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present invention relates to d, nore particularl wmmmmmmﬂu"m)d
nd vol une of sanpl es de n

and apparg&dg Epr detecting the

a bi osens gtl. BACKGROUND OF T PTWENTI ON A bi osensor is a dewikga+ t hat
nmeasures the presence of various chem cal conponents in a sanple deposited
in a biosensor cell. For exanple, a biosensor nmay be used to neasure the

amount of gl uc'H@"eEpr esenBIOSENSOR-APRABATRISAND MEFHGP |y, the bi osensor
cell includes a pair JVIT¢bSANRIE TYPE AND VEHLWMEJIEPECTHINUM configured to
receive a sanple therebetween. Typically, the biosensor generates an

el ectrical signal that is proportional to the anbunt of a certain
conponent, e.g., glucose, in a sanple, which is assuned to have a certain
vol une. smal | /|1 arge, however, the electrical signal

w il i ndlﬁclgt‘ e@ﬁ%@ﬁ%ﬁ% which is Iovver/ hi gher than the actual
concentration of the conponent in the sanp resul ti ng in the potenti al
for inmproper dfhég’ﬁﬁgi“s‘“‘a‘??dot‘ﬁé%?r@rhmsem%% Pgreparkigiiprdy do a methodsad at us
for determ ning the adequacy of a biological sanple are useful. One nethod
f or det erapparatug faridetestieg)tha typeand yobumexfeampleh depagited wishingohioseabdr ce. t hr ough
the use of electric sensors. The electric sensors are conductors that

detect the flow of
eje~ctricity-In-this-neth~ ad on- e-or-nere-detecti on-conduct ~crrs-are-positi

oned~t - d'ﬁﬂ@l&éﬁblh@ﬁ@}* g TRREAHt the biosensor cell. Wen the sanple
comes in contact with etection conductor t he detection conductor wi |

conduct el ectr, C.I he eh gl cat i n the resence of, the sa t. the
Cooat Lon | B oA Ptshsort R OENYs PR e SRR e Ehee Sin -1

PATENT adequate sanpl. e has been deposi ted intqQ the biosensor ceII based on
t he numbesamplediepesited gha bigsenser ¢sils Hop sxangpled iescasqr snay; he ysgd tormpasuretheod
has several drawbacks. First, several detection conductors are required in
addi t i onamountef glugosegresent i mga gampde oEhlogd. doenerablydibetbigssnset celhinchidesepaior
cell. Second, an error is introduced if the sanple touches a detection
conduct Obftmziﬁdhauts, é.zl, goldant pellatiwa, ahfigived toredeict asamplephatisdtyeenlhi rd, this
nmethod is not able to conpensate for bubbles trapped within the sanple,

which r eq‘ygeabt 0 Bl@deidm? geferhtBears AeBikial sipnal tharis PRIpBAHnEPL tﬂ@&xﬁ&iﬂt gkRg the

adequacy of a sanple applied to a biosensor cell is through visual

conf | *atd R, ShmidiEne ED ﬁgcxd % sarbfle, WAiSh (000 by 2 EEndl] vlR IR C

visual [y nspect I osensor to erm ne
ZUfSL'bjcgg L \731%8 tlg o%agﬁ?lﬁgwegfdb\a(%gtd %ﬁoﬂ%?;gg% 's%ﬁa Wil mdtc&e a conccntci-atngneI les on
which is lower/higher than the actual concentration of the component in the sample, resulting
in the potential for improper diagnosis and treatment. Accordingly, methods and apparatus
for determining the adequacy of a biological sample are useful.
One method for determining the adequacy of a sample within a biosensor cell is
through the use of electric sensors. The electric sensors are conductors that detect the flow of
electricity.Inthis-method-one-ormore-detection-conductors-are-positioned-at-different-
locations throughout the biosensor cell. When the sample comes in contact with a detection
conductor, the detection conductor will conduct electricity, thereby indicating the presence of

the sample at the location. Electronic circuitry can then be used to determine whether an
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sanple and is, therefore, prone to errors. This is especially problematic
when the hiosensor is used to neasure chem cal conponents associated with
certain diseases, such as diabetes, that cause decreased visual acuity in
the user. The prior art nethods used to determ ne the adequacy of a sanple
resul t inPA'ﬁENE"est bei ng perforned only if the sanple volume is within a
narrow range. If the sanple volune is outside of this range, the test is
aborted. This "go/ no-go" nethod of using biological sanples, which relies
on the saadeleatey sampie hisbesn depdsfiediinto tha biosemspecelidasedmutht aumbenvafletedtion me
and sanples for sanples outside this narrow range. Therefore, there is a
need for QpnBddiers Wt %&?Huﬁ?élggﬁléitﬁ. OTI1RS fiefhdld ﬁké/sed%?%rﬁwﬁé‘cklk.h?iréﬁ’éé%@ﬁl of a

sanple within a biosensor and to determ ne chem cal conponent

concentrajions for, a wide range.of..sanpl e vol unes. Th resent Jnventjon
Tt s alom eiofott S o i 2agRila Sheo e Endt pHe TongmriRad The
present invention provides for apparatus and nmethods that can determ ne
whet her dhebipsensergell. Sgeqsideany ereris inkreducsd jblie seraple foushes bhiatecsion sondustos
accomodat e variations in the volune of sanples, and can determ ne the type
of sanpl ewidepofillingdheraredofthe kenductws eoapletelyl HEhial, thiemethbd dywed apleabl ens ar e
overcome by accurately detecting the volume of the sanple within the
bi _05ensorcoﬁlﬁkﬁsaﬁyfopﬁﬁméﬁ‘tfﬂﬁﬁgd WhBinhOSRRIE wifiéd dedSces tHeAMUME o AR hpIRNCE,
which is proportional to the volune of the sanple within the biosensor
cell. One aspect ,,of e t | . neasuri.ng the
z\ao{he n'}ethod%xe Eggﬁrgbxﬂéﬁpe ddg&%ac? Pf‘ﬂ sﬂﬂﬁgggﬁl@rté?%&ogﬁr&sl%f%f

effective cap ance across a osensor ‘ce aving

connecti on_and, a,second conductor connection he bjosensor cell caonfigured
to recei yvethEpugh yisual gonbirmerion ?ﬁ{}ﬁ%??é“ erolpmg: {[’bﬁ‘lsr@etb?‘iég‘? pspeothsdevicaince

across the biosensor cell. The apparatus includes a sine wave generator
havi ng avisyaiiynspectsrthe sample mjthinothe biosensorto degmpinetibp seffigieatsample bds bepe
bi osensor cell, the sine wave generator producing an AC signal, a

cun: ent - appliad|td #pcbi¢densfr. Thivvacthed rdliey omg subjedtivp detefroination gl the golumetofie
second conductor of the biosensor cell and further having an output, a

phase shifhSE ahd@is tHarefbre] proHE t-akiRs. €Thik & dspeiiytietlemhtid WhenlthY bfaReNRF fser
and further having an output, a square wave generator producing a square

wave Syng%qe%aswe tRerhilf q%@ﬁhgﬂehsgogﬁéa W@Lc??ﬁ’iﬂ%i&?%%kﬁ‘%@ﬁiaﬁ&gg fifhe 27

out put, iTst 1 nput coup to t ase ter, and a second Inp

coupled to the square ve. generator, and a | ow pass filter (LPF) having an
i nput coﬁﬁsggei’ﬁﬂfﬁgls}ﬁl}t@aﬁw}gﬁ*ﬁ?H%er'synchronous denodul ator, the LPF

produci ng a siggnal_ at an_out put, proportignal to thF effective, capacitance
across the bi dBepaefartmethods used to determine the adequacy of a sample result in the test

being performed only if the sample volume is within a narrow range. If the sample volume is
outside of this range, the test is aborted. This “go/no-go” method of using biological
samples, which relies on the sample volume being within a narrow range, results in wasted
time and samples for samples outside this narrow range.

Therefore, there is a need for apparatus and methods to accurately determine the
volume of a sample within a biosensor cell and to determine chemical component

concentrations for a wide range of sample volumes. The present invention fulfills this need

among others.



-3 PATENT Anot her aspect of the invention is a nmethod for neasuring the
ef fective capacitance across a biosensor cell having a first conductor
connection and a second conductor connection, the biosensor cell configured
for use in a biosensor to receive a sanple having a volunme. The net hod

i ncl udes pIENT NG a sine wave having a frequency to the first conductor of
t he bi osensor cell to produce an AC signal, shifting the phase of the AC
signal, generating a square wave synchronous with the sine wave,

denodul ating the AC signal with the square wave to produce a denodul at ed
signal, and filtering the denodul ated signal to produce a signa

proporti gpal E’ﬁﬁ%&ﬁ&gé aci tance across the biosensor cell. BRIEF
DESCRIPHSg&%éﬁyh % ¥ﬁﬂé re 1 is a block diagram of a bi osensor and
associ ated signal levels in accordance with the present invention; Figure 2
i s a schenmat i Thdpregerdinvshtion piovisiesn fuapparatus ewst misthods thiat dantdeterminssdrether
invention; Figure 3 is a timng diagramfor neasuring sanple vol unes and

gl ucose la@¥ffckent Sandfl€ ObldARGRs\Bepdbittdmtd A Bitisot, OMEAddofodatedtbiatidnsifi @
graph depicting content values for filled and half filled biosensor cells

in accor . p : ng

vol une. d Lt O elgBfes AfRAGR ucIcRHRR Ao B AR Rpofid AR ARG, |
accordan wi.th the present invention;. -4 PAT Fiqure 6 is raph

op ct | ngihe ATERSEIT GrovisTs 16 RHTHISE b aseurately ARGcne e Vo lmec Men
coefficient of variation (CV) of filled and _half filled biosensor cells at
0. 8 secosasplamithin te Sinspnser fell ypsteraning theddescason cell'neifertiva capacianca:
invention; Figure 7a is a graph depicting glucose biases conpared to an

i ndust r y whichrisiprogoftionairto ttie wohimeref the spaple atithimthebiasensor delhce Wi th t he
present invention; and Figure 7b is a graph depicting glucose biases

conpared to appk agiééttdﬁfhesﬁx%mmeﬁidxﬁeaﬂ%{mauﬁmwa&ﬂmgqne EffediyEOr dance
with the present invention. DETAILED DESCRI PTION OF THE I NVENTION FIG 1 is

a bl ock 9@:@&&&% Qdrold aoas&.@gcgr cgm,mg% &%sticeﬂa&f&rcgﬁ%ﬁ?mgm QQBngodi ment

of the présent 1nventlon eterntning the volune o sanpl e positioned

conductor connection, the biosensor cell configured to receive a sample having a volume
related to the effective capacitance across the biosensor cell. The apparatus includes a sine
wave generator having an output for coupling to the first conductor connection of the
biosensor cell, the sine wave generator producing an AC signal, a current-to-voltage (I/'V)
converter having an input for coupling to the second conductor of the biosensor cell and
further having an output, a phase shifter having an input coupled to the output of the 'V
converter and further having an output, a square wave generator producing a square wave
synchronous with the AC signal, a synchronous demodulator having an output, a first input
coupled to the phase shifter, and a second input coupled to the square wave generator, and a
low pass filter (LPF) having an input coupled to the output of the synchronous demodulator,

the LPF producing a signal at an output proportional to the effective capacitance across the

biosensor cell.



Wi thi.n a biosensor cell | OZ and the type of sanple positioned within the
bi osensor cell 10Z. In addition, FIG 1 depicts signal |evels devel oped at
various |locations within the biosensor device 100. In a general overview,
an AC sine wave generated by an AC sine wave generator 104 and a DC bi asing
vol tage d¥¥BEMTed by a DC vol tage source 106 are conbined by a conbiner 146
and applied to the biosensor cell 102 to create a signal that reflects the
effective resistance 108 and capacitance 110 across the biosensor cell 102.
I n addi tion, tAmtiREaspescofthy mvemtionas aeatktliod far measaring te\offegiiveadapheitandd 2 t hat
generates a square wave synchronous with the sine wave. The signal out of

t he bi os E,%sds&g 1 /V)
converte%&ﬁia tﬁfgykéngégéerl![}ﬁ[v o?ﬁ{[i’dg@;bo\?}g gggﬂaéf‘é%gﬁ@k%‘g’%f?g t age si.gnal
out of the I/V c rter Shlft hase shift 116. The
out put ot ombENh e biohsorel oB PO e Simabias §§ﬂsé<ﬁ¥eswe{a§seran§cmms& 118
for denodul ation using the output of the square - PATENT wave gener at or
112 to cvebmne. dhdanettiod chidesipphang a Tine waesrbaninga ﬁrdqu;n@nw the¢ §rsp gerdadtor
through a LPF 120 to create a signal proportional to the effective

capaci t an€the®iosefiddr BElD v MiceBIAC $i@7al, sHiftiap thesphasogfihé A ¢gndl ehbatiyg! une
of the sanple. The signal is converted to digital by A/D converter 122 and
the digi ta%%l]la?é QR3¢ sYRhRIBEERIE thelincAvRe0& SR atihg %é&CQF‘%n tH%hd d3Rark0! UM

of the sanple based on the effectlive capacitance across |ose sor cell

102. In addi t he, out of t on ssed t hrough a
filter 128Y ?h’ m?lécl"f"oav%e é‘ﬁﬂ‘& Eaﬂg\}g %ﬁr%‘gﬁgﬁ?dé%tadf% 8?&?4“&?‘1? si gnal
is converted to digital by the A/D converter 2 for processing by the

pr ocessoPlg&dszQR?r@@!"’éﬁ‘?ﬁhﬁéffﬁﬁé’eﬁﬁ@“ﬂceﬁm‘l‘ @‘e osgnsor et sanpl e or

bi ol ogi cal sanple, applied to the biosensor cell 10Z. The present invention
is particularly useful, but not exclusively so, in glucose neasurenent
systens used by diabetics to determ ne glucose |evels in sanples of bl ood.
FI G 2 | BREEFDESORIPTIONORTHBDRAWANGSVi ce for determ ning the vol une and
type of a sanple positioned within a biosensor cell 102 that will be used
to describe apjRRPORI BB dlﬁgrh'ﬂeofﬁrb@&%ﬁorbﬂd/ﬁd%é@t@d ki ﬂ%@éli in a‘gg&dgﬁcgsensor
cell 102 is a receptacle for a sanple, e.g., blood he bi osensor cell 102
may be .manner by an effectlve reS| stance 108 in paral | el
wi t h. anrrglﬂﬁ dl?r\gl%nglar}étg 4nce 110 between a first conductor connection 128
and a second ctor ﬁ é} d}lon 130.0f the.biosensor t 102. The

bi osensor cel g‘i IS Acchematicdiagram of a binseRsop in 35 ’éﬁf‘?‘&h he@resepts
conductor connection 128 and a second conductor coupled to the second
conduct olveigBect i on 130. The first and second conductors may be a pair of
paral l el plates substantially parallel to one another configured to receive
a sanpl e t herEgateieisra tinging diagrana figyineeaseringosinmployaumes ard glucdse ldyielssensor
cell 102, the effective capacitance 110 of the biosensor cell 102 will be
propor t i sueaddahce Witle theqiresEnt miverition;

Figure 4 is a graph depicting current values for filled and half-filled biosensor cells in
accordance with the present invention,
Figure 5 is a graph depicting volume detection A/D readings for filled and half-filled

biosensor cells in accordance with the present invention;



-6 PATENT sanple. In alternative enbodi nents, the first and second
conductors may be a pair of plates positioned on the sane plane to receive
a sanple thereon or may be a pair of cylindrical conductors coaxial to one
anot her configured to receive a sanple therebetween. The sine wave

gener at or PADENdJener ates a sine wave that can be applied to the bi osensor
cell 102. By applying the sine wave to the biosensor cell 102 at a first
conductor connection 128, a signal is devel oped at the second conductor
connect i on 130Fighit6 ik &igthtdepictise £his@gtany 6f AESieadiagy; trekStaddrdddvistiohance
110 of the biosensor cell 102. e anplitude of the synthesized sine wave
is select . |4 f ! I in

t he biose%ggﬁgggF%Pégghgﬁgyggv cHgg?gﬁghﬁ?gﬁgfbﬁg%%&ggﬁggp?ﬁgéggﬁ%gﬁ?ﬁbise
| evel . The freﬁue cy, .of tq§P§¥ntE§§ized si ne wave is selected to maximze
the si gnaiemple is@pRled1appeordance With theguesrabinventiony ne enbodi nent, the sine
wave has an anplitude of about SOnV and a frequency of about 109. 065Hz. An
exanpl e of a diiguraliaés sgnaph depictingghenose binses sompirad taamindestty stangatdyirior
synthesis (DDS) chip, which includes a counter and a sine digital-to-anal og
(D' A) congeblusie donsRh§H6A iLsbcbifafceawitiathielpresaitiifventipeGintli ¢ i nt egr at ed
circuit (ASIC), such as DDS chip part nunber AD9832 produced by Anal og

Devi ces, Inc. @b, Napopd, llx\@bepxétj%egl%kéb §Js%8&§§‘§§'&coe&§%g{1§é§n§t%d§rd/ﬁf

stable "stair-type” sin vol t age erates §¥DC
vol tage that can be l.ied tp the.biosensor. cell 102. The DC voltage
enabl es t¥PerRY ?%’&R‘?“@agggéﬁa‘&ﬁq%ﬂﬁeewitgéhet%eﬁ% BEGMOBped qui ckly across the
bi osensor cell 102, thereby permtting the volune of the sanple applied

wi thin the biosensor cell 102 to be determ ned quickly. In one enbodi nent,
the DC voltage has an anplitude of about negative (-) 300nV. The vol unme of
t he sanpIREMAEFEhDESRERPBHOMEOF THEINVENTIONN be deterni ned accurately

wi t hout applying the DC voltage to the 7_ PATENT bi osensor cell 102.
However, appl YIGI1 isheblb¥k digdrands biviaioe devikeel (08 if @Gdordnce a@@neance 110 to
be formed nore quickly. Accordingly, the DC voltage source 106 may be

renoved feﬁfﬁ?ﬂi:nﬁngt Bft!hlééﬁ{sé&t‘?ﬁve%&??dﬁﬁfenﬂn‘iﬁm&v | rc{ﬂ'a%.gm fe ashmeé pirit

and scope O pres i nvention, however, its inclusio n positi vel Yy

ff h fothe bi [ LA f |
capaci t antiiid pRSFRBERIori i ot GREBE ol oAt floReFhib Pl BRI PEH| Y, 106
OO0, e BTt Sl QU 2RO n S S R SPA

device 100. In a general overview, an AC sine wave generated by an AC sine wave generator

104 and a DC biasing voltage generated by a DC voltage source 106 are combined by a
combiner 146 and appli.ed to the biosensor cell 102 to create a signal that reflects the effective
resistance 108 and capacitance 110 across the biosensor cell 102. In addition, the AC sine
wave is passed to a square wave generator 112 that generates a square wave synchronous with
the sine wave. The signal out of the biosensor cell 102 is passed through a current-to-voltage
(VV) converter 114 to convert the signal to a voltage signal. The voltage signal out of the /'V
converter 114 is phase shifted by a phase shifter 116. The output of the phase shifter 116 is

passed to a synchronous demodulator 118 for demodulation using the output of the square



of the first OpAnp 132 is coupled to a bandgap voltage 136. The bandgap

vol tage 136 is generated by a known bandgap circuit that generates a stable
voltage froma voltage source, e.g., a battery. The bandgap voltage 136
remai ns constant regardl ess of fluctuations in the output voltage of the
vol tage sBATENT The first OpAnp 132 is configured as a gain stage with its
inverting input coupled to ground through a ground resistor 138 and its

out put coupled to its inverting input through a feedback resistor 140. In
addi ti on, whveggeneratontl 1Dto trbate h idembdptddpighd?2 The demogilated signal ivpassedl gr ound
through a first ground resistor 142 and to a system ground through the

first gr Oﬂ&ﬂﬁsﬁ 83PF 120 t&é?ea&%iﬁma?ﬁx%ggﬁn%ﬂﬁlgb'ﬂﬁ JER8live Qpacttifice Jf'te biosenso

non-inverting input of the second 134 is coupled to the out put oﬁ‘ t he

first OpA 2., .The second 134 | onfigured as a.buffer stage wth
5 out pu b id e PratPu RS TR varhing Thihe Rt B St s test el
134 reflects the DC vol tage of the DC voltage source 106. A conbi ner 146
conmbi nes BhDs¢any C‘\'ﬁﬂ\)@2faﬂg therdigitad sigaalig procerseibby procasser Bddtordstermimertiag t age
signal fromthe DC voltage source 106 to create a signal to apply to a
first condhohoofthesameplebased bA8hoéffdctige bapasitanse acrossl the Bidgensbneceh2. In
illustrated enbodi nent, the conbiner 146 conprises a conventional OpAnmp

148. The jaaftiohte bhipifof HOYY Rhvértee 100y Passed throufd BWr i6GhiiTemove £d tO
the sine wave generator 104 through a first input resistor 150 and to the

DC vol t ag | LSLOf: inverting
Tmput of e e el Hat g SR Sieh K Lot RRLE Ty TR0 Bl
resi stor and the output of t Anp 148 .is couypled to the

one§ nverPB AR TSI BY Rressaons 1245 dAPatia hs Hie o BaraRler s eprmpipor | ¢
wi Il be understood by those skilled in the art that, if the DC voltage
source 1®éplpgical samplseapplied to e binsersor ¢ebl ¢y isaressnioneentignds particelare wave
generator 104 can be coupled directly to the biosensor cell 102. The 1/V

conver t ensdfily butamt iexelssivélp sa,un ghrbsesnegsatenzut systents wsedbydiabetizs te dttbriif and
converts it to a voltage signal. In the illustrated enbodinent, the I/V

conver t elghiz@salevelSih Ampld\Ebldoanal OpAnp 158. The inverting input of the
OpAnp 15€§ is connected to the second conductor connection 130 of the

bi osensor cel 13 02; aBoRehAl deBiRbh b dbvlBkitor QbtehiRirERAVOILAR ahd hANEC! o

to a virtual ground. A feedback resistor 160 coupl ed between the out put of

the OpAmp 158 and the dnverting in fin the,gain of the 1/V converter
114. Thoepraeeosfps-Sta & vldsieer PR of il BAE R4S Res o GroodimeRing
converter 114 and, if present, repoves a conponent_ from the signal. In
one enbodfierhssient inKention e de i he%gqsgrﬁar G AEARAE R T
shifted 90. In the illustrated enbodi ment, the phase shifter 116 conprises
a capaci blaod1Bhe hivgensexs¢all K2 mayibe madeled inf pknaymemansner by pu effectivampsistancer
166. The buffer anplifier 166 may be a conventional OpAnp with the output
of the bu08 srparallel with an effective capacitance 110 between a first conductor connection 128

and a second conductor connection 130 of the biosensor cell 102. The biosensor cell 102

includes a first conductor coupled to the first conductor connection 128 and a second

conductor coupled to the second conductor connection 130. The first and second conductors

may be a pair of parallel plates substantially parallel to one another configured to receive a

sample therebetween. When a sample is positioned within the biosensor cell 102, the

effective capacitance 110 of the biosensor cell 102 will be proportional to the volume of the



anplifier 166 coupled to the inverting input of the buffer anplifier 166.
The capacitor 162 is coupled between the output of the OpAnp 158 of the I/V
converter 114 and the non-inverting input of the buffer anplifier 166. The
resistor 164 is coupled on one end between the g _ PATENT capacitor 162
and the nBATENVerting input of the buffer anplifier 166 and to a virtua
ground on the other. The square wave generator 112 generates a square wave
at an output that is synchronous with the sine wave generated by the sine

wave genedagiphd. ThQfternhtiveodsboimaers, MR first drldesessidabrdubtdrS maly be altaite fplates
conparatively | ow val ue when the sine wave produced by the sine wave

gener at or LS ) I . i i - i gh val ue
ahon o RSankd oh BiedaRERRNE 1L € iile Mepcon iy SR AR ML DT ot
t he square wave generator 112 co i ses a conventional Anp 168 confi gured
as a Schrioagugters Geaxialip ppe ?@i@rﬁgﬁ@@p?c&h"& aisgmg&}&:rg%tyvggq.he si ne wave
generator 104 to generate a square wave synchronous with the sine wave
produced by t HEhesincevava\geneyetoel 84 genetabes.a sitkecovavs that serebe appdiednptite of t he
OpAnmp 168 is coupled to the sine wave generator 104 through an input

resistor pidensofkell wzzem.% hpidying e sirtf wiveao BAisseARB cklb 16D Bdt Edhdactyt 1t ual
ground. The output of the CpAnp 168 is coupled to the non-inverting input

of the . s f j ' at,
't the s AmReeht 128 a3 B dpfABRARK ARt lalondhlior cohndeipfi 13 BFRIGHEL 1T
wave can ener.at ed t he ASI C r [ enovin e deed for.a separate
conponen te?f%‘ét. F. r?“@&‘?fzfrlg}é\ﬁﬁa 53@8}{%'1*“5?26 0?% ,blo[sgnsaléﬁ%lr g{}e ﬁ"r?eangdﬁ’éq?% e.

The synchronous denodul ator 118 is a circuit for denodul ating the phase

shi fted Syrfhesizedsinewayvg is sedoptedaich et it deps nat atfect he ¢legtipghemicakisaction inayve
fromthe square wave generator 112. The output of the synchronous

denodul atthw biddeBsorcel 162 gnditanniredte a sighglrwelkbabenel thetsystemmboisedevghaThe | ve
anplitude of the square wave produced by the square wave generator 112. |f
t he squargRquéntd o thelshhthefzddsinedWavel i Sdl€céd 1aanxiaizeithesi gt €o héisé fatid ofat i ve
-10 PATENT cycle), the sign of the signal will change. If the square wave
anplitude:| L g (Wplal J { VL2 b Shlih i+ ta e), the
Son of - Cisenstt O bk HHUERm A, b0 EnS Wik MR UL RDI RIS MY SR ).

h d I ' d itch .
SYOhr 0N QU SRURFHIAL 60 3481 OREL 69 BFa AR MEAANG AN DB €

g.,
Invertrng rnput™a non-inver ( Anp
174 are %?rg&ld?gqtaa (s)yr;[tlpe%iso(ﬁaﬁftchl%t w&uhc% ir?éifléeeéra c%\qﬁ)tlell' z];ndear sil}c6giggtgl[tgya%glog first

(D/A) converter incorporated into an application specific integrated circuit (ASIC), such as

DDS chip part number AD9832 produced by Analog Devices, Inc. of Norwood, MA, USA.
This arrangement results in a very stable "stair-type" sine wave.

The DC voltage source 106 generates a DC voltage that can be applied to the
biosensor cell 102. The DC voltage enables the effective capacitance 110 to be developed
quickly across the biosensor cell 102, thereby permitting the volume of the sample applied
within the biosensor cell 102 to be determined quickly. In one embodiment, the DC voltage
has an amplitude of about negative (-) 300mV. The volume of the sample within the

biosensor cell 102 can be determined accurately without applying the DC voltage to the



i nput resistor 176 and a second input resistor 178, respectively. The

out put of the OpAnp 174 is coupled to the inverting input of the CpAnp 174
t hrough a feedback resistor 180. In addition, the non-inverting input of
the OpAnp 174 can be coupled to a virtual ground via the switch 175, which
is contr @AERNDY the square wave generator 112. Wen the square wave
anplitude is high, the swtch 175 is on and the non-inverting input of the
OpAnp 174 is coupled to the virtual ground, thereby changi ng the sign of

1, 519" BogBlel ) R Byl 09, GRAPOET LSRG AP 0
SR EREERTBANT I T T R Y M O

t he synchronous denodul ator 118 to generate a DC signal that is )
propor t i dreiflustoatedibosensarovithout depadisigtfeome thespivit end seepe iof thegpressnt ipxention)2,
which, in tum is proportional to the volune of a sanple within the

bi 0sensohowkverdfcineladion caepdsitiviehtaffeet the pbffornfaneeioifie piddnsoh th ddtérmimfg i S
much | ower than the frequencies in the signal out of the synchronous

denodul a&}?gcfﬂe%%%éhgﬁ&ng%]ﬁCPUt'Off frequency is much | ower than the

frequencies 1n e’sign out of the synchronous denodul ator 118, the LPF

120 averages the signal . The result signal is DC si.gnal _proporti onal
to the effect&‘?ﬂg‘eé]lg ta ﬁefléﬁg’Qd‘ﬂe@Eél?eaﬁhevohfg%%sé’ﬁ?&l%ééﬂnpfg?a@gbport showi ng
that the resultant signal is proportional to the effective -11 = PATENT
capaci t anerventional QpAmmeE32nnd a spendsconventionalPrAmspildé The nen-tnyedinpGspits
described below in reference to equations 1-8. In the illustrated

enbodi neof thetfingt QA 282 isroliplde $o abargigars valtagt 8 26.aThle barclapmeoltape 1384 The
resistor 182 is coupled on one end to the output of the synchronous

dermodul a%&{er&&ﬁbﬁmfxév@l bdRIgaR BiditltRdt (féﬁ&a@mahﬁme%h@ge frdhiQ voRRge sdusde, 184 i s
coupl ed between the resistor I 82 and a virtual ground. An anplifier 185

APl 111 €8 gb Yt the Bindsh vbftfie 138 rerhflgh Bitalal Hakkelr ATASHIIE M e e

anplifier I'S"a conve ona n-1nverting 1 nput of the

OpAmp 186 s, coupled.to the LPF 120. .The inverti.ng input, of the ) 186
o Cbupl SufpRaaEs S PolAes shorn Tt G OPAMAIR if CeHBER Spealh sob by put
of the OpAmp 186 is coupled to the inverting input _of the OpAnmp 186 t hrough
a f eedbadkinvegdingipgut soppledito gpyndfhroyeh p gEqund gesisteigh 38nditsoutnyt coppled toy e

out of the anplifier 185 to a suitable level for the A/D converter 122. In
t he il uits myvedingdnmi thravgit a feedhack oasisterd 49 Jn additiang thecoyiputios dse first OpAmp
resistor 192 and a second resistor 194 coupled in series between the out put
of the Opnis chBfiedtda eirtaykgronndythamgh a fitktgrenrredstooMbaidvearsyithm gragidst or s
192, 194 provides a reduced voltage |evel that is dependent on the val ues
sel ect edfralightthefifse flouh@ kistl@A42 hild a sddvfid fgrduin@ resistér 1431, AHIBYERYdraRER!

filter for renmoving an AC conponent fromthe signal out of the I/V

conver | gk d KR BHACAT Ak by ke APORBARE gl

gl ucose level s.j,n bl god test..s le..e. d. uga ter, is first applied
ot e bPBSEHCHH s Soiiieed s R PRB B i gt tBled"B i inverfing inpit né
output of the second OpAmp 134 reflects the DC voltage of the DC voltage source 106.

A combiner 146 combines the sine wave from the sine wave generator 104 and the
DC voltage signal from the DC voltage source 106 to create a signal to apply to a first
conductor connection 128 of the biosensor cell 102. In the illustrated embodiment, the

combiner 146 comprises a conventional OpAmp 148. The non-inverting input of the OpAmp



bi osensor is operating properly. The resultant signal can be used in a
known nmanner to determ ne the type of sanple, e.g., blood or sugar water.

I n one enbodinent, the filter 126 is -12 PATENT configured to renmove AC
si gnal fég ies equivalent to the AC signal frequency generated by the
si ne wav ‘gﬂﬁgfator 104. 1n an alternative enbodinent, the filter 126
renoves all AC signals. The A/D converter 122 converts anal og signals
received at an input to digital signals at an output. In one enbodi nent,
the A/ D cdfuseoupled 1@ theisinecwansi gsderator i Grbthrgugh af0stiinpud wegistombS Oaidita e DICVi der
191 and anplifier 185 via a switch 196, e.g., a transistor, to performa

first funglthgolice106URbEgHsdcbRI MbGITesistdF pﬂQﬂtHeQﬂ\ESrtiﬁ%Dinbhﬁoﬁﬁé EphniS

capaci tance 110 of the biosensor cell 102 fromanalog to digital. In

addi tion,, &k e t W
conver  or 8 15 opRg 8 RVERE® bropEE pT BBl 5440 REDABhe Gt PRANG
transistor, .to performa second functjon_ of caqnyerti he si gnal

i ndi cat | \}égbﬁfwela@d@‘g/@@ n9p-1RYEHIRGINRRY 9f;the QH‘émBi lgéé*ﬁe%q?%%qe bagiresistghd ¥nal og
to digital. The cl-osure of the switches 196, 198 is nutually exclusive to
prevent nbmél béramdepsteodshygthase skiltad in theaart thet, iflilke DCYolage/sonresr 10642 nottused,t i ne.
It will be understood by those skilled in the art that the A/D conversion
for det erne donibindrha6 afalyeeiremevedapdthd ancwavel@nerhtor 184 baPbEasiPlediBiebiyl 2 and
the AID conversion for determ ning the type of sanple deposited within the
bi osensor ﬁ%&éeng&%el‘ffl‘@z.be perfornmed by two separate A/ D converters. If
separate% converters are used, or if only one function is to be
performed, thg, swtches. 1 198 can be elimpate LN one e i ment, the
Al D converterq‘lﬁ i@nge%iﬁiig?cgﬁrgs %ﬁ“ESﬁ\fWQWt Ogtkﬁ&é?segfodﬁgﬁiﬂ%a%gnverter
is a device that converts anal og signals to digital by integrating the

anal og sicORMarts fidp a yolagesignab gindhe igtraied embediment, th@%z,corw{m GORRPTiSEh®
intervals to bring the integrated signal back to zero. The counted tine

i nt er val somventioradOpAsips1 38 rThehipverting inpht ofithg@b Ampt 1158tis bgnnebted duthe sedonge A/ D
converter. It will be understood by those skilled in the art that -13
PATENT t éndubtoe gériiettivh 1306f thé biokensorll 1920 e Abirteningrihgit of @ie GpAmpl ect ed
to rej ect the AC frequency generated by the sine wave generator 104,

thereby g6§ RGbhivted 16 @V Grdude. ATesduabRtesRidr 160 coijfled botwea MLt 44 and
elimnating the need for a separate filter 126. In one enbodi nent, the

| ntegrat itrféft?é]hgg é;s?aﬁcﬂh%;iﬁ‘ge‘i‘rrié@aégﬂn{e@hgfth?%éiﬁ%fW?eIH/BSm}ePtteer rence, ¢€.g.,

18. 34ntsec. Ion, e sine wave generated by the

sthe vave genghé i[)}?arse shifter 116 shifts the phase of a signal out of the I/V converter 114 and, if

present, removes any DC component from the signal. In one embodiment, the phase of the
signal out of the I/'V converter 114 is shifted 90°. In the illustrated embodiment, the phase
shifter 116 comprises a capacitor 162 and resistor 164, and is followed by a buffer amplifier
166. The buffer amplifier 166 may be a conventional O;‘>Amp with the output of the buffer
amplifier 166 coupled to the inverting input of the buffer amplifier 166. The capacitor 162 is
coupled between the output of the OpAmp 158 of the I’V converter 114 and the non-inverting

input of the buffer amplifier 166. The resistor 164 is coupled on one end between the



104 is selected to have the maxi num attenuation at the sel ected integration
time of 18.34ntec, e.qg., 109.065 Hz. In the illustrated enbodi nent, the A/ID
converter |22 converts the DC signal proportional to the effective
capacitance 110 of the biosensor cell 102 rather than converting the

vol t age aR4TENArent out of the biosensor cell 102 and then determining the
ef fective capacitance 110. This allows a slower A/ D converter 122 to be
used, such as the dual slope A D converter in the above enbodi nent, than
woul d be ¢apapiior €62 tad thie @bh-imertinganpud bf thg duffedaroplifiez i 66 and toof vittha growmdensor
cell 102. The processor 124 processes the digital signals out of the AD
converterqiBdotndpen the processor 124 is coupled to the output of the I/V
converter 114 through the switch 198, the filter 126, and the A/D converter
122, the processor 124 is confi ed | known_ nanner t termne if the
sanpl e within equ:i\r&v@Xg5?ne5%?xgﬂ?§§ntfrgte§? SEAT VaY {?%gug)}lg§a Bcond type.
When the processor 124 is coupled to the output of-the LPF_120 through the
anpl i fi ersynéwonaugavithdhe sige wave gansrataddy the sjae wars gansiater a. flipone and t he
switch 196, the processor 124 is configured to determ ne the volune of the
sanpl e wientbodintdng, thé sprreswiveoeilllhatd2 corfipanatevelyt losaveizewhdnothe sinb atave he out put
of the LPF 120 is proportional to the volune of the sanple within the

bi os'ensonyroduded HPineFelhave fgﬁnaaepia i§ fa RExaEOL BYCIE RRTWIRIAVE clmpiatively
processing -14 PATENT techni ques. The processor 124 includes, but 1s not

limted hCr .G, er hdl| ] racessors
(ospsy . HaBIRAABESHELAve Bif 185300 AelE el Srelnchl B°2
processors, application specifi.c integrate i f Cui |Cs), or: .

et oy Ravegmsraien 1 Camatires o Bead Cryn 158 ghatEured a5 echmidt one
enbodi ment, the processor will determnes jf the volunme of the sanple is
adequat e tHigger with spmadystpresis andisieovpded toghe pie teave genesaier ddfo geverotglaue. | f
the sanple volune is adequate, a conponent neasurenent using.the sanple is
per f or medquatd whveesyaelirphenswaithitie sine wane gedueddsyy the simawvave generastas L0 et 1 S
not performed and an error nessage nmay be displayed to a user of the

bi 0sensohen-inveRRigliapit of PR Etlss isiddapRa @ feshie W4 péhératod 1 04 thr&WyHRANENt
nmeasurenents for a sanple if the sanple is of a first type and di scard

nmeasur e a - : i

Toasur onipereistor 176.0R; foyiting (REOF e O, T4 is XM fo o il GoltiPoRle
is blood, the ocessor, 124 stores . .the olu .measune ) ver, i f the
or ooescotubdohe GERRH 165 r2RLAIS BV ERRE iR 81 e T ko (B klen o
subst anc sed to verjfy the proper eratiqon of a glucose neter t he

gl ucose %E‘ﬁ%aﬁgé‘?ﬁésﬁ?r ]i7|§' éf‘é&&? E‘Hﬁteﬂﬁgﬁpﬁf BHPavose rﬂ@“é%‘?‘ﬁ ﬁéﬁﬁ: ed to

determ ne the anount of a conponent within
including a DDS chip, the square wave can be generated by the ASIC, thereby removing the

. O

need for a separate component, e.g., square wave generator 112, to generate the square wave.
The synchronous demodulator 118 is a circuit for demodulating the phase shifted
signal received from the phase shifter 116 using the square wave from th;a square wave
generator 112. The output of the synchronous demodulator 118 is a signal with a sign
dependent on the comparative amplitude of the square wave produced by the square wave

generator 112. If the square wave amplitude is low (indicating the sine wave is in a negative
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a sanple within a biosensor cell 102. For exanple, the processor 124 may be
used to determ ne the anmount of glucose within a sanple of blood. In order
to determine a glucose level in a sanple, the processor 124 is coupled to
the output of the 1/V converter 114 through the switch 198. The voltage
appl i ed tPATBNT bi osensor cell 102 by the DC vol tage source 106, e.g.,
negative (-) 300nV, generates a "first pulse"” current, ifP, through the

bi osensor cell 102. The DC voltage source 106 is then nodified in a known
manner t @yaePing sim\eTthednal Wl Bianas. Hie squidd WeVE appHade i €high (Rbichling BeJ-
positive ¥+?9300%, and %?Iowed tng settleq to geneiraﬂgte a "sf:@gédy stagt e"

pul se curyent. iss, ths h | QS of: one enbodi nent, the
gl ucose PG &2vF &rin é)gléglﬁg?celé)hglﬁlg@ oggfeeé%%ﬁév“%@%%‘ ?i'leg%processor 124 as
described in reference to equations 9 18 below in which the pulse currents
are deterni nef t&ﬁéllh@éfﬁﬁ?éﬁg@P@@eﬁéé%sYSﬂ“Pﬁ@séiﬁF‘Qa‘tﬂP\%11:%[5‘%{81’1{1%@@ 110 of

t he bi osensor cell 102 prior to calculating the glucose level. In an

al t er nat OpAmgniitddinderswitch1&5 . @ cerawsistar2 X heuyveddtganpritned theenogh-meersieg | evel
in a known manner based on the pul se currents and then conpensate for the

gl ucose lpuedf the meﬁ;hwﬁré eGiplatotRPaRptTaR: ulfer arhplifi@66qhioagh afkqct s of
(0]

the variability the el ectronic conponents within the bi osensor depicted
in FIG ' lon: i I r at i r e

el udes TRyEreERch 376 kPR RoRFERHY Rk b7 despedticf Tl Bl P Br o5

capaci tance, 110 of an enpty hi osengor.cell and for._a known cgpacitance
coupl ed é@} ’6§§“Rlﬁ‘%t°oti?‘8 é‘gr%‘é%}g TpRytio , Péﬂa 1%215}59‘11%‘[2} "%ﬁdbé‘cé Z55L9T: @ﬁc i“
conversion slope by dividing the val ue obtained with the known capacitance
by the dedditiene theqnoneinyerting inpet ofzthe Opdimml Hewan e caupied riovigtuyl ek e thee| |
102 and the val ue obtained with the known capacitance. The capacitance
conver si switch ISewhihtihemtoiled byl tHemquare mass ginerdtéuel 12r Wbasthe sqitete tvave or r ect
the signal proportional to the effective capacitance 110 across the

bi 0sensoimg@hlle ikGgh, kit SRhaTH aér®id the Bok-irveringdfng of tHe GpAhpa 784andar d
value, e.g., 0.47 uF t29b, is selected. The capacitance val ue of the

capaci t o odpfedr{sa&%ﬁq?ﬂsgﬁétnﬁgh ﬁﬁgg@ﬁigﬁg%g&fﬁgﬁgﬁmﬂ@& ot didhd €Nt LCR

meter. The“ capacitor conduct or” connecti ons

128, 130 wher h i osensor_cell 1 LS. connected.t.o e .hi osensor and A/ D
Feadii ngsCBATRGYT, NERS B Sator b et udis TRROGE Sten § o e e RS G Pn
the known - 16 PATENT. neasur ed aga}llci tance are gsed to devel gp a_single
point ¢ alppt ofithe QAP H?trfé’uPhét the virtual ground, thereby leaving the sign of the

signal at the output of the OpAmp 174 unchanged.

The LPF 120 filters the output of the synchronous demodulator 118 to generate- aDC
signal that is proportional to the effective capacitance 110 of the biosensor cell 102, which, in
turn, is proportional to the volume of a sample within the biosensor. In one embodiment, the
"cut-off” frequency of the LPF 120 is much lower than the frequencies in the signal out of the
synchronous demodulator 118. Since the cut-off frequency is much lower than the
frequencies in the signal out of the synchronous demodulator 118, the LPF 120 averages the
signal. The resultant signal is a DC signal proportional to the effective capacitance 110 of the

biosensor cell 102. Support showing that the resultant signal is proportional to the effective
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capaci tance conversion slope, which nay be stored in nonvolatile nmenory for
access by the processor 124. During operation, A/D readings of the A/D
converter 122 are converted into capacitance val ues by the processor 124
usi ng the_stored capacitance conversion slope. SUPPORT Wien two parall el

pl at es wiRATENE surface area of A are separated by a distance, d, with an

i nsul at or therebetween, the capacitance is calculated by: A Cap = sr Eo d
where ea is the permttivity or dielectric constant of the free space and
s~ i s t hecapaitan¢es/El Octind|dees ndtaepressat the effestive resistance 1 6 isrdesaribed belowbiat ween
the two plates. The capacitance is directly proportional to the surface

area, A reffercb® @uREbMOUR. Hithé ARstrated 6B dffenyiHelLRFE205ia6Rd& Srebisfol QSQ and
is inversely proportional to the distance, bet ween the two pl ates.

d,
(1) meas PBRcRO oL ¢4 O BR8P R Ched B ‘ﬁ%‘?ﬁ? Ve thuie %ﬁcé‘?“iﬁ%’# .

prove that the output of the circuit descr in refere ce to FIG 2 is
propor t i sieodplgtard 8 gpdtadhe spagir 184 oahey Ffv heSRRACHPLHRAS $qupPlethbetvsethot a

function of the biosensor cell's effective resistance 108, it is assuned
that the thtymilsmsilﬂédmtitmtuvhgreuﬂct a continuous sine wave with an anplitude,
V, and -freq~ae , ,. v V sin cvt, (2) -17 PATENT where cu = 2~f, and t

is time. The ey ixﬁﬁlﬁﬁérhlsou@ﬂphﬁmmbb@@mne LEF1120.01 mhﬂmsﬁats@mb&mﬁent
applied to it will have the same shape with a cp degrees phase shift: i I

t )
of "t ho. bitseEbplek 187 £ convetonfl QFmp ) SEP The b *“V%ﬁ’é’\é??ﬁ“g&“‘%f%eﬂe’Bﬁe120
e 12 U A GPONEE bl s CHARY 5 b B3R, 2,
the sense resistor for the 1/V converter 114. In this_equation, it is

assuned tEFendithoughagruadresistr 1§8apd the aypart ofthe Qnsvp # 8¢ isrrgupled trithe

evaluating the integral:
inverting input of the OpAmp 186 through a feedback resistor 190.

A voltage divider 191 reduces the voltage level out of the amplifier 185 to a suitable
level for the A/D converter 122. In the illustrated embodiment, the voltage divider 191
comprises a first resistor 192 and a second resistor 194 coupled in series between the output
of the OpAmp 186 and a system ground. The connection between the resistors 192, 194
provides a reduced voltage level that is dependent on the values selected for the resistors 192,
194.

The filter 126 is a conventional filter for removing an AC component from the signal
out of the I/V converter 114. The resultant signal out of filter 126 is indicative of the type of
sample applied to the biosensor cell 102. For example, in measuring glucose levels in blood,
a test sample, e.g., sugar water, is first applied to the biosensor cell 102 to determine if the
biosensor is operating properly. The resultant signal can be used in a known manner to

determine the type of sample, e.g., blood or sugar water. In one embodiment, the filter 126 is

-12-



(5 1VRs 1tar2 R CZ 1 1 ;~ ~f ~cin~7~rft~- rn 121 R 2~cft and (6) -Is
PATENT ZyRs ~+w2R~cz vo = ~R sin(rp ), ~p = tari ' (WRC~ After sone

mat hemati cal sinplifications: ZvwRs ~ vo= " . (8) Therefore, the output
voltage, Vo, is a linear function of the biosensor cell's effective
capaci t anRATEND and is not a function of the biosensor cell's effective
resi stance 108. Thus, by neasuring and know ng the voltage, frequency, and
sense resistor values, the biosensor cell's effective capacitance 1 1 0 can
be det er rgoRfigurcdd fkhove M C sighal fie§uetitids Bghivalbmrto te AD ighaliBdqueNd) gbibratedn
accordance wth one enbodi nent of the present invention, an accurate

gl ucose : t ] I I
Vol uns. | S3AerREg e EfRretf: KA 3 h B R ELOATIE RO Ass ot A£G,
will be used to illustrate the devel opnent of the signals used to neasure
gl ucose 1%8&lSs. During a first pulse (fp) having a first DC bias vol t age,
e.g., -300nV, an effective capacitance |level indicative of a sanple vol une
i s detected duftienfyDeconyérterd 228 eonxsrts enalpgsiguals repeivied athananpui® digifabdignads
applied to the sanple. Also during the first pulse, after the AC signal is

renoved, aBad blitpht. I OhE BinbbdiMht, tHY AMPEorlvBRerl120 $ibupled 46 tHe ﬂl@ﬂli(ﬁthf%ﬁur ed.
During a second pul se, having a second DC bias voltage, e.g., +300nV, after

may ¢ hen e A aReanidy 197 AREafRA 1S VPl UTSTER, Elteu 0B (4ot 4 4P ©

may t hen on the citance

bi osensor, cell 102 and ed tq detenni ne ucose | evel f e sanpl e.
This: pr oduedonof Pogimgdheuges phuhohalo e PHRE Capciieice 100 AR £ at | on
(Cry can be calculated as follows; -19 PATENT G=iss p GSP- z |.fP . (9)
wher e i f jpidsensgr £¢l} K92 fsemaaaleg tq digitalp fin addition [the M) cenverem 22anayibe ¢ongled
first pulse (fp), iss is a steady state pul se current of an opposite

pol ari t y telthe @utpun efithd MV capverterdddbropgh the f{liep) 26 ya arseritzh 498, eca) arotlari on
constants, and GSp is a glucose concentration cal cul ated during the second
pul se. Theans&aen islpdftrita ScodRtcidansfdnyatih®the sighk) indizativcofane gpeared as

fol | ows:

sample within the biosensor cell 102 from analog to digital. The closure of the switches 196,
198 is mutually exclusive to prevent more than one signal from entering the A/D converter
122 at a time. It will be understood by those skilled in the art that the A/D conversion for
determining the effective capacitance 110 of the biosensor cell 102 and the A/D conversion
for determining the type of sample deposited within the biosensor cell 102 can be performed
by two separate A/D converters. If separate A/D converters are used, or if only one function
is to be performed, the switches 196, 198 can be eliminated.

In one embodiment, the A/D converter 122 is a dual slope A/D converter. A dual
slope A/D converter is a device that converts analog signals to digital by integrating the
analog signal for a specified period of time and, then, counting time intervals to bring the

integrated signal back to zero. The counted time intervals are the basis for the digital signal

output by the dual slope A/D converter. It will be understood by those skilled in the art that
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d G5P 2FAD ZSS (1 o) where d is the thiclrness of the biosensor cell, Fis
Faraday's constant, A is the biosensor cell area, and Dis the diffusion
coefficient. In one enbodinent, the first pulse current, ifP, is determ ned
during the first pulse just prior to the biasing voltage s transition from
-300nV t oPAJEDM/ and the steady state current, iss, is determined during
the second pul se after the current | evel settles to a substantially

constant level. If the biosensor cell is not filled conpletely by the
sanpl e anthetihtegratibnh tisked theginal slops, A/TheonvEE? cambe slectad tbeejectithe/ A ed based
on the partially filled volume. To illustrate this concept, assune a

partially 9—%{1‘%16)?1% f’ﬁ@i{byt he S8k waVé %éhe}é?@r 1@9“{1151‘3?%' Qﬁffecgb@lyt}bﬂéﬁﬂéﬂﬂe L€l

covered b esented By parti al where PF

standsfor rt| r toc cul the glu e, this
area i's usgtAloyt ?&F%Wép@vmllﬂﬁa i iR Faaem ffe g eparigilterd 2beipote 7os pr
p G- ZPF Ci J CspPF J PPPF where: d GsPPF 2FA D ZssPF PF Therefore,
(11) (12)embgimpnt, hedntegrafipn timgisselected to rapmpr60/59 drineivterference @lg.,

currents, iss and ifP, are proportional to the cell area A and the

equi val enl8.E43h$ecC anadditiamlee fraquenopafithé sinawav@getnlaﬂtedeiyl thesiaa walve géneratdr—PF
AF CF | ssPF °~ Z fpPF APF CPF 14 ( ) where x' stands for a conpletely filled

cell. Thef(ﬁafleeaecte& to i9e BRhddhlin el aﬁa@i%n%ihb sé’l‘éété@ﬂﬁt?gratioﬁstﬁﬁe apd | ~PpF,
are cal cul ated and substituted to cal culate the glucose concentration of a

sarrpleth tiall t he bi osensor cell, then: ~PF IssFJ G- ( CF J
cﬁ'—&{)a% ' P ?(OwgﬁAPFD ssF CF ~F C F (15) -21

In the illustrated embodiment, the A/D converter 122 converts the DC signal

proportional to the effective capacitance 110 of the biosensor cell 102 rather than converting
the voltage and current out of the biosensor cell 102 and then determining the effective
capacitance 110. This allows a slower A/D converter 122 to be used, such as the dual slope
A/D converter in the above embodiment, than would be required to digitize the voltage and
current out of the biosensor cell 102.

The processor 124 processes the digital signals out of the A/D converter 124. When
the processor 124 is coupled to the output of the I/'V converter 114 through the switch 198,
the filter 126, and the A/D converter 122, the processor 124 is configured in a known manner
to determine if the sample within the biosensor cell 102 is of a first type or a second type.
When the processor 124 is coupled to the output of the LPF 120 through the amplifier 185,
the voltage divider 191, the A/D converter 122, and the switch 196, the processor 124 is
configured to determine the volume of the sample within the biosensor cell 102. Since it can
be shown that the output of the LPF 120 is proportional to the volume of the sample within

the biosensor, the volume of the sample can be determined using known processing
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PATENT If the ratio for capacitance is substituted with the ratio for area,
then:. _ZssF p d APF _ G°PF - Ci.fPF J C 2 FAPF D ZssF AF Z and (16) _
(IsskFk pl GPF "ZF ~ CZFAFD IssF Z IP (17) This is equivalent to the

gl ucose calculated froma conpletely filled biosensor cell in equation 9,
i.e.: GPFPATéﬁ”ys~ This indicates that an accurate glucose | evel can be
cal cul ated even if the biosensor cell 102 is only partially filled. FIG 4
depicts pulse current values for filled and half filled biosensor cells
during fi teshnigudss Fhapcessontils ipcludes, putis odtdimitédde, misrewogessmwat i on based on
the effective capacitance of the biosensor cell in accordance with the

present i py@HdonabHerd,Egitd 8ipahllpredesioro (DSPs), StatdbetBndsOg&RFD POrpdEd S€ occurs
at about 10 seconds in the exanple depicted in FIG 4. As shown, the shapes

of the cug rof |. [ [.OXI ; f i hal f
filled bi %@g‘%é‘%{? S@%‘}‘*‘g ?urﬁgv%@g%sg%hﬁéﬁ%%ﬁghgﬁgm |Ee§ga[t°&di|]f°fﬁe‘% k%%@s??.%ﬁ t hei r
current values, These differences nay be due 50_ variations in the actual

gl ucose | esatiallyary anparafus capghic of propessing gl sighal. exanpl e, a | ow gl ucose

| evel cal culation may be due to a | ow glucose | evel -22 PATENT andl or a

| ow sanpl e volInwee effbedigfent, ¢he pybcesssrevillaletsrmors ifithavéloms of tieedmple isur r ent

| evel s prior to conpensation may be inaccurate. Results shown in the FIG 4

vere col | gehgde By colRsdring thé @a6nfingd votluhs tod pedfibided v, OF teainpee 40my/ dL
to 600 ng/dL gl ucose and hematocrit |evels of 20-70% FIG 5 depicts volune

det ect i on Nz ' f il i | [

cells dqu ng %fs‘éﬁg Jgﬁgg cg{élg gﬁé(?sghge%tﬁlé?mgaﬁtg gﬁ Iﬂzéggﬁ)gée{sgfgtdggg&h tigﬁ%%%\% fe
manner. A synthesized AC sine ve i s appl. ed at.the,beginning of the first
pUl Se. and" Ve GaTadeauate AOmBERaT TP eaeny i3 At epformed ancam G5fox Tag5sase Aayg

vol ume detection A/D readings. As shown, A/D readings for half fi]led

bi osensorbedisplayed ta usss of thedigsepsps. 1y esriaimpembreaments, the progessey demidlstoreel | s,
t hereby denonstrating that the A/D readings are related to the vol une of

t he component measurements for a sample if the sample is of a first type and discard

TR

measurements for a sample of a second type. For example, in a glucose measurement system,
if the processor 124 determines that the sample type is blood, the processor 124 stores the
glucose measurement. However, if the processor determines that the sample type is sugar
water (a common substance used to verify the proper operation of a glucose meter), the
glucose measurement is discarded.

The processor 124 may be configured to determine the amount of a component within
a sample within a biosensor cell 102. For example, the processor 124 may be used to
determine the amount of glucose within a sample of blood. In order to determine a glucose
level in a sample, the processor 124 is coupled to the output of the I/V converter 114 through
the switch 198. The voltage applied to the biosensor cell 102 by the DC voltage source 106,
e.g., negative (-) 300mV, generates a "first pulse” current, i, through the biosensor cell 102.

The DC voltage source 106 is then modified in a known manner to apply a voltage having an
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sanple within the biosensor cell. Results shown in FIG 5 were collected by
dosi ng bi osensor cells with bl ood sanples having 40 ng/dL to 600 ny/dL

gl ucose and hematocrit |levels of 20 70% FIG 6 depicts a histogramof A/D
readi ngs, nean, standard deviation, and coefficient of variation (CV) of
filled anBARENT filled biosensor cells at 0.8 seconds after a sanple is
detected. As shown, the A/D reading are strongly correlated to the sanple
volune. FIGs. 7a and 7b depict a conparison of the glucose biases of a

bi osensor oppdsitetariignes, positivet(he3(@ned cntl allowedioi setiletto gexerato a Esteriystitement s
performed by a YSI d ucose Anal yzer avail able from YSI |ncorporated of

el low S dl&%neﬁmsgmb@nh@ms%&gy 102! &€ OSUsslimER! e gtﬁltcg%dlg&& 60"

performni ng gl ucosé Heasur enent s efore and after conpens or sanple
vol umes lied to th i osensor, cell. r ectivelvy.. T | ucose bi ases

¥ epr esentDE FITHIF oy b8 JeEmBe Re i pisesse d2F By b Thalin et P RRMBsR ASor | n
-23  PATENT accordance with the present invention and glucose |evels
nmeasur ed Wybeldveinyghiclnthapdee ouvgnty arerdetarmined agd e@m@lsrn@dgmdmabmf&wmy t he
YSI d ucose Analyzer. In FIGS. 7a and 7b, when glucose | evels neasured by
the YSI Q@apsitasce N1dlof1ke bidsemsdradel W01 pomg/calculating thegdudose eéli deani n terms
of ng/dL and when gl ucose | evels neasured by the YSI d ucose Anal yzer are

above 100&1@%% Lo diindst, e HEdek 2624 fhal 8818SNIRL 17 @@éo@@mveﬁﬁ a Knblin 72 shows
ose I

t he gl uc I1ases for conmpletely filled and half Tilled biosensor cells

prior to being compensated by the | une det i D readings. .,As shown, -
Phe “hal 1 Preee e BERR e el fad Bich TBmES g ol Shpd 380K, Pl " 7 e

havi ng a gl ucose |level of 600 ng/dL and -25 ng/dL bias for a sanple having
a gl ucos&tegiiusicapaciancs i, FIG 7b shows a significant inprovement in the
hal f filled biosensor cell glucose biases after conpensation with vol une
det ecti on A/ DTogaduaedhbe effectsofahmyarishiityaf the elecirenic bowpenentsrwithih khes bi as i s
reduced to | ess that approximately -30 % for a sanple having a gl ucose

| evel of bid¥ensoplepictad th FIG) 2ygcalibritivh proceduelie utedy iThg calilrhticroprecddave! of 40
ng/ dL. Havi ng thus described a few particul ar enbodi mrents of the invention,
various ghdiede8 bl &aging Eﬂ%i'iaf sigd1d ﬂ%?ortiéﬁ:ﬂ t (AR PIEHRI dapacitahbe 1 RPSH dndenfiFur to
those skilled in the art. Such alterations, nodifications and inprovenents
as are ! r is
descri ptrri% goﬁe%}éhgﬁf(%%cfei&%rﬁgg%\?@k%?gﬁ?@ﬁ&%ﬁgﬁﬁ?%ﬁ%éaﬁgﬁﬁﬁ eﬁgelgﬁ’t%lgbe
within the spj.rit and. scope of .the invention.  Accordingly, ..h or egoi ng
descri pt {CBUiRENE,Y capaGitafice gonygrsion %ﬂ?%y @Pﬂf‘l% °|VFWFPH‘]?§‘.°XT’H@‘ ‘Sﬁgf@‘h on is
limted only _as defined in the follow ng clains and equival ents thereto.
-24 capdcitance by the difference between the value obtained with an empty biosensor cell 102

and the value obtained with the known capacitance. The capacitance conversion slope is then
stored for access by the processor 124 to correct the signal proportional to the effective
capacitance 110 across the biosensor cell 102.

In one embodiment, a known capacitor with a standard value, e.g., 0.47 uF £2%, is
selected. The capacitance value of the capacitor is measured using a known calibrated meter,
e.g., an Agilent LCR meter. The capacitor is then connected between the conductor
connections 128, 130 where the biosensor cell 102 is connected to the biosensor and A/D

readings out of the A/D converter 122 are recorded. The A/D readings and the known
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PATENT What is clainmed is: 1. An apparatus for neasuring the effective
capaci tance across a biosensor cell having a first conductor connection and
a second conductor connection, the biosensor cell configured to receive a
sanpl e having a volume, said apparatus conprising: a Sine wave generator
havi ng anPATENUt for coupling to the first conductor connection of the

bi osensor cell, said sine wave generator producing an AC signal; a
current-to-voltage (11 V) converter having an input for coupling to the

second ¢ Oﬂ%ﬁieﬁrca%&ﬂaﬂfetdr@ﬁ\seﬂ fto HEVR1dp 25816 point&Mlibratios td detériddhe thavi ng an
out put; a phase shifter having an input coupled to the output of said I/V

converter cing a
Squar e neBanEs aRErioR S, MR e iR HBRRIARY o RE FR ables b
having an output, a first input coupled t hase shifter, and a second
i nput  couBPERESard 24.a Puriag aasratiot D geadinga grhe ‘%(ﬂodpoawr&x, 182 8% qanpergad iplopr)
havi ng an input coupled to the output of said synchronous denodul ator, said
LPF pr odumpanitancesvajyesbyalie processdrdd4 uging thoer stored edpatitanae carfviessidri slepe.

capaci tance across the biosensor cell. 2. The apparatus of claim11, further
conprising: a DC voltage source coupled to the first conductor connection
of the bi osensor ceII said DC vol tage source adding a DC conponent to said
first cow PATENT 3. The apparatus of claim2, wherein said
phase shitter salfts the phase of a S|gnal out of said I/V converter and
renoves said onery om sgi nal ou of said I/V converter.

The appar at us Rﬂ”l fe ?{ﬂeﬂ’f‘éﬁ’ tg?) “|°§|3FF6° M&ﬁ‘?ﬂa&jﬂ{ ﬁ’é‘af‘?ﬂ { A/ D)

converter haV|ng an anal og i nput coupled to the output of said LPF and
further Heith ainsulatoythergbedieenithe caparitange i3 calwlated®t converting sai d si gnal
proportional to the effective capacitance across the biosensor cell from
analog to digital. 5. The app atus of claim4, further conprising: a
processor coupl i gj out put of said A/D converter to process
said digital si J%o chga to the effective capacitance across the

bi osensor cell to derlve the "&ffective capacitance across the bi osensd)
cell.

where g is the permittivity or dielectric constant of the free space and &, is the relative

dielectric constant of the insulator inserted between the two plates. The capacitance is

directly proportional to the surface area, A, (or the electrode surface in contact with the

sample solution) and is inversely proportional to the distance, d, between the two plates.

In order to generate a signal proportional to the applied sample volume, the
measurement must be independent of the effective resistance 108. To prove that the output of
the circuit described in reference to FIG. 2 is proportional to the biosensor cell's effective

capacitance 110 and is not a function of the biosensor cell's effective resistance 108, it is

assumed that the synthesized sine wave is a continuous sine wave with an amplitude, ¥, and

-frequency; £+

v = Vsin wt, )
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6. The apparatus of claimb5, said processor further deriving the vol une of
t he sanpl e based on the effective capacitance across the biosensor cell. 7.
The apparatus of claim1l, wherein said sine wave generator generates a

synt hesi zed sine wave. 8. The apparatus of claim7, wherein said

synt hesipgTENTNne wave is a stair type sine wave. -26 PATENT 9. A

bi osensor for neasuring conponents within a sanple, said biosensor
conprising: a biosensor cell having a first conductor connection and a
second conductor connection, said biosensor cell configured to receive the
sanple; a sine wave generator coupled to the first conductor connection of
sai d bi osensor_cel | b.d _si 100whBn ASaripRigl havi ng
a deternt ﬁmf?%HL@H%@?hgwbxgﬁgﬁg¥ﬁggsgﬁnggéfﬁﬁg?ugggeerter haBing an

i nput coupled to the second conductor connecti on oh,said bi osensor cell and
further apalischig inwilbhaysthe Saé?“pﬁ% Wg‘ﬁlaf"t BrRBRTRG AN i nput coupl ed to the
output of said I/V converter and further having an output; a square wave
generator producing a square wave synchronous with said AC signal; a
synchronous denodul at or having an output, a first input coupled to the

out put of sahdapgﬁ@9+s jfter, and a second input coupled to said squ@e
wave generator; and a l'ow pass filter (LPF) having an input coupled to the
out put of said synchronous denodul ator, said LPF producing a signal at an
out put proportional to an effective capacitance across said bi osensor cell.

10. The bj f_claim9, h isi ng: gt o- di gi tal
(A D) comeniier Hadth AiaiRoy Wpmeorotpiad b (RReBBf bR o7 ol o”Ler

and further having a digital output, said A/ D converter converting said
signal proportional to the effective capacitance across the biosensor cel
fromanalog to digital. -27 PATENT 11. The bi osensor of claim 10, further
conprising: a procgssor coupled to the digital output of said A/D converter
to procesg said—ei-g+tad—signal proportional to the effective capacitance
across the bi dsenf&Rel| to derive the vol ume ' 4)

The output of the LPF 120, V,, is the average of the I/V converter 114 output after it

has been phase shifted 90 degrees:

i
Vo=2f 71 Re |cosQaft+ 9)dt )

where Rg is the sense resistor for the 'V converter 114. In this equation, it is assumed that

the phase shifter gain is one. By substituting Z and evaluating the integral:

e

2 2
n g VRsJuorRc 1 [qin()grﬁ-l- (l’)]zfg

ro—zj .R zn-ﬂ A ;and (6)
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of the sanmple. 12. The bi osensor of claim9, further conprising: a DC

vol tage source coupled to the first conductor of said biosensor cell, said
DC vol t age source adding a DC conponent to the apparatus. 13. The bi osensor
of claim12, wherein said phase shifter shifts the phase of a signal out of
said I /v R8FENTt er and renoves said DC component. 14. The biosensor of
claim 12, further conprising: an analog-to-digital (A/D) converter having a
digital output and an anal og i nput, said anal og i nput coupled to the out put
of the 1/V conypter GhAEdugh a first switch and coupled to the output of
said LPF Sﬁfy@(j};fkp _—_Ofﬂly'l@?ﬂ{@b sai d switches being closed at
a tinme. 15. The bipRensor of '¢l'aim 14, furthér conprising: a filter qggpled
between the I/V converter and the A/D convertéer in a path containing id
first swtch to renmove an AC conpopnent, from said path. -28 PATENT 16. The
bi osensor of e‘?‘%ﬁrﬁPT&,mq%lﬁ"ﬁ%?l SHBPYHGEEPHY: a processor coupled to the
digital output of said AID converter to process said digital signal

proporti onal &Zpéﬂ?Keffective capaci tance across the biosensor cell when
said seco S %gflosed and to process the output of said I/V
converter Ho=determne if the sanple is of a specific type when said first
switch is closed® 17. The bi osensor of claim 14) wherein the sanple i§)

bl ood and the conponent ‘i s glucose, and wherein said processor furthér

cal cul at the glucose |evel for the sample l.ood usi n, e.derived

Vol e Serottie Yot GRBROUAER Vo laarhbcar (angHR oY Hedipotst ol eligEiEour co i s
configured to apply a first voltage of a first polarity to said bi osensor
cel | dur icmgacaanqerlég apd s nod 2 metipn of s bjosgnser eddlipifoctiveiesistpace 0% Fasobid
polarity to said biosensor cell during a second period. 19. The bi osensor
of cl ai mnieAsurinigi antl keowingrthe valtage, fraqupnayc asbksensegesigtbevalues, thediokegsdrakll'sut put
of said A/D converter to process said digital signal proportional to the

ef f ecti veffe@echpRitatead0Rasbé Oeteifes; Mhich, fethin, WeNindiRhdr SEGRREMpI L Ch IS
cl osed, to process the output of said I/V converter when said first switch
i's closedyfymedetermne a first current through said biosensor cell during
said first period and a second current through said biosensor cell during

said second P éc%gfdar%]edwx egg:er e%tr)]oedix%m%l olf(f\l(ljesﬁesle%%/ i%lveﬁtlzo%, an accurate glucose

measurement can be determined, even when a non-optimal sample volume is applied to the
biosensor 102. FIG. 3 is a timing diagram that will be used to illustrate the development of
the si gnalg used to measure glucose levels. During a first pulse (fp) having a first DC bias
voltage, €.g., -300mYV, an effective capacitance level indicative of a sample volume is
detected during a volume detection period in which an AC signal is applied to the sample.
Also during the first pulse, after the AC signal is removed, a first current level through the
biosensor cell 102 is measured. During a second pulse, having a second DC bias voltage,
e.g., +300mV, after a settling period, a second current level is measured. The current levels
may then be compensated based on the effective capacitance 110 of the biosensor cell 102
and used to determine a glucose level for the sample. This process will now be described in

detail. The glucose concentration (G) can be calculated as follows:
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PATENT for said sanple of blood based on said effective capacitance, said
first current, and said second current. 20. A nethod for neasuring the

ef fective capacitance across a biosensor cell having a first conductor
connection and a second conductor connection, the biosensor cell configxred
for use iPARENTosensor to receive a sanpl e having a volune, said nethod
conprising the steps of applying a sine wave having a determ ned frequency
to the first conductor connection of the biosensor cell to produce an AC

si gnal ; Shlftln the phase of said AC signal; generating a square wave

synchrono (i |ne ve; denDduIatlng said AC signal with said
square wa SR d dul ated signal; and filtering said denodul at ed
signal to prod a signal proportional to the effective capacitance across
the biosensor céll. 21. The néthod of claim 20, further conprising tH&

steps of applying a DC voltage to the first conductor connection of the
bi osensorwlees iy, is adirst piNse\cotrem@é onmpar]mlydetegnmeﬁ)ﬂlmmgm first puilse éfpdl iy dswVi ng
said DC conponent prior to denodul ating said AC signal. 22. The method of

clal m 20 sichity LRIpuRRERIrt oTin bifosit Bhlaftly detcRined AARDT sCOMIBIL IR

signal proportional to the effective capacitance of The blosensor

anal og tq di 23 T e step
of pr ocefsaf%‘gahi’gﬁtwn Bﬁ ﬁggy(;"rq?a%n cﬁgetaio %n an%)# cl |3t§8?§§3%ﬁlea§g%°@gof t he
bi osensor cell to determ ne the vol une of, the sa ei ved by the

bi osensoPuise [The segondpalseglugess conceafration, S, c?‘hll’et%“?%ﬁfﬁﬁf%@w& the step of
calibrating the biosensor. 25. The nethod of.claim 24, wherein said
calibrating step drrpri ses the steps of obtaining a first signal average
for said gi t al gnal- proportional to the effective capacitance of the

bi osensor \{¥&@A T zgﬁn ssanple is not received by the biosensor cell;
obt ai ning a sec nal . average when a known capacitance is coupl e(‘iO)

across the bi osensor cell’
where d is the thickness of the biosensor cell, F is Faraday's constant, 4 is the biosensor cell

area, and D is the diffusion coefficient. In one embodiment, the first pulse current, ig, is
determined during the first pulse just prior to the biasing voltage's transition from -300mV to
+300mV and the steady state current, i, is determined during the second pulse after the
current level settles to a substantially constant level.

If the biosensor cell is not filled completely by the sample and the cell area equals 4,
then Gy, and G can be calculated based on the partially filled volume. To illustrate this
concept, assume a partially filled biosensor cell with the portion of the biosensor cell covered
by the sample represented by partially filled area, Apr, where PF stands for partially filled. In
order to calculate the glucose value, this area is used to calculate the partially filled glucose

value:
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cal cul ating a capacitance conversion slope by dividing the value of said
reference capacitor by the difference between the first signal average and
t he second signal average; and storing said capacitance conversion sl ope
for correcting the signal proportional to the capacitance across the

bi osensoPABINT -31  PATENT 26. A gl ucose neasurenent nmethod for use with
a bi osensor, said biosensor configured to receive a sanple having a vol une,
said nethod conprising the steps of determ ning the volune of the sanple

t hr ough synchronous denodul ati on when the sanple is received; and
deternlnl a gI cégenent for the sanple if the volune is greater
than a f| éT—m's’ Lbe ‘d& rm ned volune of the sanple. 27. The
met hod of c a|n125 rt her conpr|S|ng the step of: detecting whether the
sanple is of a spep ic type; and storing the glucose neasurenent if(lihe
sanple is said specific type. 28. A nethod for neasuring glucose levels in

a sanplevgpfdially filling a biosensor cell, the biosensor cell having a
filled effective capacitance, said nmethod conprising the steps of
determining a partially filled effective capacitance for the sanple;
determning a first rrent |evel passing through the biosensor cell during
a first p a second current | evel passing through the

bi osensor W du?ffgq ig state portion of a second pulse; multiplying
said first curren VB by the ratio of the filled effective capaciignce
to said partially filled ef fective capaci tance to generate a first
conpensated current level; nultiplying said second current |evel by the
ratio of the filled effective capacitance to said partially filled
effect|v$ aC|tance to generate a second conpensated current |evel; and
-32 99$ %|' calculatizig a glucose level for il~e partially ~Ile-~l
sarxi pl e based ora said ~Cn~st and second conpensated ctuTent | E vels. ~3

. AaS. A9. | A9U@A ALE. ALki AsE. A’ A . A .A&Y. A . ALE. AsY. Al . AsY. A92. A9E. A9Y

. A9l . A9Y. @ym@—g— | A ARAZ Y. A&D. ABUY. ALEWAX&BQIXhC

L foPF . (13)
The cell currents, iss and ip, are proportional to the cell area 4 and the equivalent cell

capacitance is proportional to the cell area:

Lok - szF - AF _ CF

I ] A C
ssPF JpPF PF PF : (14)
where F stands for a completely filled cell.

Therefore, if the partially filled cell currents, isspr and igpr, are calculated and

substituted to calculate the glucose concentration of a sample that partially fills the biosensor

cell, then:
; Cor
ssF C CPF
I3 i
PF ( ) (2FAPFD ssF C Z)
Ior
(:F (15)
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the biosensor cell in accordance with the present invention. The transition from first pulse to
second pulse occurs at about 10 seconds in the example depicted in FIG. 4. As shown, the
shapes of the current profiles are approximately the same for the filled and half-filled
biosensor cells, however, there are significant differences in their current values. These

differences may be due to variations in the actual glucose levels and the volumes of the

samples. For example, a low glucose level calculation may be due to a low glucose level
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biosensor cells, thereby demonstrating that the A/D readings are related to the volume of the

sample within the biosensor cell. Results shown in FIG. 5 were collected by dosing biosensor
cells with blood samples having 40 mg/dL to 600 mg/dL glucose and hematocrit levels of 20-
70%.

FIG. 6 depicts a histogram of A/D readings, mean, standard deviation, and coefficient
of variation (CV) of filled and half-filled biosensor cells at 0.8 seconds after a sample is
detected. As shown, the A/D reading are strongly correlated to the sample volume.

FIGs. 7a and 7b depict a comparison of the glucose biases of a biosensor in
accordance with the present invention to glucose measurements performed by a YSI Glucose
Analyzer available from YSI Incorporated of Yellow Springs, Ohio, USA (an industry
recognized "gold" standard for performing glucose measurements) before and after
compensation for sample volumes applied to the biosensor cell, respectively. The glucose

biases represent the differences between glucose levels measured by a biosensor in
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are above 100 mg/dL the bias is defined in terms of a percentage.

FIG. 7a shows the glucose biases for completely filled and half-filled biosensor cells
prior to being compensated by the volume detection A/D readings. As shown, the half-filled
biosensor cells can have up to -70 % bias for a sample having a glucose level of 600 mg/dL
and -25 mg/dL bias for a sample having a glucose level of 40 mg/dL. FIG. 7b shows a
significant improvement in the half-filled biosensor cell glucose biases after compensation
with volume detection A/D readings. As shown, the half-filled biosensor cell=s bias is
reduced to less that approximately -30 % for a sample having a glucose level of 600 mg/dL

and -10 mg/dL for a sample having a glucose level of 40 mg/dL.

Having thus described a few particular embodiments of the invention, various
alterations, modifications, and improvements will readily occur to those skilled in the art.
Such alterations, modifications and improvements as are made obvious by this disclosure are
intended to be part of this description though not expressly stated herein, and are intended to
be within the spirit and scope of the invention. Accordingly, the foregoing description is by
way of example only, and not limiting. The invention is limited only as defined in the

following claims and equivalents thereto.
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10<<<F==gfinelbiosensor cell, said sine wave generator producing an AC signal,

a current-to-voltage (I/V) converter having an input for coupling to the second
conductor connection of the biosensor cell and further having an output;

a phase shifter having an input coupled to the output of said I/'V converter and further
having an output;

a square wave generator producing a square wave synchronous with said AC signal;

a synchronous demodulator having an output, a first input coupled to said phase
shifter, and a second input coupled to said square wave generator; and

a low pass filter (LPF) having an input coupled to the output of said synchronous
demodulator, said LPF producing a signal at an output proportional to an effective

capacitance across the biosensor cell.
2. The apparatus of claim 1, further comprising:

a DC voltage source coupled to the first conductor connection of the biosensor cell,

said DC voltage source adding a DC component to said first conductor.

-25-



10s3" 109%& ()-"109%& ()-! 109%& () - 9f 10%& () - LSL0%& ()-" 10%& () - U>>?2??@ @IE: /
10s*3" 109%&’ ()- s(! 10%& ()- " y& 10%& ()- &L$10%&’ () - 53" &10%&' () -

n 1098 () - | @B*A~AAAAAADYNC 10 10 10

109109’ 3109& ()- | 1#109%& ()-s, /" 109%& ()- -!10%& () - AAGNBBB<CAEYNC 10
- 10%&'8‘\ NYGE () - 551098 ()-F 1096& ()-! 109B& () -

1096&' () - <COCEDDDPEJEYNC 10 " | " 1096&’ () - SF" 10958 () - 1096& ()-y! 109%%& () - Lz
1096& () | 10968 () - PEEF’ FFGf GIEYNC 10

*$1096&' () - 9( 31TRERIpaatisyofiaiairt 25 whérpinlsaitl phasdshi fer shilts THOBESE 6§ a Signal out
#10968&’ () - f GGHGHHHHHHAYNC 10 105 105 1059109%6& ()- 3" 1096& () -

&Y1! 1090 &f €ald BV coh i ahid re%vesl&%ﬁc(c)ordﬂdﬁédtlﬁ%ﬂﬂmé‘i AQus 8f Y () -
1109 & ()- 9-10% & ()-Y 10% & ()- "10% & ()- 10% & () - JJSKKKMMIEYNC 10

&mw&loo?‘b%’k’ (V'&' ()-"110% & ()-""10% & () - ss "10% & ()- 3! 10% & () -
M>NNNI
93- #10% & () - 91m' 10% & ()-9@10% & ()-9-#10% & ()-9*"10% & ()- 9(#10% & ()-P
dPi Pj PkPl PsPP, QC 10 "109%&' ()- 10%& ()- 10%& () -

4. The apparatus of claim 1, further comprising:
an analog-to-digital (A/D) converter having an analog input coupled to the output of
said LPF and further having a digital output, said A/D converter converting said signal

proportional to the effective capacitance across the biosensor cell from analog to digital.

5. The apparatus of claim 4, further comprising:
a processor coupled to the digital output of said A/D converter to process said digital
signal proportional to the effective capacitance across the biosensor cell to derive the

effective capacitance across the biosensor cell.

6. The apparatus of claim 5, said processor further deriving the volume of the sample

based on the effective capacitance across the biosensor cell.

7. The apparatus of claim 1, wherein said sine wave generator generates a synthesized

sine wave.

8. The apparatus of claim 7, wherein said synthesized sine wave is a stair type sine

wave.
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a biosensor cell having a first conductor connection and a second conductor
connection, said biosensor cell configured to receive the sample;

a sine wave generator coupled to the first conductor connection of said biosensor cell,
said sine wave generator producing an AC signal having a determined frequency;

a current-to-voltage (I/V) converter having an input coupled to the second conductor
connection of said biosensor cell and further having an output;

a phase shifter having an input coupled to the output of said I/V converter and further
having an output;

a square wave generator producing a square wave synchronous with said AC signal,

a synchronous demodulator having an output, a first input coupled to the output of
said phase shifter, and a second input coupled to said square wave generator; and

a low pass filter (LPF) having an input coupled to the output of said synchronous
demodulator, said LPF producing a signal at an output proportional to an effective

capacitance across said biosensor cell.

10. The biosensor of claim 9, further comprising:
an analog-to-digital (A/D) converter having an analog input coupled to the output of
said LPF and further having a digital output, said A/D converter converting said signal

proportional to the effective capacitance across the biosensor cell from analog to digital.
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12. The biosensor of claim 9, further comprising:
a DC voltage source coupled to the first conductor of said biosensor cell, said DC

voltage source adding a DC component to the apparatus.

13. The biosensor of claim 12, wherein said phase shifter shifts the phase of a signal

out of said I/V converter and removes said DC component.

14. The biosensor of claim 12, further comprising:

an analog-to-digital (A/D) converter having a digital output and an analog input, said
analog input coupled to the output of the I/'V converter through a first switch and coupled to
the output of said LPF through a second switch, only one of said switches being closed at a

time,

15. The biosensor of claim 14, further comprising:
a filter coupled between the I/V converter and the A/D converter in a path containing

said first switch to remove an AC component from said path.
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of a specific type when said first switch is closed.

17. The biosensor of claim 14, wherein the sample is blood and the component is
glucose, and wherein said processor further calculates the glucose level for the sample of

blood using the derived volume.

18. The biosensor of claim 17, wherein said DC voltage source is configured to apply
a first voltage of a first polarity to said biosensor cell during a first period and to apply a

second DC voltage of a second polarity to said biosensor cell during a second period.

19. The biosensor of claim 18, further comprising:

a processor coupled to the digital output of said A/D converter to process said digital
signal proportional to the effective capacitance across the biosensor cell when said second
switch is closed, to process the output of said I/'V converter when said first switch is closed to
determine a first current through said biosensor cell during said first period and a second

current through said biosensor cell during said second period, and determine a glucose level
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for use in a biosensor to receive a sample having a volume, said method comprising the steps
of:
applying a sine wave having a determined frequency to the first conductor connection
of the biosensor cell to produce an AC signal;
- shifting the phase of said AC signal;
generating a square wave synchronous with said sine wave;
demodulating said AC signal with said square wave to produce a demodulated signal;
and

filtering said demodulated signal to produce a signal proportional to the effective

capacitance across the biosensor cell.

21. The method of claim 20, further comprising the steps of:
applying a DC voltage to the first conductor connection of the biosensor cell, said DC
voltage introducing a DC component; and

removing said DC component prior to demodulating said AC signal.

22. The method of claim 20, further comprising the step of:
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10% & ()-L9mlQ% & ()-10% & (.)-w dEnbC 10! 10% & () -
109 & ()-&10%%{1{1713-“1?313@‘%?‘%‘513191 2-013%‘ f%‘?m@ﬁi@}%&g of:gl ~dEnbC 10

110% & ()-.s10% & ()-&-10% & ()-&Y(10% & () - @L0% & () - &&$&10% & () -+bC 10
1096& () - 9109%p@icésping 5@id sighial proportional to the effective capacitance of the biosensor cell to

determine the volume of the sample received by the biosensor cell.

24. The method of claim 20, further comprising the step of:

calibrating the biosensor.

25. The method of.claim 24, wherein said calibrating step comprises the steps of:

obtaining a first signal average for said digital signal proportional to the effective
capacitance of the biosensor cell when the sample is not received by the biosensor cell;

obtaining a second signal average when a known capacitance is coupled across the
biosensor cell,;

calculating a capacitance conversion slope by dividing the value of said reference
capacitor by the difference between the first signal average and the second signal average;
and

storing said capacitance conversion slope for correcting the signal proportional to the

capacitance across the biosensor cell.
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&YdYNC 10 105 105

105s9109FRAYENE1096&' () - 3109%6&' ()-31109%& ()-, 109%6&' ()-- @JEYNC 10

TU10% & ()- "10% & ()- s!10% & ()-& 10% & ()-L3 10% & ()-10% & ()-u
@dEYNC 10 9L$10% & ()-9 " 10% & ()-

109 & () - 910928& @) glhedst Bi¥gadiréhentindet i 8t (e-WiBNdkwbitisdi)said biosensor

&3m' 10% & () - &F1: 110% & ()-9/ #10% & ()-9,!10% & ()-*10% & ()-(10% & () - NSTU

V] bC 10 359%2%% fq ég%ixﬂl%%ﬁﬁ;ﬁé hidviBglV816mé )said A8 Bedntprishly thd Steps of:

10"910%
10% & ()-10% & ()-.10% & -&s1QW & ()7 &3" 100 & () -&3"10% & () -i %Eb
10*10% & () - &ﬁi‘%ﬁ“&‘“@)t& 2’@6‘%@'@%59%‘;’}9%9&‘ f’j"-"@"%‘%%"{‘)@ op ¥ ?§WdYNC
10 10\ 10\ 10\910% & ()-510% & ()- 1110% & ()-@10% & ()-- 10% & ()-. FdEYNC
10 " 109 &ample &susosiged; pn@10% & ()-s3 @0% & ()-910% & ()-10% & () - Yt udEYNC
10

determining a glucose measurement for the sample if the volume is greater than a first

level based on the determined volume of the sample.
27. The method of claim 26, further comprising the step of:

detecting whether the sample is of a specific type; and

storing the glucose measurement if the sample is said specific type.

28. A method for measuring glucose levels in a sample partially filling a biosensor
cell, the biosensor cell having a filled effective capacitance, said method comprising the steps
of:

determining a partially filled effective capacitance for the sample;

determining a first current level passing through the biosensor cell during a first pulse;

determining a second current level passing through the biosensor cell during a steady
state portion of a second pulse;

multiplying said first current level by the ratio of the filled effective capacitance to
said partially filled effective capacitance to generate a first compensated current level;

multiplying said second current level by the ratio of the filled effective capacitance to

said partially filled effective capacitance to generate a second compensated current level; and
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