordance w~th .an embodiment of the ~re~ent inve~tion. 
. . 

·Figtlre ·3B shows a set o·f sixt°een time cells similar· to those· . 

shoWJ;t·in ~igure 3A. T~m~ c~ll ~nterface u.nit.330 provides .the 

necessary, simple ci_r:cuitry for addressi~·tg time cell~ -~31-346. 

The time.cells can be arranged.as M x N arrays of 

di·ff~rent sizes .. For example, ?ne could divide a time cell 

array co~t~ining sixteen time ceiis into four sets of four 

time cells, _and the four sets could be constructed· s:uch that 

each set measured different periods of time. 

In the example shoWn in Fi~re 3B, time cells 331-334 

form a single set in which the set collective~y measures a· 

four-week time period in one-week-incremehts. Time cells 

335-338 also form a set of time cells in which the set 

measures a four-week time period in one-week incr9n1:ents. Time 

cells 339-342 and time cells 343-346 form two sets in which· 

each set collectively measures an eight-month time period in 

two-month.increments. 
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·Each set.of four time cells may be initialized by 

different: data proce~sing systems for different purposes at 

different s.t~rting t:i:mes. The time c~ll array may monitor a 
;'. 

~ximum of four different time periods, or four ~iffere~t 

"time sets", whereas, .:j...n general,· the maximuni. number. <?.f time 
. . ~ 

sets would depend on the number : of time . c~l-ls in the time cell 

array and the· inanner in which the time cells ·are constructed · 

to measure different time. periods. ·For this type of 

functionality, time cell· interface unit. 330 ~Y hav~:other 
. . 

non-volatile ._memory cells, such· as·. :time set ··identifier. unit 

348, ·for ~tqring us'e indicators that show whether a particular· 
. . 

. tinie s.et:. is already· in use and for;· storing :infonp.ati,on that 

identifies. the data processing system that "·owns" a particular 
. ' 

time s~t.· 

Timest~mps may also be ass~ciatively stored in the 

non-volatile mei_nory cells in the ·time s~t identifier unit s·o 

·that". a ~e~sing de~ice may. read the time ~.t .which the time set 
·. 

was initialized o.r .initiated. The time set identifier un·it. . \ 

may also-supply in.formation to the programming request 

proqessing unit concerni~g the time ·set~ available for · 

request. 

With reference ·now to Figure 3C, a block diagram depicts 

an array of time cells for measuring multiple time p~riods in' 

accorda~ce with an ~odiment of.the present invention .. 

Figure 3C shows· a set of sixteen time cells similar to ~hos~ 

shown in Figure.3A. Time cell interface unit 350 provides the 

necessary circuitry for address~ng time cells 351-366. In 

this example, all of the time cells have identical associated 

time periods, and a devic~ that·~ontains the time cell array 

may monitor sixt~en concurrently ·run~ing time periods with 

different st~rting times. Again, it shoul~ be noted that the ·· 

time periods associated wl.th a -t::ime cell may· be set through 

the construction of the time· cell, which gives the time cell 
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its particular phy-sical cha:racter~stics, or thro~gh the.· 

programming p~ri·od f-or the· t~me. cell, which. gives· th€'.· time 

ceii its electrost~tic charge that s.erves -as an ini,:tial 

condition for the time cell's discharge function. 

Time.~et identifier· unit 368 may ·stc:>re: use ihdi-cators 
. . . ' . . . 

. .that .show. whether a particular tim~ cell is already in .usei . 

identification informat~on o·f the data processing system· that 

'~owns" a particula:r t~e cell; a t:i.-ln.estamp ass~ciated with the 

time celi indicating the time-at -which the.time. cell.'s elapsed 

tim.~ per.iod ·was initiated; and any other ;information .which may 
. . 

be pertinent to the opeJ;a~ion of a time ce.11 array and it"s· 

use~ 

The time c~ll array sho:Wn in Figure 3c may also be ·used 

in the· toilowirig manner. ~he time set identifier.unit may· set 

aside time cells 351-354 to monitor"a single six-month time . 

period for a single requested time ·:period or time ·set. Rather. 

~han using a single time cell for a· requested time period; 
... 

mul"t:iple time. cells are.; .used. When a time request is . 

.. received, the·re~dings from time cells·351-354 are· 
. . . . 

statistically·corilbined to form a determination as to whether 

the time period has elapsed. For example, a six-month time · 
. . . 

·period is not determined to have eiapsed ·unt~l there ·are at 

least two expired time cells. In this manner, the_ -~~e cells 

ma~ be vie~ed as providing a type of redundancy or 
error-checking in their elapsed time· .measuring capabilities·. 

Of. course, the·n~er qt t~e cells that are .used as a 

redundant .. set and the nl)lllber o-f t.ime cells that are requ~red 

for a positive determination of a-n elapsed time may ~ary. 

The redundant use of time cells may plso be. used in more 

complex ways. Referring again to Fiqure 3B, time cells · 

335-33.8 may act as a backup set or error-checking set to time · 

cells 331-338. Eaeh of these sets of time cells can measure a 

four-week time per"iod in one-week increments, so the time set 
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. . 

identifier unit may require that each· set of time cells show a 

minimum ~laps~d tim~ pe.r.iod before· that t_im~ period is 

confirmed. For- ex~ple, as~um.ing again.that the·time cell 

array is read such that the least significant time bit 

rep.resents the tim~ cell with the shortest time· .period, the 

time s-e·t. .identifier urii"t: might require a readiI?:g of OxC from 

each set of time cells before positively.reporting that a 

two~week time period h~s ·elapsed since. the-two set of time 

.ce.lls wer~ initialized ·or pro$Jr~ed. 

With ·reference now to Figure 3D, a _graph1cal depiction.is 

provided for a smart car4 that may be used in coi:ijuncti"on with 

the present invention. Sma~t card 3iO includes input contro~ 
. . 

buttons 3i4.1. and el~ctronic d:isplay 376. · .Buttons .374 may be 
. . 

used by a· purchaser or owner o_f the smart card for inputt.tng 

and selecting spe_cific functions provided by an application 

operating ~n the smart··card. 

Display 376 presents inforin.ati~n to the user. of the smart· 
. . 

c~rd generated by applications "within the .smart card, possibly 
ip coll:juncti°qn ·with ·a device .or dat~ proce·s~·ing system to 

whic~ the smart c~rd is coupled or in which·the smart card is 

inserted. Alternativ~ly, smart card 370 does not have a 

display,·.but a· user may oper(lte a reader device that couples 

to'the smart card and interacts with the smar:t card, ·a~d the 
. . 

user can view optional functions and selections on tQe display 

of the ·reader device. In either case,. a .user can be.·prov.ided 

with textual an~/or graphical indicators on th~ d~splay of a 

device ·that indicate the status of. one or mor~ 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 conjuncti9n with· a time cell array of the present 

invention. · Smart card 380 shows·. th~ typic~l internal hardware 

·compc:>nents of a smart card, such as smart card 370 s.hown in 
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.. 
Figu,re 3D. sma~t card 390· contain~ a CPU 381 that provides 

processing .capabilities to various appl;i.cations located on 
'• . . . 

smart card. 380. Memor_y 382 prpvides· temporary _storage_ for. the 

loading and process.ing of data. Non-volatile memory :383 

provides perma~e~t stor~ge· for applications.and their rel~ted 
. . 

databases. Display adapter 384 generates ·presentation data to· 

be shown on display 385. Button control unit 386 reads and· 

processe:=i use.r s~lections of buttons on the phys_ical _inte.rface 
. . 

of smart·card 380. I/O -interface unit 387 allows smart card . . 

~80 to interface with variou.s card readers;. scanners, modems, 

·or ·other comp~ter or·netwoik-related it~ms. 

Button contr9l un~ t · 386 allows a user to·. input various 

selections and data to applic~tions"on smart ~ar~ 380. 

Additional ·input devices may be i~cluded with or interfaced· to 
. . 

smart card 380. Display 385 may be physically integrated with-
. \ 

smart c~rd 380, a~though other display units.may be connected 

_to smar_t· card· 380 .. ~on-volatile m~ory 393· may include a 

variety of storage devices and· c~p~bilities, such. as read-onl~ 
memory I ·flash ROM, ·or an IBM MicroDri:ve,' a product of 

International Business.Machines Corporation, located in 

Armonk, New York. Smart card 380.may al~o include~ Java 

Virtual M~~hine capable_ of .running Java applications ·and 

.applets. Those of ordinary skill of the~rt will appreciate 

that the hardware in· Figure 3E may vary ·depending on various 

implementation 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. 

Sm~it catd 310 or smart card 380 also contains a 

batteryless, oscillatorless horological device in accordance 
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with tbe present invention. Time cell.array ·399 is co~troll~tj 

by time .c~ll interface unit 399. for measuring time periods· in-_ 

a manner .similar to one or mor~ me~hods that. were described 
. ' 

~hove. wi~h respect to l'iglires 3A.:..3c. Alterna~_ively,· .t~e sma·rt · 
. . 

c'ard may contairi··a singie time cell~ The complexity of the. 

tiineke.eping requirements. for the smart card applications· may · · 

dete~ne the type.of time cell configuration for one or more 

· application-·specific purposes. 
. . . . 

·Smart card 380 may be· coupied to a device which contains· 

a programmiz:ig ·request processing unit. and a time dete_ction 

· unit, or smart card 380 ~ay be coupled to separate devices at 

di'fferent times. 

·With ·reference no~ to.Figure 3F,. a":block.diagram d~picts .. 
. . 

a rei;ation'ship between .a programming device, a sensing. devi~e, 

and an 'horolo9ical device ip accorda~ce ·with an embodiment of 

the.present invention. The -horological device.contains -0ne ·or 

m~:re time cells simila_r to that described Q.bove with r~spect 

to Figures 3A-3C. · 

System 390 ·shows initializing device 391 connected to· 

. battery~ess, oscillatorless, electronic smart card device 392, 

which in turn is connected to reading device 393. While it is 

possible that all o·f these devices are· ~ocated'.within the same. 

system, _dep~nd~ng up?n the applicati_on, each 'o~ these devices 
may be physically located with~n a diff.erent system,· product, 

_component, or other .device, .all of which may be networked . -
together in some manner. For example, ~he batteryless smart 

card.may be· initialized by.an issuing institution using 

:i,.nitializing device 391. A consumer may carry the smart card 

while it is monitoring an elapsed time period and .then may· 

present the smart card to a merchant. A merchant~s data 

·processing system that contains.re~ding device 393 may then 
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determine the smart card's elap~ed-time period for a variety, 

of business reasons. 

Much of the programming device circuitry and read~ng 

device circuitry may be implemented .. on smart card 392 •. . . . 

However, add;itionai. circuitry add~ to the c·o~t of ·ni.anufactur~ 
of the smart card, and there may be other c~mmercial 

considerations. Although tP,e smart card.may contain thi~ 

~dditional circuitry,, it should be understood.that. the time 
. . . : 

cell is still directed to. powerless or batteryless.operation. 

For example, ·the smart card cQuld c0ri.ta;Ln a pr<?g:rm:nzn.ing or 

. .:l..nit:ializing circuit, one or ~or~ .t.inie cells, and a reading or 

. senf?:lng circuit,· .. in which case the p~og.iamming and "sensing . ' 

circuits draw ele~tricity from a power source external to the 

smart card. 

Initializing ~evic.e. 391 contains programming unit 394 

which receiv~~ progrannning comm~nds and sends· status about t~e· 
. . 

programming operati?ns (~ot .shown) .. Programming unit.394· 

control,s the progralnmin~ operation .of time c"elis 395. ·Ollce 

the._programming operation. is co::mplet.e, the time 'cell 

discharges ·its stored charg~.over time. 
. . 

. At a sUbseque.nt point in time, smart card 392 is coupled 
. . 

to reading devic.e 393, in which time detection unit 39~ 

. determines the current th;reshold voltage(s) of the tinie 

~ell(s), aS'WaS described above, and returns the elapsed. time 

corresponding to the· curr·ent threshold voltage in some manner 

or ret~rned to the requester. 

An horological device with an expanded floating gate that is 

common to a programming FGFET and chargeloss-sensing FGFET. 

A fourth embodiment o.f the present invention extends the 

c.oncept of ~sing the floating gate o~ a floating gate field 

effect transistor (rGFET} as.the insula~ed charge storage 

element for an horological· device in accordance with the 
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present_i~vention. Preferably, a·programni.ing FGFET and a 

cnargel~ss-sens-ing FGFET have. a couilnon, expanded .floating 

.gate. Th_e progr_amming FGFET is used to progr~:µi. the common 
. . 

floating gate with .an amount of electrostatic charge·· that is 

·greater than·th~-~mount of electrostatic charge stored by a 

typical FGFET .. A~ selected point$ in time~· the electric 

potential of the· floating gate is then ·_indirectly dete~ned 

~y a charge loss s~nsing device with the assistance of the 

chargeloss-sensing FGFET, and ~he measurement is converted 

into ·_an elapsed time value. In effect, .the chargeioss-sen~ing. 

FGFET senses the amount of stored electrostatic charge that is 
. .. . . . 

lost over a period of time by the ~evic~. · The device for this 

embodiment may be tenJ!.ed a programmable chargeloss~sensing 

(PCS) _floating gate field ~ff~ct transistor, or. simply. _i?CSFET. 

In general, the operation of a PCSFET is sil!lilat to the 

operation of a ·time c~ll whose.form is ~ased on a non-volatile 

. memory ·_cell. ·As p~eviously described· above, the associated., .... 

measurab~~' time· ·t;>~r.iod. ·_f_or thi~ ~ype ~f ·.time cell ha~ ex~·i.red 
. if. it ~ontains .a logical ''0" at some point a~ter it has been. 

programmed. _·The b;i.n~ry deterndnation of. wheth~r. ~r not the 

time 6e·11 has _expired provides a basis for calling thi~· type 

of time cell a "bina.r:y time cell". In contrast/ the ·operation 
. . . . I 

of th~ PCSFET results in ~n analog measurement of its state : 

.when _.an elapsed time' ·is to be observed, as de.scribed in mor·e 

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 pe termed an "analog tim~ 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 chargeloss~sen~ing FGFET together with ·a common . . 

floating gate. In Figure 4A, programming FGFET 402 is 
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"coupled" to chatgel~s.s-seilsing FGFE'.l' 404 (also ~dmp.l_.y termed 

"sensing FGFET1') through commol;l floating _gate 406. 

:Programming.FGFET 402 has control gate 408, drain 410, and 

s'ource 4~2, while sensing E'G~ET 404 has .drain .414,. source 416~. 
. . . 

and control gate 418. Common. floating gate 40_6,. thoug~,_· acts 
. . . . 

as a floating gate for bo"t:h FGFETs-; progr~ing FGE'E~ 402 
. . . 

stores· an· electrostati.c charge_.'into· common floating gate 406, 
. . . . 

and sensing FGFET 404 indirectly ·deter~nes t~e amount of 
. . . 

~.lectro .. static chai;'ge· retained: in· floating gate 406 at· a later 

poin~ in time after the. programming operation. 

Figure 4B.is similar tp_ Figure 4A except that ~iqura.4B 

depicts .. a p~eferred ·~oditnent in which an additionai el,ement 
. . 

is added to the circuit.· coupling gate. 420 as~ists in storing 
. ·-

. a· larger amount .. of charge onto the common floating gate. t:q.an 

would otherwise be possible without coupling gate 42-0, ·as i·s 

explained .. in more detail ~elow .. 

· In order. to store c?-a.rge in the. ?Oltlmon ·floating. gate,. the 

f·loating 9at~ mus_t be programmed. During the programming 

operation, _only· the progr_amming FGFE~ ;is used. The . . . 

chargeloss-sensing FGFET remains idle, and the voltages at its 

·source, ~rain, an<:\ contro_l. gate are allowed to float or are· 

tied to ground.. P_referabll'.', the pro_g:ramming mechanism is 

.cha.nne·l 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· embodi~eht, the common ·floating gate is employed 

to accumulate a.larger a~ount of charge than may be stored by 

a typical E'GFET. A larger amount of stored charge provides 

two benefits. First, the coinmon floating 9ate will require a 

longer period of time to discharge a larger amqunt of ·stored 

charge. Hence, .a longer elapsed time period can. be monitored 

when the device is in its time monitoring mode of oper~tion. 
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.s~~ond, the larger initial charge increases the initial 

condition -for the charge deca"y function, in a manner similar 

to that describ~d above .wit,h respect to Figures- ·1L-lQ. ·The · 
. . . 

larger initial charge causes the chargeloss-sensing F~~ET.to 

have a highe.r. initiai th~eshoid· voltage, which sh~fts ·the 

decay. _or discharge function rightward wh~n vi_ewed ~n ~ . 

threshold voltage· de.cay chart. This allows a _design~r to pick ·. 

the range of thr~shold voltages over which the PCSFET device · 

··will operate during. tl).e ~lapsed time period. ·one reason that 

·this is important is because the circ.uitry containing the 

PCSFET operates __ within ce·rtain vol~ages, and the ~perational 
threshold voltag~s ·ot the-~CSFET c~n·be brought into a range 

of volt~g~·values that simplifies the design or op~~atiqn ~f 

. the surrounding circuitry. 
. . . 

However, · duril)g the programming· operation, .as the c;::harge 

accumulates ··~n the floating gate, the accUro.ulating charge 
repels an increasing. number.of electrons that are being 

emitting into th~ tunneling oxide of. the programming FGFET; 
the electrons are repelled back. i,nto the .. ch~nnel ." .. In· this 

scenario, th~ el·ec~ric 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 appropria.te vol ta~~ is applied to the coupl~ng gate~ 
·The coupling gate· 1nduces an electric field·thro~gh the common. 

floating gate, . giving the float;tng ga·t~ a larger capacit~nce, 
i.e. a larger ability to store charge. The ~ohfigurations of 

. . 
the coupling gate,· the common floating gate, and other regions 

are described in more· detail with respect to Figure 4F. · 

With reference now to Figure 4C, a diagram depicts the 

yoltages 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 
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applied at the drain of the programming FGFET ,. herein termed 
. . 

V~. Becaus¢ elect~ons:are be~ng injected· into the floating · 

gate, a high positive voltage, here1Ii termed Vcs1 is app~ied to. . . . . . . 

the coupling ·gate· to a-i::tract ntor.e i:n.jected electrons into· or . 

onto the floating gate, thus allowing the ~l.9ating gate .to 
. . . .. 

The reac~ a higher potential·tha~ without the coupling gate. 
. . . . . . . 

coupling gate voltage VcG is slightly higher· than VPD s-o that 

the voltage of the floating gate .ap~roaches.a hig~er value. 

during the p~ogramnling. ·process·. 
. . . 

The· source of the programµu:ng· FGFET is·· tied to ground -

while i·ts. cont.rol gate receiv~s a· voltage VPG, which may be 

·suJ?stantial.l.y the· same volta~e as. YPD· The te~inals of the 

sen~ing FGFE~ are.un,biased and allowed·to float. 

With reference now to Fi~e·4b, a diagra.nl.dep1cts t~e 

voltages appli~d to the various terminals. during a sensing 

op~ration fo·r a· device ·in accordance with an embodiment of the . . . . 
. . 

present invention.· The manner in which an elapsed.tim~.period 

is determined.for a pr6grainni.ed de~ice in this embodiment is 
. . .· . .. . . 

significantly different than:the time detection operations· 
. . . ~ . . . . 

that are described above for ot:tier . embodiments. ' In this· :. . 

.embodiment, ·the time detection operation comprises a threshold 
. . . 

voltage sensing·operation .in which the retained electric 

P?t~ntial ·of ·~he ret~i.ned electro·static cha~ge. on the ·floati~g 
gate is indirectly determined or '~sensed". through the 

~hargeloss-sensing FGFET. Figure 4D shows the voltages that 

are applied to the· device du.ring the sensing ope.ration. The 

source, control gate, and.dr.ain of. the sensin~ FGFET are 

biased w:i:-th volta~es V~s'. VSG, · and '!s»i respectively, in a manner 

which allows_ for the sensing ·operation, as ·is desc.ribed in 
. . 

more detail below. The upper conta~t of the coupling gate is 

unbiased and allowed to float, whereas the lower portion of 
. . 

the coupling gate i.s biased at the same voltage as the source 

of the ch~rgeloss-sensing FGFE.T, which is shown as Vss in 

.• 
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:Figure 4D. The terminals of tne programming FGFET are 

unbiased and allowed to float. 

With ·reference now to Figure 4E, a di~gram depicts a 
. . . . . 

... 

physical device comprising a.programming FGFET coupl~d through 
. . 

a connnon floating g_ate with a chargeloss-sensing FGFET_. ~:n 
. . . . 

combinat~on with a coupling gate in ·accordance with an 

emb~diment of the present ·inventio~. Figure· 4E shows a top 

view of a physical PCSFET device. · Fi~re 4~ also sho~s most 

of the voltages that ar·e applied to .the device both dur"ing a 

programmin·g ·opE7ration ar.id. a sen:!?ing opera-tion1 .although these 

voltages are not necessarily applied s.imulta~eously or 

concurrently, ~s described above with respect to Figure 4c·anq 

i'igiire · 4ri .: 

.As shoWn in ~igure 4E, a portion of the common floating 

·gate is placed vertically between the control gate an~ chann~l. 
of the programming FGFET and also vertically between the 

~ontrol.gat~ and channel of ~he· sensing -~GFET. A 

·cross~sectional view of either the programming.FGFET or the 

charg~loss.:_se~sing_FGFET. would ~p;pear similar to". the·FGFET 

· shown i~ Figure lA, al though the .· commo~· floating gate in the · 

.PCSFET obviously ~xtends between the programming FGFET and the 

~hargeloss-sensing FGFET. 

Because of this configuration, the programming FGFET. arid 

the sensing FGFET both have a tunnel-ing reg·ion through which 

trapped electrostatic c.harge in a programmed comm.on floating 
. . 

.gate can be discharged through Fowler-Nordhei~ tunneling. As 
. . . 

previously described, the physical prop~rties and dimensions 

of the tunneling region may be constructed· to control the rate 

of discharge from the co~on floating gate. The overall 

4ischarg~ function of the PCSFET is 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 
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the tunneling regions may be p~rpos~fully considered to ·be 

more dominant· than· the other region. 

Alternatively, the regions between the common floating 
. . 

gate and the -channels ·in t~e programming· and 

. chargelos-s-sensing FGFETs may· pe co~structed so that;. 

Fowler-Nordheim tunneling in these. regions ·is negligible· over 
, . . . . 

the time·period of-~nterest, Instead, the PCSFET may have one 

. or.more_ dominant tunneling ~egions· adjacent to the commo~ 

floating gate. As described previously, a dominant t~eling 

· region may be constructed with more precision than other 

·eiements in the device in· order to achiev~ an actual device 

that· cJ.os·e1y_··adheres ·to :j.ts theoreti~al model, thereby 

enabl_ing more precis_e. time measurements ~o be . mad~· during the­

time period.of interest. 
. . 

As further_ examples of some of the phy_sical properties 
. . 

that may be controlled to obt~in th~·desired operational 
. . . 

characteristics of a time c~l~, on~ ~ay·modify, eith~r singly 

or {n ·combination, the aspects ~f the floating _gate and/or the 

other e1.~en:t~. of.-~ fl.<)~ti~g gat~ .FET. The ·-amount of ch~rge . 
that may be stored by the flqating gate can be roughly 

.f opnula tetj.. as : 

C = eox*A/tox . 

where C is the amount of charge, A is the area. of t~e floating 

gate, eox is the ·dielectric constant of t~e insulating material 

(e.g., .oxide), and t 0 x is the thickness of :the ox:i,.de or- other 

·insulating material. To va·ry the amount of initial charg~ in 

or on the floating gate, one can vary each of-these parameters 

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 fiel4 

effect t.rarisistor. · One c-an vary the channel length and width, 

. each of ·which e.ffect the tunneling area. For example, a wide, 
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long.device has more tunneling·area, thereby changing the rate 

of the discharge process. It should.be·noted that the 
. . 

thres~old voltage· for a long channel device can be 

substantially higher, however.· For a narrow channel device,·· 

the t~reshold. ·increases or· decreases depending upon the . 

fabrication technique (in other words, this is a second-order 

effect) . 
·For oth~r variations, fabrication process changes may·be 

. . 
· reqil?-re~.· · Again, .a thin oxide allows for faster tunneling· and 

lowers ·the threshold. A higher dielectric constant-also ... 

lowers the thr.eshqld voltage of the devi,ce. Thermal. oxide 
. . 
grown on poly. (polyoxides) permits tunneling at thicke.r oxides 

. . 

· at higher .. rates than those oxides grown therm.ally on. . 

monocrystalline s'ilicon." 

In Figure 4E, the.portion of· the common floating gate. 

within ~he prog~a:mming FGFET.is slightly larger thari the 
portion of· the c"ommon ·flo.ating gate within. the 

• • • • l. 

charge.loss-sensi.ng FGFET. ·nepending on the implementation of 

th~· device, the: sizes of these· portio:i:is may be equa;L or may 

vary. 

· With ·reference now to Figure 4F, a simplified 

cross-sectional view shows the positional r~lationships of the 

common float1ng gate and the coupling gate of' a programmabl~ 

chargeloss-sensihg FGFE.T in accordance with an. embodiment of.' 

the present invention. The.device· is not.necessarily drawn to 

sea.le, and the 'insu1a·ti11g material, shown as an oxide, m~y 

comprise one or more different materials· deposited or formed. 

in multiple fabrication steps. The comm.on floating gate is 

preferably composed of polysilicon. The common floating gate 

is preferably completely insulated by an .appropriate material, 

such as silicon oxide·. The co~pling gat~ is composed of an 

appropriate material, such as· metal or polysilic0n. 

·-·. 
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The size ·of the common floating gate is a desig~· cho"ic_e 

that depends on the a~ount of charge that one.de~ires to 

store, which is obviously: influenc·e·d ·by the discharge functidn 

that one desires. for_·a ·particular time measurement perio_d~ 

The magnit~de of VCG ~n the co~plipg gate depends upo~ the 
. . . . 

amount of charge that one desires to store on th~ ·floating 

gate. The substrate region below the coupling gate and below· 
. ' . . . 

the floating· gate is grounded or appropriate~y biased with 

respect to the coupling· gate. 

Preferably, the thickness of the oxide between the co~on 
flo~ting g~te and the ,coup.ling ga.te is much larger than the 

·. . . . . 
·oxide thickn~ss in the tunneling reg~ons of the programming 

FGFET and the charg~loss-.sensing FGFET. This preference is to 

·.ensure that the stored c~arge is lost mai~y through 

Fowler-Nordheim tunneling in t_he _tunneling re9."ions of the · 

_·progrqmming FGFET·and the ch~rgeloss-sensing FGFET and no~ 

thJ'.'ough tunneling to the coup~i~g ·gate. · 

As show in prev~ous figures, -the ~hickness·· of -the· 
tunneling oxide may vary depending up.on the elapsed ·time 

. . . 

·period. that .one desire~ to measure or d.epending ~pon the 
. . 

discharge function that one desires during the elapsed time 

period·. However, the thickness of the oxide between the . . 

common floating gate and the couplin~ gate and betwecin 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 ther~ is a tradeoff, though, for 
. . 

a thicker oxide _in these regions. . Whi·le a thicker oxide 

reduces charge loss, it· al~o reduces the capacitive coupling . 

effect of the coupling gate. A iarger distance between· the' 

coupling gate an~ the substrate reduces the electric. potenti~l 

between these two regions, the.):'eby diminishing the strength of 

the electric f~eld on th~ common floating gate situated 
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.between the coupling gate and. the substrate·. It should also 
be noted that the oxide between the coupling_. gate and. the 
common. floating gate does not necess·arily have.· the same 
di:tnens-ions as the oxide "between the common floating gate and' 
the substrate. 

After th~ progr~ng ope~ation, the stored electrostatic 
' . 

c~arge in the common floati~g gate will begin_ to tunnel . . 
through the .tunneling regions _in both ·the progr~ng FGFET 

._.a;nd the ·sensing FGFET, the effects. of which can be silp.ply 
. added together. As shown w~th respect to p~evious figures, 

. . 
th~ consequences of the char'ge ·loss on the threshold 'voltage 

"of .. a device can be mode.led. Hen·ce, the effect of the .charge 
. . . 

-loss on the. t~reshold -voltage of the sensing FGFET .can be used 
to determine an elapsed time period since the common floatfng 
gate ·was programmed. 

However, as.noted previously, the manner in which- the 
elapsed· time period is determined for. thi-~ embod;imel_lt of the 
present invention is dif_ferent .f:I"om the manner descr_ibed ab~ve 
with,respect to non-volatile memory cells that are configu~ed 
~s ti~e .cells iri accordance with· other embodini.ents of the 
present ·invention. From one per.spec ti ve, the device in this 
emb_od_iment operates in a similar manne~ to the previously 
described time cells; a type of floating gate FET is 
programm,ed, ·and the ·charge in the floating gate is_"allo~~d to 
dissipate in a discharge process through the insulating 
material-ov~r a period of time. In the.time cells in the 
previ9us embodiments, t~ough, a simple read operation suffices 
to determine whether the measu.ted time peri.od has reached a 
predetermined elapsed time; those time c·ells can be termed 
"binary time cells". In contrast~ the present embodiment uses 
a threshold voltage detection circuit to qete.rmine· the 
threshold vol~age of the sensing FGFET; the time· cells in this 
embodiment c_an be termed "analog time cells". 
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With refe,rence now to·Figure 4G, a·cirdtiit diagram 
depicts a threshold voltage qetection circuit in accordance 
with an embodiment of ·the present invention. The complete 
threshold voltage detection circuit comprises· the _PCSFET • 

• 
·only the chargeioss-sensing FGFET. is shown in l'igure 4G; ·the 

. . 
~erminals of the· programming. F$FET in the ~CSFET are allowed 
to float during the sensi~g operation, .and the termin~ls on 
the. programming FG.FET do not af·fect_ the: op·e.ratio:n of the 
threshold voltage detection circuit during the sensing_ 
operation. 

The d~vice described.with respect to Figure~ 4A-41' can 
monitor an elapsed time period without.an ~xterrial power·· . 
source. · However, an external power sou.J;:.ce and. additional 
c:lr_cu~try are required to perform. the progrataming .operation/ 
which was described above with res?ec~ ~o rigu_re 4C, and to· 

_perform ·the sensi~g operation. F·or this embodiment .. of the . 
. . 

present· invention,· the s_erising op~ration employs the threshold 
vo~tage· detection ·circuit ~hewn in Figure.4G, which could be 
located on.a sensing de":fice that contains a power. source. 
Alternatively, the sensin~ circuit.co~ld be l~cated on the 
same· device as the PCSFET and then late~ coupled to·another 
device with a power supply. In other ~orqs, the terminals for 
coupling with an external device may be piaced in .. an . . . ~ 

appropriate location ~hat.may depend on the application being 
s~ppor~ed by the horological device. 

The threshoid voltage ·detection circuit in Figure 4G 
. . . 
shows the chargeloss-sensing FGFET of .the PCSFET, a detector 
FET, two resistors, and an operational ampiifier that is 
operated as a generic.inverting sum amplifier. The detector 
FET ha·s been constructed so that it has operational 
characteristics that are· nearly .identical to those of the 
chargeloss-sensing FGFET when the chargeloss-sensing FGFET is 
not charg~d. In other words, the detector FET and the 
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chargelos.s~sensing E'GE'ET are matched such that they have 

nearly _identical threshold volt;.age cu:i;ve~ over the· same range· 

of ~np:its ." Tne resista~ces R1 and _R2. are. a-l~o equal.\ 

. ·The chargel·oss-sensing · FGE'E'.l CB;n. J:1ave basically two· 

s-t_ates o~ operatioJ.?,; (1) . the common fl,~atirig ··gate has not been 

programmed; and (2) the common floating gate·has been 

programmed. First, the operation of the threshold~volta_ge . . . 
de~ection circuit in the non-:programmed_ mode is . described, ·and 

then the progra~ed mod~ "of.operation is described. 
. . . . . . . 

The inputs to tpe gat~ and drain o~. the detector FET are 

shorted, so the: source-to-drain voltage and.the·source-to-~ate 

voltage of the detector FET ar_e. equal, which places the 
.. . . 

det~ctor FET into saturation mode and ·.causes the det~ctor FET . 

. . to act as a· constant cur.rent source. Since I1 is 'coris-tant,. 

t~e drop in potential across R1 is constant~. a:nd v 1. ·remain_s at . . . 
·a ·constant value between gr~und a·nd V~. R1 and R2_ can -.be . 

chose:n SO . that· V1. is any_ value· le~s than· ·v00 , i.e. V1 < V00 .. 

When the PCS-FET is hot charged, the c·hargelof;)s-sensing_ · .· . . . . . 

FGFET is in a steady state.. The contr~l g~te· o,f- the_·. 

chargeloss-seni;sing ~GE'ET is at· the same potential. ·as the_ gate 

of the detector E'ET, and because the two trqnsistors are 

matched, the current through the cha_~geloss-sensing · FGFET i~ 

equal to the cur~ent throu9h the detector FET, i.e. I 2 equals 
' 

I1. Hence, V2 equals V1 since R2 equals_ R1, and -V2 is also less 

than_Voo, i.e. V2 < Voo. 

The op~_rationa.'J.. -amplifie~ is operated in· a mode that 

allows it to act·as _a generic inverting sum amplifier; the 
. . 

feedback network ·througn the rest of the circuitry is not 

represented in the diagram. Hence, the circuit operates in a 

manner s~ch that when its two i~puts are equ~l, then VOUT is 
. . 

approximately equal to V00 , and .when its ·inve~ting inpu~ 

terminal is much larger than the non-inverting input terminal,· 
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. then the output.voltage is close to zexo. In other words, tpe· 

circuit operates with the ·foil~wing approximate:relationship: 
. . . . 

· voo,. = VDD + B*·(V1 '.'"" .V2}, VooT > ·o. VOUT is limited to 

·positive voltage·s, and B is a gain variable or constant. · ·' 
. . .. . 

When the PCSFET is dischargeq, ·the c.hargel-pss-sens~ng 
. . 

. FGFET is at equilibrium, and Vi = ·v2. Hen9e:,. VOOT =i VDD in the 

non-programmed mode of operation! . 

.. once the analog time cell -has .been programm~d, it ~a,n be. 

regarded as having e_nte;red a prog_ramm.ed ·moq.e of ·operation_. As 
. . 

previously described,· after the programming process, the · 

amourit. of s"tored charge in the common floating ·gate. is 

· dec.reasin~ through Fowler-Nordheim tunneling, whi:ch .ca~ses the 

thr.esholq voltage of· the chargeloss-sensing _FGFET to diminish 

over time. 
. . . . ~· 

Immedi~tely.after the common floating gate has been . ~ : . . . 

. ·programmed, though, the threshold. voltage·of the 

.charg~l9ss~sensi~g·FGFET is at. ~-ina~imum value. Since the 

SOUrCe-to~ga te. VOl tag_e I i • e .. COlltrOl gate VOl tage i iS ·consta_nt 

and equal to v1;- the chargeloss-sensing FGFET is no ·1on9er 

turned on for this· control gate voltage. · The current I 2 drops 
. . 

as the threshold voltage o_f tl1:e chargeloss-sensing FGFET 

rises_, ·i.e. its. sourc·e-to-drain voltage· ris~s. Since I 2 is 

-:vexy small, ·there i·s very little potential drop ~qross R2 , and 
. . 
~2 is approximately equal to.V00 • Referring again to the 

voltage rel a ti on: I.. 

VOUT = Voo + B* (V1 - .V2) 1 VooT > 0. 

Since V1 is somewhat less than V00 and .V2 is approxi~ate},y equal 

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

not referenced to ground for negative voltages. Hence, VOUT 

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

the special case of B equal to two and V1 equal to V00/2, VOUT · . 

evaluates to zero without being· referenced to zero. 
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With reference now to l'iglires 4H-4J,· a set of g.raphs ~how. 

the .manner. in which the voltages and currents in.-the PCSFET 

chang~ during~ monitored time·p~riod. 
·As shown, in Figure 4H, after the co~on ·float.ing gate _ha~. 

. . . . 
been p~ogrammed, the tnresho~d voltage of the· 

.chargeloss-sen$ing FGFET decreases as the common floating.gate 
. . 

loses its charge. As shown in Figure 4J:,· as the threshold 

volt~ge decz:eases, the drain current through the 
·charge:toss-sensing FGFET .. increases. As Iz increases, the 
pol=-e:b.tial drop -across. _R2 in.creases,· and V2 decreases. As shown 

in Fi~~ 4J_, over a sufficiently- l,ong period of time, V2 : 

.· approacQ.es ·V1, arid VOUT approaches VDD• 

rn .~his manner, the ~ensin9_mechanism is desi~~e~ for 
obs~rving the.threshold voltage of the charge+oss-sensi~g 
FGFET in an indirect manner. The output voltage VOUT is · 

. . 
inversely relat~d to tne threshold voltage, although the. 

• • I • 

·th:reshold vo_l tag'e is ·riot meas-ured direct~y. The sensing. 
mechci,nism_ .<?bserves th~ ~tate of_ the PCSFET at· any ~esired 

··point in _tim~. without .. ciis_rupting ·the -state of the PCSFET. The 
retained charge within the common floati~g _gate is 
substantially Undisturbed by the. voltages applied to. the ·· 
chargeioss-sensing FGFET dur;i...ng th~ ·sensing ·pro~ess. 

As should be apparent to one of . ordinary· skill in the ·· .. 
art, the sensing circuit will have· multiple design solutions· 

. . . 

~or multi~le .input variables, which include: the threshold 
voltage to pe measured, which is a function of the.elapsed 

time to be measured, ~he charg~ to be stored, and the -physical 
characteristics of the PCSFET; the matching c~aracte~istics of 
the detector FET and the chargeloss-sensing FGFET 

. . . 
(ga~e-to-source voltage, sou~ce-to-drai~ voltage, current 
characteristics, etc.); the ,current thro\igh the 

chargeloss-:sensing FGFET (I2 ), and,, hence, one of the·input 

voltages to the ·remainder of the circuit; the voltage to be 
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held at the de.tee tor FET and ·the control ga_te of. the 

c~argeloss.:..sens"ing FGFET (V1), and ~~nee, t~e other input 
voltage to the remairi~er of the circuit. With appropriate 

design choiC.eS I th:e dependene;es between . the Ci:r.CUi t elements 

ca~ be chosen to obt~in a ·desired voltage output functio~ at-_ 

VOUT. Differ~nt -sens~ng circuits m~y be used, and ~ne of 
ordinary skill in the art would app.reciate that the S!ensi.ng 
mechariism·may vary depending.on the implementation of the·, . . 

pres~nt invent.:j.on. ·.The depicted examples are not meant to· 
. . 

imply limitations ·with respect to the preseµt inventibn but 
rath~r provide information concerning a preferred.sensing 
mechanis~· in. accordance With .a~ embodiment of the. p:re.sent. 

invention •. 

· In order to convert the observed output voltage ·from the 
sensing circuit to an elapsed t:Lme vaiue, the operational 
characteristics. of_. the a,nalog time· cell mus.t be known: As 

. . . . 

pre~iously noted, in addition ~o manipulating.the_p~ysical · 
dimensions of· the .. time· cell,· the ·operational· charac.teristics 
of the .. ti.ine ~ell ove.r ·~n elapsed t~e· period also depend o~ 
the time cell's initial conditiops. The initial amount of 

. . . 
charge.stored in the common f~oating gat~ sets its initial· 
electric· potential, and the initial threshold .v~ltage of .. the 
chargeloss-·sensing FGFET varies . with the initial amount of · 
stored charge. Hence, it is also impprtant that the 
programming operation be per.formed in a manner in which the 
common floating gate is initialized with an approp~iate 
initial amount.of electrostatic charge, or equivalently, in a· 

~anner in which the threshold voltage begins at an approp:r'iate 
initial value. 

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 
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performed for a longer period of .time~ Different methods may 
be used·t~ determine the specific length of programming time 
for a given aD:alog time cell configuration .•. 

• 
As noted previously for bina~y t"ime cells, the requ:i.-red 

length of programming time for any given analog time cell 
design ·or size may be found empirically by charging a test set 
of analog time cells. Each time cell in the. set-of time cells 
would be cha+ged-for a different length of time.· Each time 
·c~ll would then be.monitored· for its. chang~. in t~reshoid · 
·yoitage over a period of time. The ~niti~l programming times. 
may then be cor~elated wit~ the threshold voltage decay 
responses, and this information would be stored for later ·use·. 

. . . 

The testing.procedures can also determine the tolerances of . . . . . 

the manufactured· devices. With this empi~ical information, a 
. time c·ell with p~rticular dimensions o,r. physical 
. char~?teristics ~ould be employed to monitor a range of tinie 
periods ·that varies with it~"pr9gramming operation. 

Alternatively, i·n order to I>r~vide the analo:g t:!-me cel.;L 
· · · with an accu~ate. init_ia·1 cqndi:tion, the programming ope;ation 
. _· . may employ the pr~gr·amnd.·ng :rrGF~T ·and the chargel-~ss-s·ensing. 

FGFET in the· followi~g. manner .. ·As described· previously, the 
. · :pr?gramming ·proce.ss .. i.nj ect~ ·.charge into· t~e common; ·-floating 

gate via the programming·FGFET. A,fter the common floating 
. . 

· gate has been charged for some period of time, the common 
floating gate might be expected to ~ave-reached ·its d~sired 

.. . . I . . 

potentia+.. In contrast to the previou~ -descript~on wi.th 
. . I 

·respect to Figures 4C-4D, however~ ra~her.than leaying the 
chargeioss-~en~ing ·_FGFET. ~dl~ during the pro~r~ing pro?ess, 
its terminals can be connected to a threshold voltage . . ~ . . 
detection circuit. Instead of ass~ing that the programmed 

.. PCSFET-. has a particular iii:itial ·threshold yoltage in its 
chargeloss-sensing FGFET after the p~ogramming operation, the 
threshold voltage detection circuit i~ employed to measure the 
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initial threshold voltage during the prog~amming operation. 
·If the thre.shold voltage has not yet reached its desired 

, 
value, the programming process may continue. Assuming that_ 
the expected programming time is known fairly accurately, the 
programming process shquld only need.to be continued for a 
relatively short amount of time after the programming 
operation has comple_ted an initial programming phase. 

Tne progrannning process may or.may not be interrupted 
during the tbreshold ·.-voltage measurement p.i;o·c7ss, and the 
measurement process may.or may ~ot be interrupted during the 
rell;l~inder of the programming process .. Alternatively, the 
programming process and threshold voltage measuxement process 
ca~ cycle repeatedly until the ·proper init~~l threshold 
voltage· is reached. 

Other metho.ds for ·de"t:_erminin_g 
paramete~s may be employed without 
pr-es.ent · ~n"'?'erition. 

the proper progranuning . .. 

affecting-~he scope of the 

To. convert the -observed output voltage f-rom the sens.in·g 
. . . 

.-circuit to an elapsed time value, the.operatio~a~ · 
' . . I . • 

char_acteristics of the analog time ·celi must be known,. 
including th~ initial thre·s-~old vo;itage .of the 

·chargeloss~sens~ng FGFET.and ~he thresbold yoltag~ decay 
funct1on .. The initia1 threshold _voltage .can be set during the 

-·~r~grcimming,operation~ and ·alt~ough the analog time cell may 
. . . 

~e designed to respond with ~ particular threshold voltage 
.·decay -~un?tio·n, the. actl:1al th~eshol~ voltage decay functi.on 
can be found ·empiricaily .. However, sine~. ·a threshold voltage 

. . . L . . . 

value at any pa~ticular ·tim~ is found by observing _the output 
.·of a threshold. voltage. detect.ion: circuit, the thre.shold .. 

. . 
voltage/time relationship-provided by the_thresholtj voltage . . . 

decay f~ction is essentially re~laced by the output 
vol~age/time relationship pr~vided by the threshold voltage 
detection output ·functiqn. . The mathematical relationship 

· .. 
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between the threshold voltage detection output functio·n and 

elapsed ti~e ls· derived empirically and.stored for later use.· 

In other words, ·.once the qperational ·characteristics of 

the analog time .cell' have been .. observed, a ·time measurement is 

essentially perforllied by mapping the output·of the sensing 

circuit or sensing device with an elapsed time value. 

Referring again to-Fig:ure 4G, the values of tpe voltage _output 
. . 

· function at Vwr are mapped to elapsed time values·. The analog 

·.value of Vc:m can be converted into. a ·digital value by an A-D · 

co~verter, w~ich is us~d in some type.of .mapping f~nction or 

mapping operation.to obtain an elapsed time valu~. . . . . 

Hence, for a given type of analog time eel~, by having a 
. . :"• . 

converted digital datUJD. from "an .indirect observa~ion of the 

.threshold volt~ge of the l?CSFE_T and by k~owing the initial, 
. ·threshold _voltage of .the PCSFET immediately after programming, 

.an: elapsed time value can ·be. generated via a simple mapping . 

. operat:ion, . such a.s ·that _provide.d J:;>y a simple lookup table .. 

In a~. alternative embodiment, the analog ti:tne cell can be 

p~ired, ~ith a. non-volatile memory cel_l. If a devic.~ has· 

multiple time cells, then each· t,ime cell can_be_p~ired with a 

. )1on-volatile m~oz:y. cell. When ·.~n analog t~e cell is 
progr~ed. to an initial thresho~d voltage-, ·the· cor·re~pondi~g · 

.~?n-volatile memory _cell can be ~~ogrammed ~uch that it also 
·~as the s·ame init:-ial threshold. vo~tage. Since the·. 

corresponding non->v?latile ·memory ·cell· does not los.e its 

initial charge ove~ a t~e.peiiod of interest; the 
. . 

corresponding.non-volatile memory ·cell c~n act as a reference. 

WJ?.en a threshold voltage measurement operation_ is performed on 

the analog tim~ ce~l, ·a similar threshold voltage measurement 

ope_ratfon can be perf?rmed on the cor_responding non-vola~ile 

memory cell. The measured thre·shold voltage from. the 

. · ·non-volatile memory c"ell can tP,en be .used as. a re.ference 



-. 

75 

voltage for compa~ison against the measured threshold voltage 

from the analog ~ime cell. 

Wit~ reference now to Figures 4K-4L, a block diagram 

depicts a relationship between a· programming device,. a sensiQ.g 

device, and an horological ·device in accordance· with an 
• • h • 

embodim~nt of the present invention. The.horological device 

contains a PCSFET,_ i.e. an ~nalog time cell, which is .a 
. . . 

combination o~ a programming·F~FET and a. sensing FGFET similar 

to that described.above with respect to Figures 4A-4G. 

system 450 shows· initializing device 452 connected tQ 

.·batteryless, oscillatorless, electronic horological deyice 

454, which in turn is connected to sensing·device 456. While 
. . 

it is possible·that all of· these devices are located within 
the same· system, depending upon the· .appli·cation, each of these. 

devic-es may be physically .109ate.d within ·a different systeni, · · 

pro~uct.; c;omponent, or·_other device. For example,· th~ 
h~.tological 4evi.c;:e ·of tne ·_present invention. may be l_oc_ated 
wi.th;Ln -~ batte·rr.less smart card that is initialized· by ari · 

. . . 
issuing institution usi-ng· the initializing deyice. · A .c·onsumer . 

may ~-carry the smart c_ard while it is monitoring an· _elapsed · 

time period and . ~hen may I>r:e~en~ 'the .smar.t card _to. ·a merc;hant. 

A·merc~ant'.s d~~a processing system th~t corita_ins a sensing 
device ~ay .then determine ~he smart card's.elap~ed .time period 
for· a variety of business. ·rea.sons. 

. . 
· . Much of t~e programming dev~ce ~ircuitry aµd ~ensing 

device c·ircui try may be ~plemented · on the .portable device. 

T~is type of arrangement allow~ an accurate programming 
. . 

operation in which .. a programming process and a mea·surement 

proce~s. are cycled·, as described abov~. However, additional 
. . 

ci·rcuitry adds ·to ·the cost of ~anufacture of the smart c~rd, 

and":t.here. may.be· other commercial CO?Siderations_. Altho~gh 
. . . . . 

the smart card may cont~in th.~s additional circ~itr'y, it 

should be understood that the time cell is still directed to 
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powerless or batteryless operation, whether or not the smart 

card contains. a battery. 

Initializing device 452 contains programming unit 458 

which _receives programming.commands and· sends status-about the 

p~ogramming operations (not shown). Progra~ing_unit 458 

controls the progr~mming·operation by asserting programming 

voltages ·l?1 , P21 and P3 1 which are r_eceived as voltages VCG, VPD, 

.- ·and VPG by analog .time cell 460. ~he a.nalog time cell cont?ins 

a combination·of·a·programming FGFET and a sensing FGFET·with 

a c.ommon ·floating gate. which receives a charge during the 

pr·ogramming op~ra~ion. ·once the programming -operation. is 

. complete; . the analog" t.une cell di'scJ;targe-s. its stored" -charge 
. . . . 

over time. 

. At a sUbsequent !)oint in time, the hqro_l.ogical device 
. . 

that contains analog tim~ cell 460 is coupied to sens~ng 

. d~vice 456; - which has· voltages "s11 S 21 and S3 th~t tie into the 

chargelo.ss-sensirig FGFET· _terminais VsG1 vSD, ai;id Vss· Sens"ing 
. . . . . . ·~ . . . . 

dev~ce 456 may ~hen ~ni~ia~e the sensing operation or may wait 

f~r. an elapsed .t~e r~quest.~qinina~d~. As the ch~rge in the. 

floating gate of the time cell diinin~~hes over time, the 

threshold ~pltage .- res_pons~ of 1;:.he sensing FGFET also 

dimin,:Lshes." -Tiine detection 1,.1.Ilit 462 .controls threshold 
. . . . . 

voltage se~sor unit 464, w~ich ~ndirectly determines the 
. . . . 

current thresho.ld· voltage of the .time cell, possibly us;i.ng. a 

threshold. voltage det~_ction _circuit·_a.s ~a~· des.cribed .above 
' 

-·~ith respect to Figure 4G. T~e estimated amount of elapsed 

time that- -corresponds to the determined threshold ~oltage is 
. . . . . . - . 

. then· ·compute,d by voltage-to-time converter unit 4~8, and the. 

elapsed time .is then proces.sed ill: some manner or returned to 
\ - . . . 

·the request.er. A varie~y of forms may be used· to·· report th~ 
. -

elapsed til!le v:alue, such -as a· tim~stamp,. a n1:Jl11ber _of elapsed 

seconds o+ other .ti~e units, or a simple -boolea? valu~ 
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·. indicating whether the elapsed time is greater than a selected 

time value. 

Figure-4L is similar to Figure 4K. Figure 4L shows 

system 470 that ;ls similar ·to, ·syste~ 450 in Figure 4K with 

identical reference numerals associated with identical 

elements. Figure 4L. afso includes opti.onal time ·cell 

parameter memory 472 on the hor-ological device. 

As described above with re_spec"t to Figure 4~, the current 

~tate of the analog time· cell must ·be mapped.· to an elapsed . 

time when the time. observation is made. In ord~r to perform 

the computation properly,. the. vo+ta-ge-to-time c9nverter unit 
. . . . 

must pave -~o:Wl~dg~ about ~he operational. capabilities of the_ 

time ·cell, ·such·_ as its decay or discharge ftinc:tion and the 

·.initial ampunt ~f charge ~tored ~nto the_common' floating gate 

·during. the J?iogramming operation, or equivalently, the 

thr~shol~ voltage decay· function and the initial threshold· 

_ voltage. Since the amoun,t of charge does not change the form 

· . of the. decay f~~~t;i.on bu~ do.es . cha~ge ·the initial condition or 
. . . . . 

··starting point of the decay function, the initial th,reshold 

voltage needs· to· l:;>e 'known aiong with pa.ramete~s describing ·_the 
.. 

t=!-Jne. cell' s decay· ·function. 

There . are many. wa.ys in which the sensing or readi:;rig_ 

device can obtain the -.informati.on that· is· required for 

deterndning an· e:lapseq time_. First, ilie · al?-a~og time cell and 
. . 

its programm~ng operation m&y be standardized such that the 

sensi·ng device can assume t.hat ·an analog".time cell wa"s· 

·manufactured.with~- particular desi"gn and progr~ed in a 

particular manner for a partic~~ar am~u~t of tim~. In this -. 

scenario, t~e sen~ing device directly· converts an obse~ved 
. . . . . 

. threshold voltage value to an elapsed time. The sensing· 

device.c~n be built to convert values w:i,.thout reference to 

sto.red parameter·s that are uniqu.e to a part:icular time cell. 

·-. 
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Second, after the analog time cell i~ initialized, the 

programming.device· stores the :j..nitialization in:eormatio;n into 
. . 

an accessible database, which the.sensing device reads to get 

information that is correlated with its observations .. The 

. initialization information might include the amount of time 

for which the time ~ell was programmeq and.a lookup table that 

9orrelates.programming times to~~lapsed times.for a give~ type 

of time call. 
Third, rather than expect the sensing device to have ·.such 

information.available, which implies that ~he programming· 

device and· the sensing device are networked ·in some way,. the 

operatio~al parameter&=~re stored into time· cell ·paraitLeter 

·non-volatile memory 470 .by the programming unit du~ing th~ 

progr~ng operation. 
··. . . 

Since ·the operational pai~eters are. 

few and ·require a sma~;L amount of inexpensive, non-volatile· 

memory, these. parameter values· ca:n be stored· quite easily. 

T~e paraniet~rs. may in~1ude ope· or more of ~he ~~ll~wi~g· data . 

. items: a timesfamp co~si~ting of the· time a:t:: which .. the 

programming .op~ration was aomp:i-ete; an identifier .·of the 

manufactl,lrer o"f. the. time cell; .an identifier. of the type of 

:time cell; an identifier· of an i??-dustry ·sta~dard to which. the 

t:~ .. me c~11· aCiheres; .a .lookup table correlating· an observed .. 
. . . 

threshold voltage with a number of units. of time (if the 

sensing circuit is not 9n the same. device -as th~ time· cell); a 

lookup t~ble 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 store~· in .the 

parameter memory. Of cour~e., other OJ?era.tional paramete·rs may .. 

be stored in association with the time e~lls. The format of 
. . 

.the pa~ameters· themse~ves may adhere to a standard such· that 

dif"ferent manufacturers of these devices. can ensure 

-~nt~.toperability. 
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It ~~quld be noted that the ·concept of employing.multiple 

time cells as a~ horological device, as explained above for 

binary time_cell~, is also ~pplicable to analog time cells. 

In this embodiment, a set of sensing ope~ations a~e performed 

op. a . set ot anaiog time cells in which each analog time cell. 

in the set has been designed to.reduce the threshold voltage 

of its· PCSFET to a pre~etermined value· within a predetermined 

period of time after ~t.has been progralilmed~ Using an 

indirect observation of the threshold voltage of each analog . . . . . 

time cell, an elapsed time value can.be determined for each 

anal,og time ?ell. 
. . 

Each analog· time. cell in the set o.f time cells_. may 

possess.a.unique discharge function from the other time cells 

in.the set. Alternatively, all of the analog time cells: in 
. . 

the s_et of time cells may possess identical discharge. 
. . . 

functions. It should be noted that it is.not necess&ry for 

e~ch time cell to-be constructed in the same manner, and the 

. discharge functions across a set of time cells: may .also differ 

pe~ause o_f. varying initial :c~nQitions in each time cell. For 
. . . . . . . . . 

·exam~le, a· set o~ identical ·a~alog time cell~ may be 

.programmed for different lengths of t~~' thereby provid~ng 
. . . 

each of the time cells with a different initial amount of 
ch~rg·~ and a different ability. to meas.ure shorter or long:er · 

. time periods .. 

Multiple analog time cells may be employed. within· a 
single horo"iogical · device ·for .a variety of i::ea:so:h.s. As one 

example, .the time cells may be viewed as provid~ng a type of 

~edund..aricy or' er.tor-checking i.n their elapsed time measuring 

capabil~ties. The computed elaps~~ time values from each 

analog time cell may be statistically combined, e.g., 

averaged, in order to obtain a final, reported elapse~ time 

value for the. ·horological devi~~. The number of t:µite cells 

that are useq· as a ·redundant set and the. number. o.f time cells 

·. 
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that are re·quired for a positive determination of an elapsed· 

time may vary. 

As another example, each.analog time cell may be· 

progra~ed. or initial'ized by different data processing _sys_tems 

·for different J;?Urpos~s a~ different s_tarting times_. ·A time 

cell arr~y may_ monitor different time· periods, or different 

"time sets". "The maximmn number of time sets would depend .on 

the number of analog time· cells in the· time cel:l array a~d-the 

mariner in which the tim~ cells a.:i;e constructed to me.asure 

different time periods. ~he horological device may .. also store 

use ~ndicators-that ·show-whether a particular time s~t is 

... already in ~·se· and" for. storing .. info"nii.ation that identifies. the 

data processing system that ~'owns" a particular time set.· . . . 
W~th refe_rence now to Figures 4M-4o, sympolic 

. repres.ent~ti~ns a.re sl_lown _of a __ dif":fererit embodiment .of a 

. , programable charg~loss-~_ensing FGFET to. be· _used as,_ an an~log 

· tilne ~ell. r:n Figure .,. a single. FG:.trET, h~s ·~ontr~,-1 gate 49·0, 

so~rce 492, drain· 49_4, fioating g.a:te 496·, and coupl.ing gate 
: . . . . 

498-. The PCSFET shown . in Figure 4M" i_s similar to the P~SFET. 

described a~ove with respect to Figur.es 4A-4G except t:tia.t a· 
. .. . . 
sing~e FGFET with_ a large floating ga~e. replaces both the 

programming FGFET and the c~argeloss-s.ensing FGFET. Figure 4N 
. . . . 

shows yoltages .VcGi VPr), .and V"PG to be applied to _PCSFET during a 

·programining . pro~ess similar to_ the. process described ab~ve 
' 

with r~spect t,o Figure 4C. Figure 40 · shOJNS ~<?lt:ages Vsr:i 1 V88 , 

· and VSG to b~ ·appli-ed t~ PCSFET during a ··cJ:>:argeloss-.sensing 

proc~ss similar to the proc~ss described above with respect to 

Figure 4D • . 
. . 

With reference now to·Figure 4P, a diagram depicts a 
. . 

physical dev~ce compris_ing ~ PCSFET with a_. coupling gate in 
. . 

.accor~ance with an embodiment of the present invention. 

r±glire ~P shows a top view of a physical PCSFET- device similar 
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t.o that sh,own in ·Figures 4M-40. The phy~ic-al dimensi0ns and 

ope~ation of the device shown in Figure 4P is similar to the 

_device shown in Figure 4E except that a single floating gate 

transistor performs both the prog·ramming and sensing 

operations that we~e ·pe~formed by the programming FGFET and 

the.charge~oss-sensing FGFE~ shown in Figure .4E. 

The·analog time.cell shoWn in Figure 4P has a 

disadvantage when compared to the time eel~ in Figure ·4m·in 

that, t-he programming and sep.sing process;es must be performed 

through the same transistor. In_ ord~r to obtain desired speed 

anci ·efficiency· during the prog!amming -proce_ss, such as CHE 

injection, ·the transistor must·have particular.physical 

characteristics. In order ~o obtain desired operational 
. . 

properties during the "sensing process, the. transistor must 

. ~ave · parti_cular physical ch~racte:ri~tics. _ The di.f_ferent 

. physical requ~rements may_ be :in contention such that_· i·t. is 

·easie~ to const;rqct ·separate transistors ·Wi~h di~fexent 

duti·es. However,·· the · ~n~log ·time cell. sh()wn in Figure 4P has 

th~ advantage· of. being sma1ler and having· fe~er elements to 

constru9t 'than the ~na1og time cell snown in Figure 4E. 

Conclusion 

. . T~e advantag~s of the present invention should be 

apparent in view of 1;:he detailed description of the invention 

that is provided.·-abov~. A sim~le, electronic, horo10,gical 

device· acts as an electrostatic .hou~glass •. _·.In_· gen~ral, :an 

i~sulated, .charge storage el~ent_ is charged, whi?h gives the 

charge storage element a known electric potentia~ with respect 

to points outside it$ insulating medium. Over· a period of 

time, the charge.storage.element then discharges.the 
. . . .· 

elec:trostatic charg'e thrO'l~gh ·its ir_isulat."ing med.itun through 

some type· of _physical· process,.· thereby reducing t.he electric . . . . . . . 

potential of the charge ~torage element. At a given point. in 
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time, the electric potentia_l .of the charge storage element is 

observed, either ·directly or.indirectly. By knowing the 

b~ginning electric potential of· -the _charge .storage ·element,· 
. . 

. the observed elec·t~ic potential at the. g~ve_n point in. time, 

and the discharge rat~ of the· charge.storage e~ement, an 

elapsed time period can be determined for a given po~nt in 

time .. · 

· · The pre.sent invention provides electronic time 

me~surem.ent without'a continuous energy source, such- as a 

battery or an AC or DC power.supply. Moreover, the present 

invention ~rovides electronic·time m~asurement without an 
- . 

oscillato~ ,. an oscillating. circuit, a beat or pulse co~ter, 
or a~y other· type· of electric time :Pase os~illatbr. The · 

horological device of the pres~nt invention also·operates 

without an externally perceivable indicator or disp~ay,_ i~· 

-~hich.case :a human ~annot'directly ·observe· and interpr~t· an 

ind;lcator for an elapsed. t~e period -~~- mea~\ired. by 1;.he 
nor~logical: dev~?e. . .Ho~eve"r I t:-h.e h~rological device- i_s . us"eful 

. fi;>r many applications or prodl.1:cts in _which_ a d.isp,l~y of the·. 

time.keeping substance or device i·s n<?t necessary. 

The present invention also has many physicai advantages 

over o~her_tyP~s of electr~~ic.cioc~s. ~hem.ical batteries 
present potential chemical .leak and disposal hazards. 
Batteries tend to· have a short·sheif.ii.fe, especially compared 

. . . 
to.the useful .life of _the electronic circuits.that they 

··accompany. In addition, batteri~s are ·sometimes several times 

la~ger than the electronic ~ircuit to wh~ch they are · 

connected, thereb~ placing.design restrictions ?n the 

electronic.device. In contrast, tpe·present invention 

provides a small. time~eepiD:g device: that is he~eticaliy 
seal_ed ·and essentially. impervious to· externa~ physical effects 

. . 
except extreme. "t:e1:1tperatur_es and extreme _raqiati~n. The -small 

s~_ze1 si~ple ~abrication, and low unit cost pr?vide 
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·substantial physical and economic motivations for use in many 

: applications·. . 

It is· importan~ to note that while the.present invention 

has-been described in the context of a fully functioning data 

processing .·system, those of ordinary skill in· the art. will 

ap~reciate that the processes of the present invent~on are 

capable of being distributed in the form. of instructions in a 
.. 

. computer r~adable medium and a variety_ of other •forms, .. 

· ·regardless of the par_ticular type of signal bearing m~dia 
. . 

actu~lly used to carry out the distribution. Examples of 

computer readable m~dia incl~de 'media such ~s EPROM, ROM,. 

t~pe, paper, floppy di~c-, ha~d disk ·drive,· .RAM,. and_ CD.;..;ROMs 

·and tran~mission-type media·, suc.h· as digit.al and analog 

communications links. 

The description of the present invention has been 

. ·presented .for ;purposes of. illustra~ion but is. not ,i.ntended to 

.. be· exhaus~~ve or limited to the· d~s~i<?sed emb_<;>d,im~nts .. · Many 
_Dioc;iificat.:j..ons a"nd _yariati"ons "will 1?6 ap~arent to·"those. of 
ordinary skill i:h the art.. The embodiments were _chosen to 

; . . . 

. ex~~ain the principles of th~ inve~tion and its pra~tical 
· applications and to enable ct.hers of" or<µ.nary skill in the art 
.to "unders.tand th~ invention it?- .. order to implement various 

. · em):>odµn.ents with various modifications as might be ·suit~d to 

other co.n't~mplated·uses. 

' 
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·cLA~S 

What is claimed is: 
111111111111111111111111111111 

* C L M S * 

1. An_ horological-device comprising: 

a time· cell., ·wherein the time cell has· a substantially 

discharged sta~e before a programming operation and ha's a 

controlled discharge state c;tfter the programming operation,· 

and wherein the time cell transitions atter the-programming 
. . 

operation from the controlle_d disch:arge state to the 

:~ubstaritially disc;harged· state ··within a predetermined ·.time 

_pe~~od af~~r the progr~ng op~ration; and 

.circuitry connected to the time cell to allow re~ding a 

state of the.time cell. 

. ,. 

2 ~ The h9rological devic.e· "of claim .. 1 wh~rein. a length of the 
. . 

pre:~ete~min~d time_.·period_ varies with an initial condit.:i,.on of 

the· time -cell· after 'the pr9gramming op.eration. 

·3. The horologiqal.device.of claim 1 further comprising: 

an arr~y ~L t~e c~lls. 

4. The horolog~cal device of -~l~im 3 wherein at least one 

time' cell in the array of time cell's has a prede_termined time 

·periqd t;tiat diffe~s from a· prede't;:er~ned time. ·period of 

anot:.her t"ime _cell in the array.of time cells. 

5 . The horological device o·f claim. 3 wherein at leas.t two 

time cells in_ the array of time cells have ·substantially 

identi.cal predetermined time periods. 

) 
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6. The horologic~l .device of claim 3 further compr·~sing: 

a time cell interface .. unit. for co.ntrolling the. array of 

·time cells by initi~lizing one or more time cells in the array 

. of time cells. 

7. The horolog~cal device of claim 3 further comprising: . 

. a programming request processing u~it for processing .a 

programming reqUest to set one or more time c·ells ·within the 

·array of time cells. 

8. A method for using an ·horological device, the inethod · 

· comprising: : 

programming a ti~e cell, wherein the.time cell has a 

substantia~ly discharged state.before a progr~ng operation 

and· has a co·ntrolled discharge state after the programming 

.operation·; anc_i · 

. dischargi~g the time celi, wherei_p.·the tilite cell 
. . 

:transitions after· the programmi13:g .ope·ration from the . .. . . 

<?Ontrolled. discharge .. state to the Sq.bs:t:antially d.:j_s<;:harged 

··state within a predet~rmine4 time period·after the programming 

pperation .. 

~ 

9. . The method of claim 8 ·wherein a length of the 

pred~termi:i;ied time period _yaries with an initic;tl condition of 

the time cell after the programming .~peration. 

·10. ~he method of° claim· a furth~r comprising: 

programming at lea~t ·one time cell in an array of time 

cells. 

. . ·-·-··-·····. -·· ..... --······· ....... -- ..... --·-.. . -·· 
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11. The method of claim 10 further comprising: 

c.ontrolling th.e array of .time cells through a :time cell 

interface unit.by initializing one or more·time cells in ·the 

array of time. cells. 
. . 
12. The meth_od of claim 10 further comprising: 

processin~ a programming request to set one or more t~me 

celis within·the ·~rray of time cells . 

. 13. A computer program product .on a computer readable medium 

for ~se in a data· _processing system for using an horological 

~evic~, the computer_ prog37am. P.:t:Qduct comp.rising: 

instruction~. for r~ceivi~g a _programming" request to 

initialize the horologicai devicei and 
. . 

instructions.for progra.Iiiming a t~e cell, wherein the 
. . 

tim.e,cell has a substantiaily discharged.state before a 
. . 

progr~ing operation· and-has ·a ~Qntrolled discharge,state 
-. after th~ programming operation, Cjlnd wherein the· memo.ry ·celi­

tra~s-itio:n.s after the programln-:i-ng operation from the 
. . 

controlled discharge state to· the substantially discharged 

·state within a pre~etenD;in~d time pe·riod aft~r the programming· 

operation. 

14 •· ·The computer program product of claim .13 . .wherein a length 

.of the predetermined time period.varies with an initial 

.~ondition: of ·the· time c~ll after th~ .·~r·o~rammin_g oper~tion. 

15. The computer program product of claim 13 further 

. · comprising: 

instructions· for pr_ogramm~ng at least one time cell in an· 

array of time cells. 

1. llltllMlllll 11111 11111 lt llll; 
* C L M S * 



. ' 

-.. 

87 

. . 

16·. The computer prpgrain product of claim 15 further 

comprising;. 

instructions for controlling the array of time cells 

through a time cell interface unit by initiali_zing or reading 

one or more time· cells in· the array of tim~ cells. 

17. The compute~ prog~am pro~uct of.claim 15 further 

comprising: 

instructions for pr~cessing a progralµI[iing ·request to set . 
one or more time cells within the array of time cells. 

18~ An horological .device conwrisin~: 

a· first mode of _oper.ation in which a m~ory cell has a 

stable memory state before a programming operation; 

··a second mode of operation in which the memor~ ~ell is 
programmed to. trans.:i.tion from the s~able memory state ·to a 

n<?n-:-s~able :=memory s~ate; 
·a thir~-~od~ of op~ration ip which the memory· cell has a. 

non-stable memory stat~ after'the se~ond mode.of op~iatio'n;' 
a fourth mode 'of operation in which.the memory cell 

. . 
t~an~itions from the n~n-st~ble memory state to the stable 

memory __ state within a pre~ete.tmin~d time period; and 

a fifth mod~ of ·.operation in which the mem?rY ce~1: has· a 

stable me~ory state afte~ the predetermined time period. 

19. The horological device of claim 18 wherein a.length of 

the predeterm;Lned tiµi.~ period var.ies w~ th an· initial coridi.tion 

of the· memory cell after the second mode. of operation. 

20. An horological device com~r~sing: 

ma~ntaining means.for main~aiµing a non-time-measurin~ 

state .in.the hqrological device without input;ting energy into 

the horoiogical .devi·ce; · 

11111111111111 11111 11111111111 
* C L M ~ * 
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' 
changing means for changing from the non-time-measuring 

·state to a time-measuring state by receiving _and storing an 

~lectrostatic charge· in a chargC? storage element within the 

horological device, wh~rei~ the charge st.Orage e,lement 

. comprises an internal medi_um. for storing a~ electrostatic 

charge ~nd an ins~lating medium for insulating the internal 
. . 

medium that substantially surrounds the. internal ."medium; .and 
. . 

transitioning means for transitioning from the 

time-measuring state to. the· J:?.O~-t:ime-measuring · stat.e, without 

·inputting energy into the horologic~l device, by· discharging 
·the stored ~iectrostati.c charge in: the charge ·l?torage element 

to a ·pre~eterinined le~el of· el~ctrical potential with:in ~­
predetermined time period after changing· to the time-measuring 
state. 

· 11111111111111 ·11111 11111111111 
* C L M S * 
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21. A metnod for using an horological device, the method 

comprising: 

.... 

ma·~ntaini,ng a non-time-measu..ring state in· the horolo"giGal 

device without inputting energy into the horologica~· device; 

(::hangin9 from the non-time.-mea.suring state to a· 

time-measuring state by receiving·and storing an electrostatic 

charge iri a -charge storage element within the hor9lo9ical 

device,· wherein tne charge st.orage element compris~s ·an 

·inte~nal medium for sto;ring an electrostatic charge and an. 

insulating medium for insulating the internal medium that 
. •. 

substantially surrounds the internal medium; 

"transitioning from'.th~ time-measuring.state to th~· 

non~ti~e-measuring state, .without .inputting energy into the 

horological device, by discharg1ng the stored electrostatic 
. . . 

. . charge in the .charge storage element to a predetermined le~el 
. . 
of el_ect.~ical poten~ial within a predetermined time period 
after changing.to.the·time-measuring·state;. and 

.. 
detecting a curre~t· ~tate ·of the charge storag~ element · 

to determine an elaps~d time.: 

11111111111111 111111111111 1111 · 
* C L M S * 
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22. · An horological:- device comprising:_ 

. an internal medium fo~ storing an electrostatic charge! . 
. . 

an insul~ting :znedium :for insulating ~he inter71al mediwn., 

the internal medium and the insulating medium forming a charge 

storage element, 

wherein the insulating medium sub~tantially 

·surrounds.the internal medium; 
. . . . . 

w~erein the insulating medium· has· physical 
. . . 

prop~rties that allow·a charging proce~s for 

charging the i~ternal medium wit~ an 

. el.ectros_ta tic ch~rg~ through the insulating 

.medi~; 

wherein. -~he insulating -medi\JI!l. has physical 
. . 

-properties· that· allow a. discharge pr-oc~ss for-

disc~arging a·~tor~d'electrostatic charg~_ from 

the inte~nal medium.through the insulating 

m~dium; 

wherein th~ insulating _m~d~~ has one -or more 

physical p:roi?~rties that ~ffe~t a· rate~~ 
_discharge in. the· discharge pro~~ss; and 

.· 
"'.'lherein at. least on~ physical property of. the 

' . 
·insulating medium has been selected so that the 

disc:P,arge process discharges ·a stored 
.. · . . 

electrostat~c·charge at a predete~mined 

discharge rate. 

23. The horological device of claim 22 wherein the 

.. predetermined discharge rate is non-linear with respect to 

time. 

24. . The horological device of claim 22 wher.ein the discha.r:ge 

process is Fowler-Nordheim tunneling . 

. Hll\llH\\I\\ 01\H\l\I \Hll\ 
· * C L M S 
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25. The. h~rological device of claim 22 wherein· the charging 

process is channel hot -electron injection . 

. 26. ·The horological device of claim 22 ·further comprising_: 

a .. charge injector for injecting cha~ge through the 

insulating medium .into. the. internAl medium. ·. · 

27. The .horological device of cl-aim 26 further comprising:_ 

a programming.unit fo~ p~ogramming the.charge.storage 

elemen·t by- operating the charge injector. 

28. The horological device of c.laim 27 further cpmprising: 

a request pr<?cessing un,:Lt for pro-cessing r_equests · t.o. · 
. . . 

program. the cha+ge storage element .. 

29. The horo~ogi~al device of claim 27 fu~ther comprising: 

a status generating UI.lit for generating status from 
. . . 

·pr~gr~ng the ·charge ·$~orage element. 

30. The ho_r'olog_icai device O·f claim· 22 _wherein ·the -charge· .. 

storage element is a floating ·ga.te ·in ·a floatin:g· gate field 

effect transistor. · 

I lllllll llllll lllll lllll IUlll . · 
* C L M S * 
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31. A method ~or us·ing an horological device, the method 

comprising: 
. . . 

·programming a charge storage element by storing an 

eleqtrostatic _ch~rge ~ith~n the c})..arge stora.g~ element., 

wherein the. ~ha~ge stol;'age element comprises ap. interna'J:: 

mediUm f~.t stor_ing an -electrostat~_c· cha~ge and an insulating 

· medium fo~ insulating the ~n~ernal mediUm., 

and 

wherein the insulati~g_medium subst~ntially 

surrounds the internal med.:i,.um; 

~herein .the insulat~~g medium has physi~al 

_-properties that allow a charging process for 

charging the int~rnal medium ·.with .ah 

~lectros~atic charge· through·the·insulating 

medium; 

wh~,r'ei.n the i~su:lating_ medium has physica·~ . 

. · .. prope~ties. that· -~l~ow a di~cha.tge· process for 

·discha~.gi-ng -a sto'red electro~tatic charge .from 

the .internal medium .. tb,roug~ the. -i~suiatin~· . 
. . . . . . . 

medium; 

wherein the insu~ating medium has one or·more 

physical properties that aff·ect a :I'~te of.· 

di~char.ge in the . disc~arge process; · a:i:id . 

w~erein ~t · lea·st one physical· propert~ of the 

in~ulating medium has been·s~lected so t~at the 

discharge process discharges a stored . . . 

electrostat~c chqrge at a predetermined rate; 

discharging the stored electr.ostatic char~.e t:rom t})..e . 

charge storag~ element. 

32. The method of claim 31 further comprising: 
.. 

· ·progr~mmlng the charge· sto·rage ·ele~ent by inj ec~ing 

charge throug~ the insulating_ mediUnl. into th~ internal medium. 
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33. The method of ·.9laim · 31 further compris.ing: 

processing r~qu~sts to program the ·charge ~torage 

~·1ement. 

34. 'J'he method of claim 31 .further compri·sing: 

generating status after attempting to program the charge 
st_orage eleinent. 

35. The method of .claini 31 wherein· the cha~ge storage element 

is a· floating gate in a floating _gate field ef;fect transistor .. 

. · I llllllntllll'lllll 11111111111:' 
* C L M S * 
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36. An horological device comprising: 

a semiconductor substrate;. 

a source· region;·. 

a dr~.in regio.n; 
a channel ·region bet~eeri the source·region and the drain 

r~gion; 

a co.ntr~l ·gat~~-

a ·floa'ting gate bet;.ween the control' gate and the channel 

·region; <i:nd 

· an insulating region co~prising·insulating material 

substantiallY: surr~unding the floating ·gate, wherein-. the 

.insulati'ng region compris·es a. 'tunrieling region for discharging 
' ~ . . 

an electrostatic charge stored in the fl~ati~g-gat~-through a 

discharge ·process, wherein the .t~neling r~.gion ·has· one o.r 

more physical pr~pe~tie; that affect. a rate of discharg~ in 

the discharge process, and. wherein at least one.physical 

·property .of .the tunneli~g reg~on has been selected. so th~t the 

. ·discharge .·proc~ss disc:harges a stored eiectrostatic .c~arge .at_ 
. .. . 

a predetermin¢d rate. · 

37. ·The horo,log;i.cal' device of claim 36 wherein the t;unneling 
. . . . 

region is. between the fl9ating ·gate and the channel region . 
• 

38. T~e horologi~al device_ o~· ·cl~im _36 .wherein ·a selected. 

physical property of the tunneling region comprises a selected 

thickness.of the ·insulating material. 

• 
39. The horological device of claim 38 w~erein the selected 

thickness of the tunneling region is less than 7 nanometers. 

40. An horological device.comprising: 

a floating gate field et.feet transistor comprising a 

floating gate; and 

I; lllllll llllll 1111111111111111:, · · 
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an i~sulating regi9n of ~nsulating.~ate~ial adjacent to 

the floating gate, wherein a discharg.e r.ate of· a ·discharge 

process· that discharg~s an e.lectrostatic charge stored within. 

the .floating_ gate is. inverse_ly related to a thickness of the 
. . 

-insulating region; and wherein t~e t~ickness of ·the insulating 

region is. selected to cause a th_re:;;ho~d .voltag~ o_f the 
. . 

. fl·oating gate fieict effect transistor to .reach a predetermined.· 
. . . 

· thr,eshold voltage within a predeterm;Lned· time period after· 
. . . 

pr?gr~ng _th~ floati~g gate. 

41. The horol9gic"al device of ·claim 40 wherein a length of 

~he pred~te.rini~ed time period var~es _with an initial threshold 

vqltage of.the floating gate fieid ·effect transistor after . . . .. 

programming the floating· gate .. 

f llllllUlllll 11111 1111111 1111. · * C L M · S · * 
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42. A-method ·for ~sing an horological deyice, the.method 

comprising:· 

progra~ing a 'floating __ gate field effect ·tra·n~_istot ,: 

wherein -the ~loat.:!-ilg gate .field effect trans·istor ·co~prises a 

f:loating gate and an insulating region of insulating inateri·a1 

adj a cent to the _f loa ti_ng gate; 

dis~harging the floating gate, wherein a discharg~ rate 

of a discharge·pr'?cess that discharge~ _an electrostatic .ch~rge 

stored within the programmed float~ng gate is inyersely 

related to. a thickness of the insulating reg~on, and wherein 

the thickness of·the_insul~ting region is· se~ected t~_cause a 

.. t~eshold voltage ·'of·. the fl~ating gate fi~l.d effect t~~ns·istor 
. . . . 

t9 reach; . ·a pr"ede:termined threshold voltage within a 

predetermined time period after pro.gramming th~ f~_oating g~te. 

4.3 . The method ·of claim 4 2 wherein a length ·.of· the · 

pred~termined time p~riod varies wi~h ~n·initiai threshoid 

voitage of the floating· gate field. e.ffect t.r;ans.istor ~fter 
. . i 

pr~gra.nµn.ing the ~loatJ.ng gate. 
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44. A c.omputer ·program pr~duct ·on a compu_ter readable medium · 

• for use in ~·data processing system· ·for ~sing an .horological 

device, the computer program product comprising: 

instructions . fo.r :t?rqgramming ·a flo.ating gate field effect 

transistor,. wh"e~ein the floating gate f.ield effec;:t tra~s_i~t9r 

comprises a ·floating gate_ and an iqsulating ·region of 

·in~ul~ting material adjacent· to ·the floating ~~te, where.in a 

discharge rate of a"discharge process that discharges an . 

. electrostatic ·charge stored wi t~in the · progr.ail!ll\ed floating 

. gate i_s. inversely"_· r.elated to. a thickness of ·the insulating 
. . 

region,,_ a_nd wherein the thickness· o;f the insulating regi~n is 

seiec.ted to ca~se a th~eshold :yoltage of ~he ;fl_oating gate 

field effect.tr~nsistor to reach a predete~ined threshold . . . . . . . . 

voltage wit~in a predetermined tim~ _p~riod afte·r programming. 

·the.fl~ating gate; and 

i~structions for performing a re~~·operation on the 

. tl._oating gate fie~d effe{;:t transi·stor to determine whether or 

not ~he predete~ned ·time period has elapsed based on whether 
. . .. 

or not. the floating gate fie~d e.ffect transi~tor has reached 

the predetermined threshold voitage. 

4·5. The c.omputer program product ·of claim 44 whereil). a leng-t;.h 

of th~ predetermined time period varies with an.initial . . . . . . . . 

thresh61Q. voltage of the floating gate field effe.ct transi~tor . .· 

after programming the floating g~te~ 

46. An article of ·manufacture comprising: 

a binary time cell; and 

circuitry for aliowing a state of the binary'time ce11·to 

be modi.f ied or read. 

4 7. The ~rticle of manufac.ture of ciaim 4 6 wherein the binary 

time cell has a substantially discharged- state befo.re a· 
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programming operation and has ~ controlled discharg~ sta.te 

after the programming operation, and wherein.~he binary time 
. . 

cell ·transi tio~s after the programming c:>pera~io~1 _from the 

controlled.discharge state to the s¢>stan~ially discharged 

state within a· p+edetermined· time"· period after the programming 

operation. 

48. The article of manufacture of claim 46 wherein the 

article of manufacture is a smart card. 

49. The article of m~nufacture of claim 46 further­

co_m.prising: 
coupling means for coupling the ar.ticle of manufacture· to · 

a reading device or· programming device. · · 

· 50. The article.of manufacture of claim 46 further 

co¥.1pJ;ising: 
· ·time determ~nirig means-for determining·wheth~r or not a 

pr~de~ermined t~e period-has elapsed s~nc~.tne binary time 
cell ··was programmed. 
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