29JUL2005 TITLE: BI OSENSOR APPARATUS AND METHOD W TH- SAMPLE TYPE AND VOLUME
DETECTION FI ELD OF THE | NVENTI ON The present invention relates to ‘
bi osensors and, nore particularly, to a nethod and apparatus for f@@@pﬁmpg
the type and vol une of sanpl es deposited within a biosensor cell.

BACKGROUND OF THE | NVENTI ON A bi osensor is a device that nmeasures the
presence of various chem cal conponents in a sanple deposited in a

bi osensor cell. For exanple, a biosensor may be used to neasure the anount

Phcfude s par PTUF Lo ML SR 0 S5
receive a sanple theremg‘é&q%pmﬁ X t‘ﬁg‘ e ¢?Loetﬁerat es an

electrical signal that is proportional to the anbunt of a certain _
conponent, e.g., glucose, in a sanple, which is assuned to have a certain
volune. If the sanple is too small/large, however, the electrical signa

will indi EEDDOETHEINVENTION which is | ower/higher than the actual
concentration of the conponent in the sanple, resulting .in the potential

for inproper di by it 1BER i 4 HanBHoYe pBENDES 121 eﬁ%&] tus
for determni ng%tg%gégrgéquagglﬁg%g?@ibé?%gl&ca ’sar?peipe ar eﬂf}ge?uﬁ? ghﬁaret hod
for determnin he adequacy of S le within a bips or,.cell is  through
the use O?P@I%tgf %qrée@&?r&) - E.yp?ﬁﬁgé{P@g{ércﬁéa@Blﬁ%67p§5€?(gw§€‘ﬁ&m?ﬁp§°rtcﬁg't det ect
the flow of electricity-In-this-rnethod-one or

nor e- det ecti on-conductors-are positioned-at-different |ocations throughout

t he bi osensor cell. Wen the sanple cones in contact with a detection
conduct or BACGIRGHOUND OFTHBINVENTIOM | | conduct el ectricity, thereby

indi cating the presence of the sanple at the location. Electronic circuitry

can then be usadb@nditi€s Bvig MHEHBAUred the presence of various chemical components in -
a ~v',ample deposited in a biosensor cell. For éxample, a biosensor may be used to measure the
amount of glucose present in a sample of blood. Geﬁerally, the biosensor celi includes a pair

\ of conductors, e.g., go]d and pélladium, configured to receive a sample therebetween.

Typically, the biosensor generates an electrical signal that is proporti'bn'al to the amount of a
certain component, e. g;, glucose, in a sample, which is assumed to have a certain volume. If
the saxﬁple is too small/large, however, the electrical signal will indicate a concentration
which is lower/higher than the actual concentration of the component in the sample, resulting
in the potential for improper diagnosis and ﬁeahnent. 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 s;ensors are conductors that detect the flow of
electricity—Irthismethod-one-or-more-detection-conductors-are-positioned-at-different-
locations throughout the biosensor cell. When the sample comes in contact with a detecti‘on‘
conductor, the detéction 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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-1 79JUL2005 adequate sanple has been deposited into the biosensor cel
based on the nunber of detection conductors that conduct elecirhghty Thi s
met hod has several drawbacks. First, several detection conduc Sr g[@
required in addition to the two existing parallel plate conductors of the
bi osensor cell. Second, an error is introduced if the sanple touches a
detection conductor wthout filling the area of the conductor conpletely.
Third, this nmethod is not able to conpensate for bubbles trapped within the
sanpl e, which reduces the volune of the sanple. Another nethod for -
det er nmi ni ngidedfateiaplelas beén depovsitgd iftoathe biosehsdrcedl basedsonrthie humbtd of detectidif ough
visual confirmation of the sanple volune. In this nethod, the user of the
device i ' t & : Wi L j t e ine if a
suf 1 oi ent Sagusfort BRPEERGl AR ik pbdpl v R ARk | et T o o
a subjective determ nation of the vaolume of a sanple a is, therefore,
prone to erdetselion egpductprs aé%’ff@ﬁir%qe’i“fgﬂlrt’% e thgiyve e R*ﬁaﬂl}) P%éee‘?f’é’gl“’tp@ ofysed.
to measure chem cal conponents associated with certain diseases, such as

di abet es, tlivdtiosensarsell.d8esond sadervar ssimtrodangd ifithe sample tauskes. a deitestipn conduator

met hods used to determ ne the adequacy of a sanple result in the test being

performed Qaihgut fillihf theSdéad fahe/ Edridittot SordpletaiyN TairdAthisanethad Beot hbletde sanpl e
volune is outside of this range, the test is aborted. This "go/ no-go"

met hod of ' ' ' ' ' ' » bei ng
wthin a nipBshskRasSRs e pRU i EsE )G B ETOAR] IF R & MO
outside this narrow range. .Therefore, .there is need for. aratus and

met hods to accuf*3PEFymy Qlf‘?ﬁ(ﬁ"é?mngg’ﬁlag?fﬁla‘&f ofga ?@’W&E‘?%{”&Sms’%‘&%or
cell. and to determine chenmical conponent concentrations for a w de range of
sanpl e vol isthoughMisugcentmation\odthe semplaydlume.sint thisgnetkasy the user of the device

visually inspects the sample within the biosensor to determine if a sufficient sample has been

.applied to the Biosensor. This metﬁod relies on a subj ecti\}e determination of the volume of a
sample and is, therefore, prone to errors. This is especially problematic when the biosensor is
used to measure chemical components associated with certain diseases, such as diabetes, that

cause decreased visual acuity in the user.

The prior art methods uséd 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 biologica'l.
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.



anong others. -2 2 9 JUL 2005 SUMVARY OF THE | NVENTI ON The present

i nvention provides for apparatus and nethods that can deternineégﬂﬁ%z®§ a
sufficient sanple volunme was deposited into a biosensor, can ac e
variations in the volunme of sanples, and can determ ne the type of sanple
deposited within the biosensor. The aforenentioned problens are overcone by
accurately detecting the volune of the sanple within the biosensor cell by
determ ning the biosensor cell's effective capacitance, which is
proportional to the volume of the sanple within the biosensor cell. One
aspect of the present invention is an apparatus for neasuring the effective
capaci tance across a biosensor cell having a first conductor connection and

a second @INEHLROTOE TARERIVIENTIONE bi osensor cell configured to receive a
sanple having a volume related to the effective capacitance across the

bi osensor cell .., The apparat.us includes a sine_ ,waue ner at or._havin n
output 1 or - coupTHeRGe R DR P T e b n BB gt B o3t et eBR
cell, the sine wave generator producing-an AC signal, a current-to-voltage
(IN) conesuffisieriiaunplg vahumewas depesited aniplaibagpensortaan ageqiwnedaie Meriations inof  t he
bi osensor cell and further having an output, a phase shifter having an

i nput coupheebli@e bheanglésyand afn defeminy the ope ef tanpladepdsited tithinthy biogersor.
out put, a square wave generator producing a square wave synchronous wth

the AC sig %fobﬁ%ﬂ&ﬁ&%@ﬂ&ngw}caﬁmgﬁ)yrl@wrﬁgly%te@ﬂﬁgﬂfevo%ﬁé bfthe! NPUL

coupled to t e shi'fter, and a second input coupled to the square wave
gener o o ol TR Y 4T BB A ARl
output pr (wh?cr};[ iis ?)po%ongo%ai[ tb)ethee I/élgr%teio\f/'tehecsgr%%%ei vtv1atl?lg %heabci(r)gcigortcglel. '
One aspect of the present invention is an apparatus for measuring the effective
capacitance across a biosensor cell having a first conductor connection and a second
conductor cohnection, 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'a.n-outpu't, 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.



bi osensor cell. 3 2 9 JUL 2005 Another aspect of the invention is a nethod
for measuring the effective capacitance across a biosensor cell having a
fi'rst conductor connection and a second conductor connection, thgJoLa8ensor
cell configured for use in a biosensor to receive a sanple having a vol une.
The met hod i ncludes applying a sine wave having a frequency to the first
conductor of the biosensor cell to produce an AC signal, shifting the phase
of the AC signal, generating a square wave synchronous with the sine wave,
dermodul ating the AC signal with the square wave to produce a denpdul ated
signal, and fi lAnothesgspesboidhenisyantiandg agneihed for mepsusiag the effectygpapacitance
proportlonal to the effective capacitance across the biosensor cell. BRI EF

DESCRI PTI @kdska bideerlsBAWINGESifg Ofirsecahdustoncdnnextiondind @ rsesondfcoaduetarsensor and
associ ated signal levels in accordance wth the present invention; Figure 2

I's a schenghjdrigh, s &%ge{so@cén' AR fdrms@&%lgﬂg@r tMécglvterﬁ%aﬁgf‘esl?dQﬁn

i nvention; Fi gure Is atim ng gram ~Or nmeasuri ng sarrp e vol unes an

I I I t

o ah depreliity T RERRd PR Hbng fFrBYeRRvin ¥ SRR b8 e cordibst 5 1
accordance with the present invention; Figure 5 is a graph depicting vol ume
det ect i on oAlt® hiesgasargsll faoprogugel @&Gﬁ&nﬁaﬁhlﬂmglm%ﬁilas%P%@é origaal| generating

accordance with the present invention; -4 _
a square wave synchronous with the sine wave, demodulating the AC signal with the square

wave to produce a demodulated signal, and 'ﬁltering the demodulated signal to produce a

signal proportional to the effective capacitance across the biosensor cell.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram of a biosensor and associated signal levels in accordancé
with the present invention;

Figure 2 is a schematic diagram of a biosensor in accordance with the present
invention;

Figure 3 is a timing diagram for measuring sample iolumes and glucose levels in
accordance with the present invention;

Figure 4 is a graph depicting current valqes for filled and half-filled biosensor cells in
accordance with the pfesent invention;

Figure 5 is a graph depicting ;volume detectioﬂ A/D readings for filled and half-filled _

biosensor cells in accordance with the present invention;



29JUL2005 Figure 6 is a graph depicting a histogram of A/ D readings, nean,
st andard devi ation, and coefficient of variation (CV) of filled and
half-filled biosensor cells at 0.8 seconds after a sanple is applied §duL 2005
accordance with the present invention; Figure 7a is a graph depicting .
gl ucose bi ases conpared to an industry standard prior to volune
conpensation in accordance with the present invention; and Figure 7b is a
graph depi cting glucose biases conpared to an industry standard after

vol ume conpensation in accordance with the present invention. DETAILED
DESCRI PTI ON OF Figlird ANYE¥FAfBNepicEng 4 histogiarhb0BKD ehiad s thedn, Maakeddeviatitayi ce
100 in accordance with one enbodi nent of the present invention for
determnin : ey Al [ 02
and t he t y i QP B vAlouBn RETPLEORRRI AR aMcd Hck e Eel B3 BonciEblke
addition, FIG, 1 depicts signal |l evels devel oped at various |ocations within
t he bi osen&¥ple §&pp "é“E@G‘?OrgWCa“@&‘ﬁ@FBWCS%H‘rV\? W an AC sine wave generat ed
by an AC sine wave generator 104 and a DC bi asing voltage generated by a DC
vol t age sour ce Biga@rediags & graph demicting glucase hisseseompaigd 4 an aplpstnestandard prgor

bi osensor cell 102 to create a signal that reflects the effective

r esi st ancetoh@fundbrenaiiondn s oddidc@with Hfe pré@nbinogidaanacel | 102, In
addition, the AC sine wave is passed to a square wave generator 112 that

generates a squa 1 . i : I t of
t he bi osensor (L:ig%‘% e\?ggg? g])é ngé@%#ﬁ]%%ﬁbgg%ﬁ? rﬁg’%d \t@g%ﬁsgfdt-ﬁgtgyeét %lgbﬁﬁ)&
converter 1JI4 to convert .the s(%laglnal .é}o a vol gag}e signal. The vol tage signal
out of t heVqlyme cppRAsation,in paGprdabce With thepressnbVERIOR- phase shifter 116. The
out put of the phase shifter 116 is passed to a synchronous denodul ator 118
for denodul ation using the output of the square -5 o

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a block diagram of biosensér device 100 in accordance with one
embodiment of the present invention for determining the volume of a sample positioned
within a biosensor cell 102 and the type of sample positioned within the biosensor cell 102.
In addition, FIG. 1 depicts signal ievels developed 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 biasing voltage generated by a DC voltage source 106 are combined by a |
combiner 146 and apbli‘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 bassed 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 paésed thi-ough a current-to-vo}tage
(I/V) converter 114 to convert the signal to a voltage signal. The voltage sigqal 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

-5-



2 9 JUL 2005 wave generator 112 to create a denodul ated signal. The
dempdul ated signal is passed through a LPF 120 to create a signal .
proportional to the effective capacitance of the biosensor cell 102, which
is proportional to the volune of the sanple. The signal is conver &8 Jio2006
digital by A/D converter 122 and the digital signal is processed by a
processor 124 to determne the volune of the sanple based on the effective
capaci tance across the biosensor cell 102. In addition, the output of the
I/V converter 114 is passed through a filter 126 that renpves an AC sine
vave COMPONSYy a5 LEGHL 2REnBAANRl etC 0Bk eid Befligbulila e A0
sanple, e.g., test _sanple or bioLogicaJ sanmpl e, applied.to the biosensor
cel | 102. trughaddEk20itp greateiasenek PRRPRIoRR|ta thepffegidverqapaciignge pidhe bigsenser vel y
so, in glucose neasurenent systens used by diabetics to determ ne glucose
| evel s i n cHipL eshiok isgiropaitiondl @ thg vobinzge fchesaatple Temigital sreonlereddeNdigieal f or
determ ning the volunme and type of a sanple positioned within a biosensor

cel | 102 tfiat/DAdnvetd 193@Ad R Hget Eﬂgﬁiﬂliﬁgrgﬁég_@&m))”?ﬁtoc&fsor 12080 ReRsBite the

invention i'n detail. The bi osensor ce 2 is areceptacle for a sanple,

e.g., blaood. T bi o Ly . i n ner by an
of Pecti ve Bl tipCRARA0RRed B the {2 VR Yol BIRE fobl B SREMRIRANSH | O
bet ween a first conductor connection 128 and a second conductor connection

130 of t hadgitigB.dhe sptrutef|the HY conygertenl b4 ispassed topgh yblter; 126 thafaemgves ans t

conductor coupled to the first conductor connection 128 and a second
conduct or A®sipt ewve corprmesteandrible tasnlthnt signalaoeamyettédto Gt by e A/D sonvarter
second conductors nmaybe a pair of parallel plates substantially parallel to

one 'anot hqn) g@rbdesinglby helpRsRbate 134 tS@MHend th@b?fb%‘f‘éﬁ@;ﬁle, SBERsPsabiplPbe 1S
e

positioned within the biosensor cell 102, the ective capacitance 110 of

the bi 0seRgQssichsimiRZapMibd tPfie BIRBRGE EANA. tihePR&eMGh R0 is M}ﬁcularly

useful, but not exclusively so, in glucose measurement systems used by diabetiés to determine
glucose levels in samples of blood.

FIG. 2 is a schematic depiction of a device for determining the volume aﬁd typeofa
sample positioned within a biosensor cell 102 that will be used to describe an embodiment of
the present invention in detail. The biosensor cell 102 is areceptacle for a sample, e.g., .
blood. The biosensor cell 102 may be modeled in a known manner by an effective resistance

1 108 in parallel 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 thé second conductor connection 130. The first and second conductors
may be a pai.r of parallel plates substantially parallel to one another configured to r.eceive a
samble 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



-6 29JUL2005 sample. 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 maybe a pair of cylindrical conductors coaxi &gt me
anot her configured to receive a sanple therebetween. The sine wave generator
104 generates a sine wave that can be applied to the biosensor 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 connection 130
that reflects the effective resistance 108 and capacitance 110 of the

bi osensor cel 2. The anplitu esi i Ve.] | ect ed
such that 4P Leoilg aH%?latg‘fef %@?Od%rﬁg&%’ﬁfé%{]{lg%ﬁ%g@g I C%irlégcg?r? :I)n nndg'l b\rgah Ife"]lllljeo B’? %%Se nsor
cell 102 and can create a signal well above the system noise |evel._ The

f requency Reitioned ey thersaie ple 49 FreeiXp o sample deroios naydbepaaintLglingricaki gnal to
noi se ratio of the biosensor. In one enbodiment, the sine wave has an

anpl i t ude dhdwddars codx@xio anelamthdr cenfugmed toatceteasamplotheebetveen exanpl e of a
sui tabl e sine wave generator is a known direct digital synthesis (DDS)

chip, which inetddes waveQehdrdior 204l géhepdt @ MOk ivalthdtiQaRBahpfliedtShfd) converter
incorporated into an application specific integrated circuit (ASIC), such as

DDS chip part nu 832 .produced by Anal -Devi c nc. -0 rwood, MA,
Usa. © Thi Sieseneingenint eam et S diy W eforoiay 87 109 B 58 e dBE The
DC vol t age source 106 generates a DC voltage that can be applied to the:

bi osensor comtaction28, prigmabisvisyelapw a thaesand qeaductereopnestion 438 dhat mfleststhe t o

be devel oped quickly across the biosensor cell 102, thereby pernitting the
vol une of dffeetiveangittancediBiaad capicitinica 11 b ef thie bisasor calbl 02. 1Tz dngplivededsiitie M ned
qui ckly. In one enbodi nent, the DC voltage has an anplitude of about
negative Qyﬁth@s%ﬂ*éine%e‘i@éél’é&i‘edﬁucﬁ Bifht RAGE ot Wik ithe é18&rochemical reaction in
| the biosensor cell 102 and can create a signal well above the system noise level. The
frequency of the synthesized sine wave is selected to maximize the signal to noise ratio of the
biosensor. In one embodiment, the sinc wave has an amplitude of about 50mV and a
frequency of about 109.065Hz. An example of a suitable sine wave generator is a known
direct digital synthesis (DDS) chip, which includes a counter and a sine digital-to-analog
(D/A) converter incorporated into an application specific integrated circuit (ASIC), such as
DDS chip part number AD9832 produced by Analog Deviges, Inc. of Norwood, MA, USA.
This arrangemgnt résﬁlts in a very stable "stair-tybe" sine wave.
The DC voltage source 106 generates a bC voltage that can be applied to theA
biosensof 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 sarhple applied
within the biosensor cell 102 to be determined quickly. In one embbdiment, 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



bi osensor cell 102 can be determ ned accurately w thout applying the DC
voltage to the -7 29JUL2005 biosensor cell 102. However, applying the DC
vol t age enabl es the effective capacitance 110 to be fornmed nore qui $4UIy2005
Accordingly, the DC voltage source 106 may be renoved from the illustrated
bi osensor wi thout departing fromthe spirit and scope of the present

i nvention, however, its inclusion can positively affect the perfornmance of
t he biosensor in determning the effective capacitance 110. In the
illustrated enbodi nent, the DC voltage source 106 conprises a first

convent i OfgdsefdafeRll 1032 Hdwevar, S8BT (BODCSlia g abled At fltfive ddpRcitance 110

non-inverting input of the first Amp 132 I's coupled to a bandgap voltage

136. The banpdga | t age 6 Al enat ' it that
gener at s "aoe B Mok FgRDy AsheraEBF HAEE 1Bieed £ORRL oo R URRe bl i,
bandgap voltage 136 remai ns constant regardl ess of fluctuations jn the

out put  voltheidjBstrted; tiesepsarvithout deparng foma thej spuit apgh seape PEthe preehiVeERlioly as a
gain stage with its inverting input coupled to ground through a ground

resi st or hd®ewangts ihslusion part pasitivelyeaffecotheipedotnmanes 6f thg biaspasor irhdedergtiniag

f eedback resistor 140. In addition, the output of the first OpAnp 132 is

coupl ed t ¢hAfilhitd@badfafbf g hrough a first ground resistor 142 and to a
system ground through the first ground resistor 142 and a second ground

he output o PhEennpertSlanaihest MR orbGotEERNG ool Melinl 7000 o6 o

buffer stage with its output coupled to its inverting input the _output of
t he secon8Omyspkgnal OpAmyx | 3 y§eondcopyentiogy QﬁA@hé3‘%CTb6P?IH§E’C§WriE@t106. A
conbi ner 146 conbi nes the sine wave fromthe sine wave generator 104 and the
DC vo:c It ?gtef thie dinst IOpfAmaprl 32vis cb@pled kd agadggmm:l@gwﬁﬁ.t ‘Bhebaurlgep woltiggiab it o appl y
e generated by a known bé.ndgap circuit that generates a stable voltage from a voltage source,

eg.,a battery. The bandgap voltage 136 remains cons-tant regardless of fluctuations in the

output voltage of the voltage source. The first OpAmp 132 is configured as a gain stage wiih

its inverting input coupled to grouﬁd through a ground resistor 138 and its outpuf coupled to

its inverting input through a feedback resistor 140. In addition,.the output of the first OpAmp

132 is coupled to a virtual ground through a first ground resistor 142 and to a system ground

through the first ground resistor 142 -and a second ground resistor 144. The non-inverting

input of the secohd OpAmp 134 is coupled to the output of the first OpAmp 132. The sécond

OpAmp 134 is configured as a buffer stage with its output coupled to its inverting input the

| output of the second OpAmp 134 reflects the DC voltage of the DC voltage sourcc; 106.
A combiner 146 combines the sine wave from the sine wave generator 104 and the
DC voltage signal from the DC voltége 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



conductor connection 128 of the biosensor cell 102. In the illustrated
enbodi nent, the conbiner 146 conprises a conventional OpAnp 148. The
non-inverting input of the OpAnmp -8 79JUL2005 148 is coupled to t he %ilble2005
wave generator 104 through a first input resistor 150 and to the DC vol tage
source 106 through a second input resistor 152. The inverting input of the
OpAp 148 is coupled to a virtual ground through a ground resistor 154 and
the output of the OpAnp 148 is coupled to the non-inverting input of the

OpAnp 148 through a feedhack resistor .1t wil] be understood b pse
ski | | ed i nlt¥Hgcaupled indhe sipg WeyRemeraiy] 13033‘30%% st g redoige S0t e R

conbi ner 146 may be renoved and the sine wave generator 104 can be coupl ed
directly twoltaghsouieodéribrongl alsécon@ 2npul resistoN] 52 Nk invertihg 4nput oéthedIpAthp
current signal out of the biosensor cell 102 and converts it to a voltage

si gnal . | n4ghecodplddstbaatigehl erdwadithRagh a Qndf\dsi(étbﬂ\lﬂh@dﬂﬁ%gﬂtéﬁﬁae Am
conventi onal OpArIrle 158. The i nverti n%hi%{()but of the OpAnp 158 is coﬁ)npect%d to

t he second, ,.conduectar .connect i |.O r I

non- i nvert]4r§gls P Eet Sfﬁﬁﬁg'&'%gﬁégf@%%ﬁ%}cfﬁgﬁﬁg gg%vf%erq%géf re-é-llrg%trjrllglq A

f eedback resistor 160 coupl ed between the ougﬁﬁt of .the CpAn? 158 and the

i nverting Ktylibeyedersiaed by those sldlled in the art thap, gl the Pleyoltpgg sourge I hisdet useds ¢ er
116 shifts the phase of a signal out of the IN converter 114 and, if
present, rthecussnanidoD@ydememored afd thesinb®ave genatatorl 1I04@an be chapdeddindctly tdhe
phase of the signal out of the IN converter 114 is shifted 90. In the

i1l ustrat afe sighedbr®Ntio2t he phase shifter 116 conprises a capacitor 162 and
resistor 164, and is followed by a buffer anplifier 166. The buffer

lifier 166 i & £ f
ampli1or 106 Coup e aR ER e Mol hibel B A hOHpetiior o M9 h8 ) 6.

The capacitor 162 is . . p . .
P convert361t to a voltage signal. In the illustrated embodiment, the I/V converter comprises a

conventional OpAmp 158. The ‘inverting input of the OpAmp 158 is connected to the second
conductor connection 130 of the biosensor cell 102. The non-inverting input of the OpAmp
158 is connected to a virtual ground. A feedback resistor 160 coupled between the output of
the OpAmp 158 and the inverting input deﬁnés the gain of the I/V converter 114.

The phase 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 ;esistor 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



coupl ed between the output of the OpAnp 158 of the IN converter 114 and the
non-inverting input of the buffer anplifier 166. The resistor 1642igsJUL2005
coupl ed on one end between the -9 29JUL2005 capacitor 162 and the
non-inverting input of the buffer anplifier 166 and to a virtual 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

generator 104. In one enbodinment, the square wave will have a conparatively
| ow val ue when t si ne wave r.oduced t sin V. nerator. 104 s in
a negat i vecwef%qgaaﬂ elnoﬁa{}‘ééar@&ﬁr'ﬁﬁ‘r‘ta&f %eqk{;gr ﬁ‘iﬂﬁﬁﬁ?\,}g%éﬂ R Viral %ﬁoﬁ%é wave
isin a-positive cycle. In the illustrated enbodi nent, the square wave :

gener at or dritheothepri ses a conventional OpAnp 168 configured as a Schmi dt
trigger with sone hysteresis and is coupled to the sine wave generator 104

to generate a PHRBYuEreWRAM g8NdIEIOF DIPOtbRetdtek A shie Slate atvBMvaitput @uied by the
sine wave generator 104. The non-inverting input of the Amp 168 is

coupled to i . I i r 170. The
i nverting Slyhgﬁ?ﬁ%{g%lﬁ@%a%%ﬁp%%gggl{%&%gb%@é8&? EV aggﬁljﬁllﬁg{ l%tregh?l) 9 The out put
of the OpAmp 168 is coupled to the non-inverting input of the OpAnp 168
through a ceodiBeRtthe 834az¢ Wrve Wy have aicempyrati el foxt ¥efug when eSInEREe e vave

generator 104 is an ASIC including a DDS chip, the square wave can be
gener at ed pygditché bABieGine Wavegdspenatomd(4 1sgn & negative eyclé end wilkhprcampativglynent |
e.g., square wave generator 112, to generate the square wave. The

synchr onousigifiedieeiwhéd e siht8vave ifinGigositive cyddé. Bah®illbstited embbdmehgsiee shi fted
signal recelived fromthe phase shifter 116 using the square wave fromthe

squar e va\e . geRsE abtatdl A2 M Py afichBEOSXRE 688 n S RANS Al 118 1 S

a signal w taﬁ a si gn
trigger with some hysteresis and is coupled to the sine wave generator 104 to generate a '
square wave synchronous with the sine wave produced by the sine wave genera.tor 104. The
non-inverting input of the OpAmp 168 is coupled to the sine wave generator 104 through an
input resistor 170. The inverting input of the OpAmp 168 is coupled to a vinuai ground. The
output of the OpAmp 168 is coupled to the non-inverting ihput of the OpAmp 168 through a
feedback resistor 172. It is contemplated that, if the sine wave generator 104 is an ASIC-
including a DDS chip, the square wave can be generated by the ASIC, thereby removing the |
need for é 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 shiﬁ.er 116 using the square wave from ,th-e square wave
generator 112. The output of the syﬁchronous 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

-10-



dependent on the conparative anplitude of the square wave produced by the
square wave generator 112. If the square wave anplitude is |low (indicating
the sine wave is in a negative -10 7.9JUL2005 «cycle), the sign of the
signal will change. |f the square wave anplitude is high (indicat ilrigdLm805
sine wave is in a positive cycle), the sign of the signal will not change.
In the illustrated enbodi nent, the synchronous denodul ator 118 conprises an
pAnp 174 and a switch 175, e.g., a transistor. The inverting input and the
non-inverting input of the OpAnp 174 are coupled to the output of the
buffer anplifier 166 thrqugh a fjrst _jnput resistor 176 and a secqnd i nput
resi stor fY‘é‘?):Phé§}%‘c‘tfit%?l?.‘al‘f‘ﬂléd&ﬁgﬁupj i squpe VAPl i3 glghzwswéan& Bethe
inverting input of the OpAmp 174 through a feedback resistor 180. In

addi ti on, sinhevameis-inapesitivagydle)pthe sigh af e sigpahpill dt chamgebe coupl ed to a
virtual ground via the switch 175, which is controlled by the square wave

generator 112. ;e Misheted @HAORINYSAY, She bhotdRleinddiilatn 118 B&n?ﬂ‘ée’é%ﬁ 175 is on
and the non-inverting input of the OpAnp 174 is coupled to the virtual

ground, thereb hangi n sign_of the shgn the o ut -of the OpAm
T7a"Vinen CPRETIRE A Bsh T EoaBondtir, dnd il la bl Y B Horimyee
non-inverting _input of the OpAnp, 174 is not coupled to_the virtual ground,
t her eby | 8@t ofghe ReAmRy 4oare conpledsiogheputpyt of the tiies amplifier; 166 tonghy a first
unchanged. The LPF 120 filters the output of the synchronous denodul ator 118
t 0 gener ainputrefior $7§aal a sdeand inpupresipior 178 nespedtivelyh dhefougut bfthe Qppladp t ance
110 of the biosensor cell 102, which, in turn, is proportional to the

vol une of 17 gapwd1ed W thBinvekthie ib%xﬁ%@&ﬁmpmﬁ 194 ehr8RROLfeBBINk rdsiifor 180UMm Of
C

frequency of the LPF 120 is . mnu | ower than the frequencies in the signal

Fg\t/\/(;?f t Lg%ddtltﬁ(}e{l? ﬁ{yn%ﬂgﬂéergﬁgﬂgm GERE Ol)%@np ﬁf&ﬁ bk Q&}ﬁ&i t'ooaf Jrirttlglégg&s{h?%a h?e much
switch 175, which is controlled by the squére wave generator 112. When the square wave |
amplitude is high, the switch 175 is on and the non-inverting input of the OpAmp 174 is
coupled to the virtual ground, thereby changing the sign of the signal at the output of the

 OpAmp 174. When thé square wave amplitude is low, the switch is off and the non-inverting
input of the OpAmp 174 is not coupled to .the.virtua] ground, thereby leaving the sign of the
* signal at the output of the OpAmp 174 unchanged.

The LPF 120 filters the output of the synchrbnous demodulator 118 to generate a DC
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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frequencies in the signal out of the synchronous denodul ator 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 shomnng
that the resultant signal is proportional to the effective -11 2 18 JW 208005
capaci tance 110 and does not represent the effective resistance 108 is
descri bed below in reference to equations 1-8. In the illustrated

enbodi ment, the LPF 120 includes a resistor 182 and a capacitor 184. The
resistor 182 is cou?Ied on one end to the output of the synchronous '
denmodul at ofapesigansad 1@ and dres agirspiesant thegdfestive egistangsd08 iyfgscbgdbealewin 184 i s
coupl ed between the resistor 182 and a virtual ground. An anplifier 185
amplifies tdieremsttpajuations 8. PkheliBtstrated entbedinhdntigthe BPE d2@ iMehdiesre pdsistort 182
anplifier 185 is a conventional OpAnp 186. The non-inverting input of the

OpAnp186 &{I]&Q&gc{ii 182, TherdsR E r:kgf’ls cbi gleﬂ 134 Ehﬁlﬂto‘tﬂ@%tgﬁtf of thesydeRTRodS6 | S

coupl ed to a virtu ground t hr ough round resi stor 8 and t'he out put of

Foedbok. v kSTl oA ekt b Coag O TAfA SeyBleA B

of the anplifier 185 to a suitable level for the A/D converter 122. In the
i |1 ustrat ethe eesisdeti I83rand atvirtua) giouade di vi der 191 conprises a first resistor
192 and a second resistor 194 coupled in series between the output of the

OpAnp 186 and aAf whiplfTerdr8snehlifith theamipie 61 ihe LPFel20e &nthelibust@tddentbodinhét, 194
provi des a reduced voltage |level that is dependent on the val ues sel ected

for the r : ;i - ﬁ@é}t{
renovi ng gﬁhi%gggﬁé%éel%?l%em &Ea]UgAﬁ'ﬁf out 0 1t he i\l/{pgg%{veér %%%14 The
resul tant i%l.cgl?pqcled t%q[he ]C.),{’F lbb.t Jla"fne %%grtllng 11'|po1 of t%t Id/p%m?f lég| 18 coX}EJled 90 a virtual

ground through a ground resistor 188 and the output of the OpAmp 186 is coupled to the
mvertmg input of the OpAmp 186 through a feedback resistor 190.
~ Avoltage 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 resist.or 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 fo 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 .
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sanpl e applied to the biosensor cell 102. For exanple, in neasuring glucose
l evel s in blood, a test sanple, e.g., 'sugar water, is first applied to the
biosensor cell 102 to determne if the biosensor is operating ph?@gg[ The
resultant signal can be used in a known nmanner to determ ne the type o
sanple, e.g., blood or sugar water. In one enbodinent, the filter 126 is 12
29JUL2005 configured to renove AC signal frequencies equivalent to the AC
signal frequency generated by the sine wave generator 104. In an
alternative enbodinent, the filter 126 renoves all AC signals. The A/D
converter ddfigamdie ransovar’sl cignsli fipyatnrigsegquivelent tatheafCisrgual frequedeygemmiated
signals at an output. In one enbodi nent, the A/D converter 122 is coupl ed
to the LPRIZ0 silerndieBendriter Y04, tIRGE aftbfh SR et il (BEmltid 1% reth@Pe/dIPAE
switch 196, e.g., a transistor, to performa first function of converting

t he signal §ﬁ$ ortlonal to the effective capacitance 110 of the biosensor
cell 102 ¥ analog to digital. In addition, the A/D converter 122 may be
coupled to the output of the I/V converter 114 through the filter 126 via a
switch 198, e.glhe %ﬁﬂﬁ%prtert 123 senvarisranalog sigasls Fcgived gte@dnwtfta digitabsigedls
converting the signal indicative of the type of sanple within the biosensor
cel | 102 fatenoapat. dg ohe edibgdinzent, tHhA/I taverter 122 it bompdad tb tieckPH 980 thrdi@th i S

mut ual |y exclusive to prevent nore than one signal fromentering the AID

converter wJ2deAt adiddrT®1 ahd aMplifieOBsUasLERR@ODELY, §t Ba98sisibt, ltb Bekdrh 4 RRt ?r t

that the A/D conversion for deternlnlng t he effective capacitance 110

t he bi ose cel the AL D co Sh0oN. for det he type of
sanple de %ﬁt&oa&fﬁwﬁwé‘ﬁsﬂéﬂ%spéﬁe RE IS Btk BB fae s s, Vi
separate A/D converters. separ.at e A/D converters are used, or if onky one

function biesersor gall & ﬁemr?@alogtt% élgéw tig ﬁé%m&%he Agy conyisrteiel 24 may haceuple
to the output of the I/V converter 114 through the filter 126 via a switch 198, e.g., another

transistor, to perform a second function of converting the signal indicative of the type of
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 seﬁarate A/D converters are used, or if only one function
1s fo 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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I n one enbodi ment, 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
di'gital by integrating the analog signal for a specified period o? ym?
and, then, counting tinme intervals to bring the integrated signal 8 yk 008
zero. The counted tine intervals are the basis for the digital signal

out put by the dual slope A/D converter. It wll be understood by those
skilled in the art that -13 2 9 JUL 2005 the integration tinme of the dual
sl ope A/D converter can be selected to reject the AC frequenc ener at ed by
the sine wihedntggraemtioe of the duakslensyy/Degonzertar gan e ﬁé‘?ﬁﬁ?litﬁg@?ﬁéﬁ/@éc si gnal out
of the IN converter 114 and elimnating the need for a separate filter 126.
In one enheglieA®Nienctafed yrtheginavaengdnerutori 194 thtreby effectivelyaiaoting tiAG0 Hz
line interference, e.g., 18.34nBec. In addition, the frequency of the sine

wave gener gl O - 4 1 e

maxi mum at é%ggwooﬂnﬂi{ﬁtcﬁgv%%}{zgtge |lﬁ%lg%t}n§t]t?%rrl\ée? iférrrgd %? 51%%8&@%2252:,1& g&g.,
109.065 Hz. In . the illustrated enbodi mrent, .the nverter 122 converts
the DC si gﬁalrodna?r&p%wf#e%tvoq e ﬁéeg‘-ﬁgﬁ& Feyst 69%5 Helmednipirenee. crie

bi osensor cell 102 rather than converting the voltage and current out of

t he bi osenBoi4neSdcl Inadditerd thehzequdeayafithegingwategenttatedtbiy\the sinepavé generator1 10.
This allows a slower A/D converter 122 to be used, such as the dual sl ope

A D conver10ars kéledtdttodaoy the en@dinfiRrtenuaion at the vtlectb®intepeationaing of di giti ze
the voltage and current out of the biosensor cell 102. The processor 124

processes idital 16d out of the A/D converter 124. \When the -
processor ltfg%n?gseg’cd%bﬂggd 0 ?'he output of the INconverter 114 through the

i\gimE IC gurl 23’ i nt Q&&l{%&h&{:ﬁﬁ@bo%ﬂgef}t,htﬁe "A‘A//B converter Efi coln%gr’ts tthg?)é) gi%?la ssor 124 is

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 slopé
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 knowr_x 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 vﬁthin 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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to determine if the sanple within the biosensor cell 102 is of a first type
or a second type. Wen the processor 124 is coupled to the output of the
LPF 120 through the anplifier 185, the voltage divider 191, the A/ Djqg JyL 2005
converter 122, and the switch 196, the processor 124 is configured to
determ ne the volunme of the sanple wthin the biosensor cell 102. Since it
can be shown that the output of the LPF 120 is proportional to the vol une
of the sanple mnthln t he bi osensor, the volune of the sanpl e can be

det e i ned Oceggo?agrggud; F2AY2000 LeGhabgES e processor

124 |ncludes ’m cr opr ocess ors rocontrollers,
digital srgnal processors (DSPs), state machr nes, eneral purpose

pr ocessor s Mggenmoflers digtielsignal brogessers EDSBYotate Machimes geraralurpase egr at ed
circuits (ASICs), or essentially any apparatus capable of processing a
digital si gmhssoﬂsmpociﬁc@mqmﬂé pmietssotshapphicativaspecifivartégrated eirenits€ASIEs)f dre
vol unme of the sanple is adequate by conparing the determ ned volune to a

predet er m pagnsfl YRy apardthecHatilogp ro\ﬁ@sislhg‘% dlguﬁd%gyrate a conponent
measur enent usr ng t%e sampl e’is perforne t he sarrpl e volune is

i nadequat e, onent nea enent S rfor d a rror ssage -
may be di spI ay Sm:?oﬂ © PIRECHPT ‘gﬁﬁi% HH e 8{1 %ﬁd?aﬁ‘&l?? t he
processor 124 will store corrponent measur enent s for a sanple if the sanple
is of a fipdeauaty bk camprringstba determingd uelume e 3 Predeteamingdypluc.off the sampled type.
For exanple, in a glucose neasurenent system if the processor 124

det er m nesvdlimat it ddeqeaeal nipppentinseabhroment wsheg the saamsls orpetfddmed. cif dlse dahwple

gl ucose neasurenent. However, if the processor determ nes that the sanple

type i s su@@fime Yﬁh@deqﬁﬁe @W&%Eﬁﬁfé&eﬂﬁﬁ%& Perfciulefl ¥nd ﬁ?e@éﬂﬁ@srsaééprﬁﬁyat ron
of a glucose neter), the glucose. neasurenent 1s discarded
" bedisplayed to a user of the biosensor. In certain embodiments, the processor 124 will store
component measurements for a sample if the séunple is of a first type and discard
measurements for a sample of a socond type. For example, in a glucose rrreasurement sysrem;
if the processor 124 derermines that the sample type is blood, the processor 124 stores the
glucose measurement. However, if the processor detennines that the sample type 1s 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, rhe 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 /'V oonverter 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, ig, 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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The processor 124 maybe conflgured to deternlne the anmount of a conponent
within- a sanple within a biosensor cell 102. For exanple, the processor 124
may be used to determ ne the anount of glucose within a sanple onQLRRQWSIn
order to determine a glucose level in a sanple, the processor 124

coupled to the output of the IN converter 114 through the switch 198. The
vol tage applied to the biosensor cell 102 by the DC voltage source 106,

e.g., negative (-) 300nV, generates a "first pulse" current, ifp, through
the biosensor cell 102. The DC vol tage source 106 is then modified in a
known manneppasite palptity, agvobalag@(mé()@my and alloyed QY sottkoORenerpiees steed>ps5ata'|'| ty,
e.g., positive (+) 300nV, and allowed to settle to generate a "steady state"

pul se cur r gillke curfent, if, Thugh tHeltodehss €615 002. dalohe ¢MBodileng e gideeicverior t he
gl ucose | evel for the sanpl e nay be determ ned by the processor 124 as

described jn %Ig ﬁ@ﬁ‘% AR ceslt?' 19813 eéc bxﬂ‘fnqléfefréh%e R}Jéc@ﬁnﬁ _ents

are determ ne ensat he e I ve capacltan

t he blosensor cel | rior to calculatln t he gl ucose | eve

al ter nat i v&S BB R ﬂéﬁi‘,t}?? RS, P EeRdsass def daw%é&ﬂndéggwa?%dt%%mf&g&ethe| in
a known manner based on the pulse currents and then conpensate for the

gl ucose | esaphcitascatl @ diithe biokensor cedl 103 paior toamatomlating theTglueasd lryvel. thanef f ect s of
the variability of the electronic conmponents within the biosensor depicted

in FIG 2, agnfivé Bmdbdigienh tRCeLessor 194 wigUctehimetid glREGHe1OR] B DERULY €
i ncludes averaging digital signals proportional to the effective capacitance

110 of an | ed
theﬁ%ﬁen%%?ﬁ‘?‘é‘fﬁﬁa%%‘egﬂs%ﬁd% ShP e e EAROE O o
sl ope by d&%;dln Vaiﬁﬁ obtained with the known capacitance by the
di fference® a? e obtained with an enpty biosensor cell 102

‘To reduce the effects of the variability of the electronic components within the
biosensor dépicted in FIG. 2, a calibration procedure is used. The calibration pfocedure
includes averaging digital signals proportional to the effective capacitance 110 of an empt};
biosensor cell 102 and for a known capacitance coupled across the biosensor cell 102, and
calculating a capacitance conversion slope by‘ dividing the valug obtained with the known
capacitance by the difference between the value obtained with an empty biosensor cell 102
and the value obtéined 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 embbdiment, 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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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

bi osensor cell 102. In one enbodi nent, a known capacitor with a Stﬁ@qﬁﬂ%mﬁ
value, e.g., 0.47 uF 296, is selected. The capacitance value of t

capacitor is neasured using a known calibrated neter, e.g., an Agilent LCR
nmeter. The capacitor is then connected between the conductor connections
128, 130 where the biosensor cell 102 is connected to the biosensor and A/ D
readi ngs omeasofed ichgacAbideansed tedeviRp actingle poior chlitiratibh o dét@mrirathiengs and t he
known -16 Z g JUL 2005 neasured capacitance are used to develop a single

poi nt cal ié&g&titig{?& éoﬁv&@f‘oﬁrsf%@,%ﬁi@l?m%?ﬂé‘%}eﬂﬂﬁgnoﬁ\%wtﬂé HeRidry iR RBeesiBY (3 MRYDE

stored in nonvolatile menory for access by t processor 124. During

operation, A/Dr ipngs_of the ALD.convert 1 are co rted into,.

capaci tan dgoci?éﬁoﬁgngﬁ %Pﬂ% ORFRIQY: é‘@? refgypga ??h’(j ‘%ﬁ’ecogf'ﬂfeé 352 Cr il md to
conversion slope. SUPPORT Wien two parallel plates with the surface area of
A are sepaepacitdnds\valued by thenrecesspr 12dnsing the stersd Fapasitance eervisrsioresiepe. t he
capacitance is calculated by: A Cap = sr so d (1) where co is the
permttivity or dielectric constant of the free space and ¢, is the relative
dielectric constant of the insulator inserted between the two plates. The
capaci tanagppprfli rectly proportional to the surface area, A (or the

el ectrode surface in contact with the - '

When two parallel plates with the surface area of A are separated by a distance, d,

with an insulator therebetween, the capacitance is calculated by:

A
Cap=¢g,¢&, i

. ¢y
where g is the permittivity or dielectric constant of the free space and &, is the relative
dielectric consftant of the insulator inserted between the two plates. The capaci‘;ance 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, tﬁe

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, 2)
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sanpl e solution) and is inversely proportional to the distance, d, between
the two plates. In order to generate a signal proportional to the applied
sanpl e volume, the neasurenent nust be independent of the effective
resistance 108. To prove that the output of the circuit described g9 JyL 2005
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 assunmed that the synthesized sine wave is a

continuous sine wave with an anplitude, V, and , v = Vsinw, (2) -17 2 9
J UL 2005 where o = 2(err)f, and t is tinme. The current through the
bi osensor cell 102 when a sanple is applied to it wll havé the sanme shape

with a (emheredegriahsanghistime Hibecurrpntthiough the mosenspy cqliB)02 whery @sample fsv| * 7*} |
cp = tan-' (WRC). The inpedance, Z, of the biosensor cell is: R Z 1+ jcoRC

(4) The apdiRdito AfwilltRve Ble si@ shage wittsa b klegrassahagsshift: the UV converter 114
out put aftgg it has been phase shifted 90 degrees: V =J Z, Rs j cos(21lrft +

(p )dt Vo = 2f (5)

i =Isin(wt + ) - 3)
where, I = {V/*Z}, ¢ =tan"(wRC). The impedance, Z, of the biosensor cell is: -

_ R
T 1+ joRC

“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:

1

vy i
Vo= 2f|—Z—|Rs !cos(erfH 0)dt
, - B E))

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

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

. VRs\1+o?R?c* 1 [, ]5%
. R 2znft

: and (6)
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where Rs is the sense resistor for the IN converter 114. In this equation,

It is assuned that the phase shifter gain is one. By substituting Z and
evaluating the integral: VRs VI-,+ 2, 1 [SV - 2f i(7Zft n1)J2 21Cft ; and
(6) 18 29 JUL2005 Vo = 2VRs 1+N2 R2 C2 ~R sin(rp ), rp = tai- ima
After sone mat hematical sinplifications: 2VtoRs Vo= C 7[ (8) The e
out put voltage, VO, is a linear function of the biosensor cell's effectlve
capaci tance 110 and is not ‘a function of the biosensor cell's effective

resi stance 108. Thus by neasuring and knomﬁng t he vol tage, frequency, and
sense resistor S 1% bi osensor ceII effective capacitance 110 can
be deternlqu* g¢g ¢ gﬁ of the sanple vol une.
accordance W th oneggpbodlnen i the p ent 71 nvention, an accurate glﬁfose
measur enent can be determ ned, even when a non-opti nal sanple vol une i §
applied to the biosensor 102. FIG 3 is a timng diagramthat will be used
to illustrate tA&edsmd wpthematioal simplifications:

2VoRs
2708 -

4 - ®

o—-

Therefore, the output voltage, V,, is a linear function of the biosensor cell's effective
capacit_ancé 110 and is not a function of the biosensor cell's effective resistance 108. Thus, by
measuring and knowing the voltage, frequency, and sense resistor vaiues, the biosensor cell's
effective capacitance 110 can be determined, which, in tum, is an indicator of the sample
volume.

In accordance with one emhodiment of the present invention, 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 signals used to measure glucose levels. During a first pulse (fp) having a first DC bias
voltage, e.g., -300mV, 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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the signals used to neasure glucose levels. During a first pulse (fp) having
a first DC bias voltage, e.g., -300nV, an effective capacitance |evel
i ndicative of a sanple volune is detected during a volune detection period
in which an AC signal is applied to the sanple. Al so during the f@@siUL 2005
pul se, after the AC signal is renoved, a first current |evel through the
bi osensor cell 102 is neasured. During a second pul se, having a second DC
bias voltage, e.g., +300nV, after a settling period, a second current |evel
is neasured. The current |levels may then be conpensated based on the
ef fective capacitance 110 of the biosensor cell 102 and used to determne a
gl ucose IeveI foﬂ&;h anpl e. \This process wll now be described in detail.
The glucose an ent 5«% 6UZ can be calculated as follows: -19 2 9 J UL
2005 LP ( Gvp 1 (9) ere ireis a first pulse current of one
polarity det er ni né during a fiyst pulse (fp), iss is a steady state @@Ise
current of an opposite polarlty determ ned during a second pul se (sp) and
z are cali I c h.S: o) e Iated
during t he%%lgé EiL‘ ﬁﬁ?éﬁg& csIlhe&'gI gf %%3) Ollﬁllt?d&ér{ﬁlg%ge ncen @h ; ﬁé‘d can
be cal cul at ed, as folloms = 2FAD S 0) mhere dis the hlckness
of the bi o¥EHystateRYIse cvffrqné ofat %fwawespoclm a%téﬁmnw furingasasPad BHsHPh 8120d
area, and Dis the diffusion coefficient. In one enbodi nent, the first pulse
current, i precakbratient eonstanésdantliGi;nga glveoskicorpentyatiaecalamateddurng the s¢coad
bi asing voltage's transition from-300nV to . _

pulse. The second pulse glucose concentration, Gsp, can be calculated as follows:

d_ .
2FAD ™

Gsé =
(10)
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 pﬁlse current, igp, 1S
determined during the first pulse' jusf prior to the biasing voltage's transition from -300mV to
+300mYV and the steady state curreﬁt, iss, 1s determined during the second pulse after the
current level settles to a substantially constant level.

If the biosensor cell is nét filled compietely 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
conéept, assume a partially filled biosensor cell with the portion of the biosensor cell covered
by the sample représented by partially filled area, 4pr, 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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+300nV and the steady state current, 155, is determ ned during the second
pul se after the current |evel settles to a substantially constant |evel.

t he biosensor cell is not filled conpletely by the sanple and the %‘h42@Eea
equals A, then Gsp and G can be cal cul ated based on the partiall} UL
volume. To illustrate this concept, assune a partially filled biosensor
cell with the portion of the biosensor cell covered by the sanple
represented by partially filled area, ApF, where PF stands for partially
filled. In order to calculate the glucose value, this area is used to

cal cul ate the partipglly filled glucose val ue -20 29 JUL2005 GPF |IssPF )p
(GspPF PPE. lJLﬁi P ? d GspPF 2FAPFD | ssPF (12) Therefore,
GPFSSPF)P( BIp(- 1) $M¥$I)% 3) The cell currents, i" and zf,, are
proportional to théppéFI area A and the equivalent cell capacitance hﬁ)
proportional to the cell area: IssF _’1fpF _ AF _ CF

where:

d
Gop

=
spPF 2F A D ssPF
PF . (12)
Tlterefore;
d
G ssPF . _
PE (ljivPF) (ZFAPFD b = 2) 3)

The cell currents, 7;; and i, are proportional to the cell area 4 and the equivalent cell

capacitance is proportional to the cell area:

issF lﬁ:F _ AF _ CF

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

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

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

cell, then:
i Cor
s:F C C
P . PF
PF ( ) (ZFAPF.D ssF C Z)
/IvF C'

F . | (15)
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| ssPF 1 fpPF APF CPF (14) where .P stands for a conpletely filled cell.
Therefore, if the partially filled cell currents, issPF and ifpPF, are

cal cul ated and substituted to calculate the glucose concentration of a
sanple that partially fills the biosensor cell, then: CPF rssF CF F9dUICHE
GPF _ CPF) 2FAPFD Zss' CF zZ) :fpF CF (15) 21 2 9 JUL 2005 If the ratio
for capacitance is substituted with the ratio for area, then: ((lIssF p(( d
APF GPF _ - |IfpF) 2FAPFD j"' AF Z) and (16) _IsskF p d GPF_(ifPF)

2FAFDi ssF- 1 e GPF_(11PF)
((:orrpl et Zisy f i)IFééFWLBJ%rn‘?B?Cl%E?eﬁS F?\bs‘gﬁﬁ%ﬂ cbghtth g}’ag? fof aeaden” o0 oo oM@

d A
G ( SSF ) ( -SSF PF Z)
"N 2FA D 4, T
(16)
SS d '
GPF ( F ) (2 F A D ssF Z)
(17)

This is equivalent to the glucose calculated from a completely filled biosenéor cell in equation

9,i.e.:
GPF ~ GF

This indicates that an accurate glucose level can be calculated even if the biosensor cell 102 is

(18)

only partially filled.

FIG. 4 depicts pulse current values for filled and half-filled biosensor cells during ﬁrs.t
pulse and second pulse periods prior to compensation based oﬁ the effective capacitance of
the biosensor cell in accordance with the present invention. The transition from first puise to
second pulse occurs at about 10 seconds in the example depicted in FIG. 4. As shown, the
shapes of the current profiles are app?oximately the same for the filled and half-ﬁlle(i
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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(18) 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 pul se
current values for filled and half-filled biosensor cells during fi??UUL 00
pul se and second pul se periods prior to conpensati on based on the e ectﬂvé
capaci tance of the biosensor cell in accordance with the present invention.
The transition fromfirst pulse to second pul se occurs at about 10 seconds
in the exanple depicted in FIG 4. As shown, the shapes of the current

profiles a@ﬁ@g{oﬁéﬁ@wa{uﬁ@m&%é, Qluch8etel kA1t bBdlonf e'uHeﬁPhevels

bi osensor there are significant differences in their current
val ues. These , differences . be dye to varjatio in the actyal gl ucose

| evel s andp’f‘?feto\%mﬁ‘ésgg‘z}? mﬁﬂg mé‘ﬁ%é{%ske‘f%tf Sfé%ﬁge hg} I%‘(‘/’\‘F@FB@‘E% Yvel

cal cul ati on maybe due to a_IOM/qucose level -22 2 9 JUL 2005 and/or a |ow
sanpl e vol desing binesnedrselds wigh bloed samples hayag 0me(dh ime0ael glucasernént | evel s

prior to conpensation nmay be I naccurate. Results shown in the FIG 4 were

col | ect ed hymatsaileglduresensnr cells with bl ood sanpl es having 40ng/dL to
600 ng/dL glucose and hematocrit levels of 20-70% FIG 5 depicts volune

detection AID r .i‘)jr}%'ﬁigisqfohfﬁ%@t iSh/D rké%s%o@létél&iﬂé%ﬁ%d thgﬁg%ﬁor

cells during O. ( seconds after a sanple Is dete dina .
Dl Se. and WA Gl OTHE LIS R SRR RE APEPEI SIS SLH AUPOROTERIE A ng
vol ume detection A/D readings. As shown, A/Dreadings for half-filled
bi osensor yethesized ACsinswavieas 4ppliné aihpbegneing g&the dirst pulse end theivedwnsor cel | s,
t hereby denonstrating that the A/D readings are related to the volume of the
' detection circuits are stabilized before obtaining volume detection A/D readings. As shown,
A/D readings for half-filled biosensor cells are about half the A/D readings for filled
biosensor cells, thereby demonstrating that the A/D readings are relgted to the volume of the
sample within the biosensor cell. Results shown in FIG. 5 were collecfed by dosing biosensor
cells with blood samplés 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, stapdard deviation, ~aqd 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 cérrelated to the sample volume.
FIGs. 7a and 7b depict a comparison of the giucose 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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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 ng/dL

gl ucose and hematocrit |evels of 20- 70% FIG 6 depicts a hi stog& f A/D
readi ngs, mean, standard deviation, and coefficient of variation 3

filled and hal f-filled biosensor cells at 0.8 seconds after a sanple |s
detected. As shown, the A/D reading are strongly correlated to the sanple
vol une. FIGs. 7a and 7b depict a conparison of the glucose biases of a

DI 0SeNnsor | BoordfiER WIRANAE o irtvRfii B SR cobdMa fnggsut@@)me%q GTRgoYr ement s
perfornmed by ucos nal yzer aval | a rom | ncorporated of

Yel | ow Sprin Om 0, .USA i ndustr, i zed df

per f or ni ﬁg gf}’@S"saé ﬂFFe@E‘Eﬂ‘*Eﬁ@'ﬁFéW“B%‘F%%@ F@ﬁﬁﬁgﬂl‘@“ ﬁ%@n%ﬁ@ﬁ%cﬂn‘l%npl e

vol unes applled to the biosensor cell, respectively. The glucose biases
repr esent tvmengllfcbmlevﬂememesdéanhgms&EélB:OBeaAsalszeanlca’dIDQHQ/CHL thedmsdas i n
23 29JUL2005 accordance with the present invention and gl ucose |evels

nmeasur ed byiefild itf RrmSo¥ GRFEL MUV uctse 1V6ls HedREEbY et ST GRasse! Ashijayr t he
YSI d ucose Analyzer. In FlIGs. 7a and 7b, when glucose | evels neasured by

the YSI d ucose Aﬂﬂ it%gmpflégwng@%tg%{%& #’EPCC%E is defined in terns

of ng/dL an evel's ‘ireasure ‘@ ucose Anal yzer are
above 100 ny/dL the bj as i efined | ter tage. FIG 7a_shows
the gl ucose bi af&s 7 P6P°‘H%FPGI£‘P@F%/ lﬁ$eﬁ|%r&°gwnﬁetﬁ&fﬁ$ and balt-Blled biosgsor el
prior to being conpensated by the volune detection A/D readings. As shown,
t he hal f - f plibréd being cempsunatedelyltise velumb dviectign A/D redings. bAsishdvor, the tedfflle
havi ng a gl ucose | evel of 600 ng/dL and -25 ng/dL bias for a sanple having
a gl ucose bYddkordell$BarBdvélup t&L718 % HiastBP¥andple 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 glicose biases after corhpensation

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 fng/dL for a sample having a glucose level of 40 mg/dL.

Having thué described a few particular embodiments of the invention, various
alterations, modifications, and improvements wi.ll readily occur to those skilled in th¢ 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.r The invention is limited only as defined in the A

following claims and equivalents thereto.
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significant inprovenent in the half-filled biosensor cell glucose biases
after conpensation wth volune detection A/D readings. As shown, the

hal f-filled biosensor cell=s bias is reduced to |ess that approximtely -30
% for a sanple having a glucose |evel of 600 ng/dL and -10 ng/dL for a
sanpl e having a glucose | evel of 40 ng/dL. Having thus described aZfledlil 2005
particul ar enbodi nents of the invention, various alterations,

nodi fications, and inprovenents will readily occur to those skilled in the
art. Such alterations, nodifications and inprovenents as are nade obvi ous
by this di ¢g8l,p8¢8mai®. intended to be part of this description though not
expressly stated herein, and are intended to be within the spirit and scope

of the inventiop.,Accordi ngl t he foregoi.ng description is. by way of
exanpl e only, a dAHSPpaI“qu‘? g’f%&asuﬁ{@t %etg%by%ﬁagagﬁ F’ﬁf*ffé’as ‘(‘)E‘Wy"égrﬁéﬂ ned in
the follow ng clainms and equivalents thereto. -24 2 9 JUL 2005 What is

cl ai med i shaving airsagopdecionernnetioneid arseengd chrdustor sennsgtion.dpebiosensercedlcr oss a
bi osensor cell having a first conductor connection and a second conduct or

connect i ongonfigereBtOReEISOL satple haviap bivolunelsdid apesiy corapidng! e having a
vol une, said apparatus conprising: a sine wave generator having an out put

¢ L Y . _ . _ . . i d
e wave genersior " BRne s tangn CRERT tabinBlo IRTR! QRREREcopfyion™

converterdgaﬁing an input far coupling to t e.secoqg . conduct or connecti on
of the bi c¥eREYPsensen el 919 {1pe WaYC sReTatR) PLafusme A C S188Rkse shifter having

an input coupled to the output of said IN converter and further having an
out put ; a current-to-voltage (I/V) converter having an input for coupling to the second

condﬁctor connection of the biosensor cell and further lhaving an output;

a phase shifter having an input coupled to the oﬁtput 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 in};ut coupled to said square wave generator; and

a low pass filter (LPF) having an input coupled to the output of said synchrénous
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.
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a square wave generator producing a square wave synchronous with said AC
signal ;7 a synchronous denodul at or having an output, a first input coupled
to said phase shifter, and a second input coupled to said square wave
generator; and a |ow pass filter (LPF) having an input coupled to7tighgilddiput
of said synchronous denodul ator, said LPF producing a signal at an output
proportional to an effective capacitance across the biosensor cell. 2. The
apparatus of claim1, further conprising: a DC voltage source coupled to the

first conductor nection af the biosensar. cel sai.d DC vol t age squrce
2ddi ng.a D conbolBPRRERE S clal EoYhaBmdatgRee shiter @S BpSe of F5gad oul
apparatus of claim2, wherein said phase shifter shifts the phase of a
si gnal out of safd E¥icanvierter emhremovey saxhBCreempeaent famysapbsigoahpunhefitaid ¥¥m sai d
signal out of said-UV converter. 4. The apparatus of claim1, further
conpri si nggonerté@nal og-to-digital (A/D) converter having an anal og i nput
coupled to the output of said LPF and further having a digital output, said
Al D converter converting said signal proportional to the effective
capaci tance across the biosensor cell fromanalog to digital. 5. The
apparatus of claim4, further_ conpri ing: a.processor coupled to the digital
output of said P DheeREEsH claymgy ECUUPIPIRE gi tal  signal proportional to
the effective capacitance across the biosensor cell to derive the effective
capaci t ance acrasmaldgaopligitab (A8)) copvdrter Bavifighan aapeg iaputsoupleditaihm dutpus af d
processor further deriving the volume of the sanple

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 digitél
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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e s

based on the effective capacitance across the bi osensor cell. 7. The
apparatus of claiml1l, wherein said sine wave generator generates a

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

synt hesi zed sine wave is a stair type sine wave. -26 2 9 JUL 2005‘2,!§9JUV\2005
bi osensor for neasuring conmponents 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
sanpl e; a sine wave generator coupled to the first conductor connection of
sai d biosensor cell, said sine wave generator produci ng an AC si gnal having
a determ ned frequency a current-to-voltage. (1/V) converter having an input
coupl ed to the % e BIECTISON 0 B1eaFINing SAMPERFILT WERINS AP, 656 RifsPnser! |~ and
further having an output; a phase shifter having an input coupled to the

out put of ceaipgisibg converter and further having an output; a square wave
generator producing a square wave synchronous with said AC signal; a

synchr onous degﬂ&gﬁaﬁé&%ﬁ@pﬁﬂga ikt Qo dlor cBnlebic arldWPiboPURLEGoL O ! e

out put of sai se s second I nput coupled to sal'd square
out put of r%é?%hg@%% Pt SoL ponisegp essled™ MM oduc ng a o) gnal at an
out put proportional to an effective capacitance across said biosensor cell.
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 cenent-to-voltage (I/V) converter heving an input coupled to the second conductor
connection ef said biosensor cell and further having an outplit;
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 demoduiator having an output, a ﬁi‘st 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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10. The biosensor of claim9, further conprising: an analog-to-digital (A/ D
converter having an anal og input coupled to the output of -said LPF and
further having a digital output, said A/ D converter converting igisushﬁpal
proportional to the effective capacitance across the biosensor # om
analog to digital. -27y g J UL 2005 11. The biosensor of claim 10,
further conprising: a processor coupled to the digital output of said A/D
converter to process said digital signal proportional to the effective
capaci tance across the biosensor cell to derive the volume of the sanple.
12. The biosensor of claim9, further conprising: a DC voltage source
coupled to the first conductqgr of sajd.biosensor cell, said DC voltage
source addi ng alpGhedigssnsonof elgim O Tuxthel coPPESING'3  The bi osensor of clai m
12, wherein said phase shifter shifts the phase of a signal out of said W
converter and ragrosssorsaipled® the dipitakoittput bf said WéDivionwates tr profess Isaiidrdigital
further conprising: an anal og-to-digital (A/D) converter having a digital
out put and;jag) %&Bﬁ&@i@n&lri@ e effeRiivh capicafee AR theURINSSH kR td B&ivRUheYbIuafe t he
UV converter through a first switch and coupled to the output of said LPF
t hr ough a()gggyd iyﬁtch, only one of said switches being closed at a tine.
15. The bi g) of claim14, further conprising: a filter coupled between
the Wconverter and the A/D converter in a path containing said first
switch to renove an AC conponent from said path.

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. l

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

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 a.nalo-g 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 ata

time.

15. The biosensor of claim 14, further comprisihg:
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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-28 29JUL2005 16. The biosensor of claim 14, further conprising: a
processor coupled to the digital output of said A/D converter to process
said digital signal proportional to the effective capacitance across the
bi osensor cell when said second switch is closed and to process the output
of said UV converter to determne if the sanple is of a specific‘h@é@L%ﬁ n
said first swwtch is closed. 17. The bi osensor of claim 14, wherein the
sanple is blood and the conponent is glucose, and wherein said processor
further cal cul ates the glucose level for the sanple of blood using the
derived volune. 18. The biosensor of claim 17, wherein said DC voltage
source is configured to apply a first voltage of a first polarity to said
bi osensor cell ing.a firs er| nd to apply a second DC voltage of a
second pol ari tyfjﬁlrjglhggfoéelﬂﬁof)géﬂgmi‘ggﬁ’qﬁleaﬁ?lpﬂ % second period. 19. The

bi osensor of claim 18, further conprising: a processor coupled to the

di gi tal output afrogesser wupled ¢hthsdigital ppwral saidA/Bgonvertayita processisgidadigital
proportional to the effective capacitance across the biosensor cell when
sai d seconggna$piop6hional toltesectivecapacicmss adrbs thebiosdnserf cefl avtikn i daerorr t er
when said first swwtch is closed to determne a first current through said

bi osensor s‘%ﬁH‘n i9HbLA%nARb gmt:iesrs%ﬁem ﬁméaagxr\]gc eeﬁa% d&HﬁﬁﬁFﬁfthQEﬁ#@E" aid

bi osensor cell during sald second perio termne a glucose vel -29
29JUL2005- for said sanpl e .qQf. bl ood, based ., on said effective capacitance,
sai d 11 rstoleaprat PR Aen s fedeRna AR

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 biosensof 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 bioseﬁsor of claim 18, further comprising:

a processor coupled to the digital output of said A/D converter to process said digital
signal prdportional 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 ﬁfst 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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20. A nethod for neasuring the effective capacitance across a biosensor cel
having a first conductor connection and a second conductor connection, the
bi osensor cell configured for use in a biosensor to receive a sanpj ¢UihA@l ng
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 signal; shifting the phase of said AC signal
generating a square wave synchronous with said sine wave; denodul ating said

AC si | with i . d dul i | ; d
i1 ert ng Laptd Sanaar doanvEed Rt R A Gal SR BRY sl ™G 1 e

effective capacitance across the biosensor cell. 21. The nethod of claim
20, furt hegecenshgimensi ng t he steps of: applying a DC voltage to the first
conductor connection of the biosensor cell, said DC voltage introducing a

DC conponent; and renovi ng said DC conponent prior to denodul ating said AC
signal. 22." The nethod of claim 20, further conprising the step of: -30 2 9

of the bi osensar ol TRy fo e R B pac R L s ORI
ALGENSTAER N e R I N T
for use in a biosensor to receive a sample having a volume, said method comprising the stéps
of:
applying a sine wave having a detenﬁihed frequéncy to the first conductor'-connection _
of the biosensor cell to broduce an AC signal;
' shiﬁing 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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determ ne the volume of the sanple received by the biosensor cell. 24. The
met hod of claim 20, further conprising the step of: calibrating the

bi osensor. 25. The nmethod of claim 24, wherein said calibrating ste
conprises the steps of obtaining a first signal average for saiagdﬁ%ﬂmg
signal proportional to the effective capacitance of the biosensor cell when
the sanple is not received by the biosensor cell; obtaining a second signal
average when a known capacitance is coupled across the biosensor cell;
calculating a ¢ Jos : i | [RVANG I e id
reference capdgﬁﬁgphggﬁgﬁ%agﬁgﬁg?gﬁﬁghﬁ@?ﬁ?ﬁﬁ“?ﬁ%&¥?9§%Q@Pﬁﬁgpﬁﬁggfgge and
t he second_si gnal average; and storing said capacitance conversion slope
for correcﬁ?ﬁgnaﬁéuéﬁéﬁat proportional to the capacitance across the

bi osensor cell. -31 TITLE: BI OSENSOR APPARATUS AND METHOD W TH SAMPLE TYPE
AND VOLUVE DETECTI ON  ABSTRACT OF THE DI SCLOSURE A bi osensor apparatus and
met hod with sanple type and cell volune detection. The apparatus includes a

si ne wave genermt The bt Y180 20Chusthen@mprizing the sigeogor cel | containing a
sanple, a current-to-voltage converter, a phase shifter, a square wave

generator, a Sﬁgﬁ%ﬁﬁgyﬁ%gﬁﬂgﬁyﬁﬁém Afle BrbQWeRATR thd gto?%hee"\@i)ééﬁs&icgﬁ%g a

si gnal proport ve capacl tance ‘acros Iosensor cell,

which is proportional to the volunme of the, .
pdete%ngnc e volume of rt1xc samp?c recgved 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 va ﬁrstisignal average for said digital signal proportional to the effective
capacitance of the biosensor cell when the san'iplc is not received by the biosensor cell;

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

calculating a cépacitance 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.

-31-



sanple. In addition, the current-to-voltage converter yields a signal

I ndi cative of the type of sanple contained within the biosensor cell. The
met hod i ncl udes applying a sine wave to the biosensor cell, shifting the
phase of the resultant signal, generating a square wave synchronoug gaiLh005
t he sine wave, denodul ating the resultant signal with the square wave, and
filtering the denodul ated signal to produce a signal proportional to the

ef fective capacitance across the biosensor cell. The bi osensor apparatus
and nethod are capabl e. of determ ning sanple type and neasuring gl ucose

| evel s over a WIGeFr ange @GIOSENIOR WePARSSTUS BINIMMETHOD

WITH SAMPLE TYPE AND VOLUME DETECTION

ABSTRACT OF THE DISCLOSURE

A Biosensor épparatus and method with sample type and cell v&lume.detection. The
apparatus includes a sine wave genera';or to apply an AC si gnalh to a biosensor cell containing
a sarﬁple, a current-to-voltage converter, a phase shifter, a square wave generator, a
‘synchronous demodulator, and .'a low pass filter which yields a signal proportional to the
effective capacitance across the biosensor cell, which is proportional to the volume of the
sample. In addition, the current-to-voltage converter yields é signal indicative of the type of
sample contained within the bioseﬁsor cell. The method includes applying a sine wave to the
biosensor cell, shifting the phase of the resultant signal, generating a square wave
synchronous with the sine wave, demodulating the resultant signal with the square wave, and
filtering the demodulated signal to produce a signal proportional to the effective capacitande
across the biosensor cell. The biosensor apparatus and method are capable of determininig

sample type and measuring glucose levels over a wide range of sample volumes.

Figure 1
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