
;e3e4740013F4,76b7T7{is~~~~m~~~ TITLE: BIOSENSOR APPARATUS AND METHOD WITH
SAMPLE TYPE AND VOLUME DETECTION FIELD OF THE INVENTION iuu~n~Hio The
present invention relates to biosensors and, more particularly, to a method
and apparatus for detecting the type and volume of samples deposited within
a biosensor cell. BACKGROUND OF THE IIWENTION A biosensor is a device that
measures the presence of various chemical components in a sample deposited
in a biosensor cell. For example, a biosensor may be used to measure the
amount of glucose present in a sample of blood. Generally, the biosensor
cell includes a pair of conductors, e.g., gold and palladium, configured to
receive a sample therebetween. Typically, the biosensor generates an
electrical signal that is proportional to the amount of a certain
component, e.g., glucose, in a sample, which is assumed to have a certain
volume. If the sample 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 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
eje~ctricity-In-this-meth~ad-on-e-or-mere-detection-conduct~crrs-are-positi
oned~t-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 -1
PATENT adequate sample has been deposited into the biosensor cell based on
the number of detection conductors that conduct electricity. This method
has several drawbacks. First, several detection conductors are required in
addition to the two existing parallel plate conductors of the biosensor
cell. Second, an error is introduced if the sample touches a detection
conductor without filling the area of the conductor completely. Third, this
method is not able to compensate for bubbles trapped within the sample,
which reduces the volume of the sample. Another method for determining the
adequacy of a sample applied to a biosensor cell is through visual'
confirmation of the sample volume. In this method, 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 method relies on
a subjective determination of the volume of a 



sample and is, therefore, prone to errors. This is especially problematic
when the hiosensor 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 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. -2   PATENT SUMMARY OF THE INVENTION The
present invention provides for apparatus and methods that can determine
whether a sufficient sample volume was deposited into a biosensor, can
accommodate variations in the volume of samples, and can determine the type
of sample deposited within the biosensor. The aforementioned problems are
overcome by accurately detecting the volume of the sample within the
biosensor cell by determining the biosensor cell's effective capacitance,
which is proportional to the volume of the sample within the biosensor
cell. 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 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
cun:ent-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 1/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. 



-3   PATENT Another aspect of the invention is a method for measuring the
effective 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 sample having a volume. The method
includes 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,
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 accordance 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 volumes and
glucose levels in accordance with the present invention; Figure 4 is a
graph depicting content values for filled and half filled biosensor cells
in accordance with the present invention; Figure S is a graph depicting
volume detection AID readings for filled and half filled biosensor cells in
accordance with the present invention; -4   PATENT Figure 6 is a graph
depicting 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 applied in accordance with the present
invention; Figure 7a is a graph depicting glucose biases compared to an
industry standard prior to volume compensation in accordance with the
present invention; and Figure 7b is a graph depicting glucose biases
compared to an industry standard after volume compensation in accordance
with the present invention. DETAILED DESCRIPTION OF THE INVENTION FIG. 1 is
a block diagram of biosensor device 100 in accordance with one embodiment
of the present invention for determining the volume of a sample positioned 



within a biosensor cell l OZ and the type of sample positioned within the
biosensor cell 10Z. In addition, FIG. 1 depicts signal levels 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 applied 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 (I/V)
converter 114 to convert the signal to a voltage signal. The voltage signal
out of the I/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   PATENT wave generator
112 to create a demodulated signal. The demodulated 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 volume
of the sample. The signal is converted to digital by A/D converter 122 and
the digital signal is processed by a processor 124 to determine the volume
of the sample based on the effective capacitance across the biosensor cell
102. In addition, the output of the I/V converter 114 is passed through a
filter 126 that removes an AC sine wave component and the resultant signal
is converted to digital by the A/D converter 122 for processing by the
processor 124 to determine the type of sample, e.g., test sample or
biological sample, applied to the biosensor cell 10Z. The present invention
is particularly useful, but not exclusively so, in glucose measurement
systems used by diabetics to determine glucose levels in samples of blood.
FIG. 2 is a schematic depiction of a device for determining the volume and
type of a 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 a receptacle for a sample, e.g., blood. The biosensor cell 102
may be modeled in a known manner by an effective resistance 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 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 



-6   PATENT sample. In alternative embodiments, the first and second
conductors may be a pair of plates positioned on the same plane to receive
a sample thereon or may be a pair of cylindrical conductors coaxial to one
another configured to receive a sample 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 developed at the second conductor
connection 130 that reflects the effective resistance 108 and capacitance
110 of the biosensor cell 102. The amplitude of the synthesized sine wave
is selected such that it does not affect the electrochemical 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 sine
wave has an amplitude of about SOmV 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
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 7_   PATENT biosensor cell 102.
However, applying the DC voltage enables the effective capacitance 110 to
be formed more quickly. Accordingly, the DC voltage source 106 may be
removed from the illustrated biosensor without departing from the spirit
and scope of the present invention, however, its inclusion can positively
affect the performance of the biosensor in determining the effective
capacitance 110. In the illustrated embodiment, the DC voltage source 106
comprises a first conventional OpAmp 132 and a second conventional OpAmp
134. The non-inverting input 



of the first OpAmp 132 is coupled to a bandgap voltage 136. The bandgap
voltage 136 is generated by a known bandgap circuit that generates a stable
voltage from a voltage source, e.g., a battery. The bandgap voltage 136
remains constant regardless of fluctuations in the output voltage of the
voltage source. The first OpAmp 132 is configured as a gain stage with its
inverting input coupled to ground through a ground resistor 138 and its
output 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 second OpAmp 134 is coupled to the output of the
first OpAmp 132. The second 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 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 _g_   PATENT 148 is coupled to
the sine wave generator 104 through a first input resistor 150 and to the
DC voltage souxce 106 through a second input resistor 152. The inverting
input of the OpAmp 148 is coupled to a virtual ground through a ground
resistor 154 and the output of the OpAmp 148 is coupled to the
non-inverting input of the OpAmp 148 through a feedback resistor 156. It
will be understood by those skilled in the art that, if the DC voltage
source 106 is not used, the combiner 146 may be removed and the sine wave
generator 104 can be coupled directly to the biosensor cell 102. The I/V
converter 114 receives the current signal out of the biosensor cell 102 and
converts it 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 defines the gain of the 1/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 resistor 164, and is followed by a buffer amplifier
166. The buffer amplifier 166 may be a conventional OpAmp 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 _g_   PATENT capacitor 162
and the non-inverting input of the buffer amplifier 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 embodiment, the square wave will have a
comparatively low value when the sine wave produced by the sine wave
generator 104 is in a negative cycle and will have comparatively high value
when the sine wave is in a positive cycle. In the illustrated embodiment,
the square wave generator 112 comprises a conventional OpAmp 168 configured
as a Schmidt 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 generator 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 virtual
ground. The output of the OpAmp 168 is coupled to the non-inverting input
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 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 the 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
-10   PATENT cycle), the sign of the signal will change. If the square wave
amplitude is high (indicating the sine wave is in a positive cycle), the
sign of the signal will not change. In the illustrated embodiment, the
synchronous demodulator 118 comprises an OpAmp 174 and a switch 175, e.g.,
a transistor. The inverting input and the non-inverting input of the OpAmp
174 are coupled to the output of the buffer amplif er 166 through a first 



input resistor 176 and a second input resistor 178, respectively. The
output of the OpAmp 174 is coupled to the inverting input of the OpAmp 174
through a feedback resistor 180. In addition, the non-inverting input of
the OpAmp 174 can be coupled to a virtual ground via the switch 175, which
is controlled by the square 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 the square wave amplitude
is low, the switch is off and the non-inverting input of the OpAmp 174 is
not coupled to 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 a DC signal that is
proportional to the effective capacitance 110 of the biosensor cell 102,
which, in tum, 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 -11   PATENT
capacitance 110 and does not represent the effective resistance 108 is
described below in reference to equations 1-8. In the illustrated
embodiment, the LPF 120 includes a resistor 182 and a capacitor 184. The
resistor 182 is coupled on one end to the output of the synchronous
demodulator 118 and to the capacitor 184 on the other. The capacitor 184 is
coupled between the resistor I 82 and a virtual ground. An amplifier 185
amplifies the output of the LPF 120. In the illustrated embodiment, the
amplifier 185 is a conventional OpAmp 186. The non-inverting input of the
OpAmp 186 is coupled to the LPF 120. The inverting input of the Op.Amp 186
is coupled to a virtual ground through a ground resistor 188 and the output
of the OpAmp 186 is coupled to the 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 I26 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   PATENT configured to remove AC
signal frequencies equivalent to the AC signal frequency generated by the
sine wave generator 104. 1n an alternative embodiment, the filter 126
removes a11 AC signals. The A/D converter 122 converts analog signals
received at an input to digital signals at an output. In one embodiment,
the A/D converter 122 is coupled to the LPF 120 through the voltage divider
191 and amplifier 185 via a switch 196, e.g., a transistor, to perform a
first function of converting the signal proportional to the effective
capacitance 110 of the biosensor cell 102 from analog to digital. In
addition, the A/D converter 122 may be coupled to the output of the W
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 AID 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 AID 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
AlD 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 -13
PATENT the integration time of the dual slope AID converter can be selected
to rej ect the AC frequency generated by the sine wave generator 104,
thereby effectively removing the AC signal out of the I/V converter 114 and
eliminating the need for a separate filter 126. In one embodiment, the
integration time is selected to reject a 60/50 Hz line interference, e.g.,
18.34mSec. In addition, the frequency of the sine wave generated by the
sine wave generator 



104 is selected to have the maximum attenuation at the selected integration
time of 18.34mSec, e.g., 109.065 Hz. In the illustrated embodiment, the A/D
converter l22 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 AlD 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 I91, the A/D converter I22, and the
switch 196, the processor I24 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 -14   PATENT techniques. The processor 124 includes, but is not
limited to, microprocessors, microcontrollers, digital signal processors
(DSPs), state machines, general purpose processors, specific purpose
processors, application specific integrated circuits (ASICs), or
essentially any apparatus capable of processing a digital signal. In one
embodiment, the processor will determines if the volume of the sample is
adequate by comparing the determined volume to a predetermined value. If
the sample volume is adequate, a component measurement using the sample is
performed. If the sample volume is inadequate, a component measurement is
not performed and an error message may be displayed to a user of the
biosensor. In certain embodiments, the processor 124 will store component
measurements for a sample if the sample is of a first type and discard
measurements for a sample of a second type. For example, in a glucose
measurement system, if the processor 124 deternnines 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, ifP, through the
biosensor cell 102. The DC voltage source 106 is then modified in a known
manner to apply a voltage having an -15   PATENT opposite polarity, e.g.,
positive (+) 300mV, and allowed to settle to generate a "steady state"
pulse current, iss, through the biosensor cell 102. In one embodiment, the
glucose level for the sample may be determined by the processor 124 as
described in reference to equations 9 18 below in which the pulse currents
are determined and compensated based on the effective capacitance 110 of
the biosensor cell 102 prior to calculating the glucose level. In an
alternative embodiment, the processor 124 may determine the glucose level
in a known manner based on the pulse currents and then compensate for the
glucose level using the effective capacitance 110. To reduce the effects of
the variability of the electronic components within the biosensor depicted
in FIG. 2, a calibration procedure is used. The calibration procedure
includes averaging digital signals proportional to the effective
capacitance 110 of an empty biosensor cell 102 and for a known capacitance
coupled across the biosensor cell 102, and calculating a capacitance
conversion slope by dividing the value obtained with the known capacitance
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 t29b, 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 - 16   PATENT measured capacitance are used to develop a single
point calibration to determine the 



capacitance conversion slope, which may be stored in nonvolatile memory for
access by the processor 124. During operation, A/D readings of the A/D
converter 122 are converted into capacitance values by the processor 124
using the stored capacitance conversion slope. SUPPORT 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 = sr Eo d
where ea is the permittivity or dielectric constant of the free space and
s~ 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
(1) 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,
V, and -freq~ae , ,. v = V sin cvt, (2) -17   PATENT where cu = 2~f, and t
is time. The current through the biosensor cell 102 when a sample is
applied to it will have the same shape with a cp degrees phase shift: i = I
sin(cot + rp) (3) where, I = {Yl*Z* }, cp = tari ~(cvRC~. The impedance, Z,
of the biosensor cell is: _ R 1 + j wR C ~ . (4) The output of the LPF 120,
Vo, is the average of the I/V converter 114 output after it has been phase
shifted 90 degrees: i ?I yo = 2 f ~ RS j cos(2~ft + rp )dt ~Z~ o where ~ is
the sense resistor for the 1/V converter 114. In this equation, it is
assumed that the phase shifter gain is one. By substituting Z and
evaluating the integral: 



(5) _1 VRs 1+ar2 R~ CZ I 1 ;~- ~f ~cin~7~rft~- rn 12I R 2~cft and (6) -ls
PATENT ZyRs ~+w2R~cz vo = ~R sin(rp ), ~p = tari ' (wRC~ After some
mathematical simplifications: ZvwRs ~ vo= " . (8) Therefore, the output
voltage, Vo, is a linear function of the biosensor cell's effective
capacitance 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 values, the biosensor cell's effective capacitance 1 I 0 can
be determined, which, in turn, is an indicator of the sample volume. In
accordance with one embodiment 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 detennine a glucose level for the sample.
This process will now be described in detail. The glucose concentration
(Cry can be calculated as follows: -19   PATENT G= iss p GSP- z l.fP . (9)
where ifp is a first pulse current of one polarity determined during a
first pulse (fp), iss is a steady state pulse current of an opposite
polarity determined during a second pulse (sp), p and z are calibration
constants, and GSp is a glucose concentration calculated during the second
pulse. The second pulse glucose concentration, GSP, can be calculated as
follows: 



d G5P 2FAD ZSS (lo) where d is the thiclrness of the biosensor cell, F is
Faraday's constant, A is the biosensor cell area, and D is the diffusion
coefficient. In one embodiment, the first pulse current, ifP, is determined
during the first pulse just prior to the biasing voltage's transition from
-300mV to +300mV and the steady state current, iss, 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 A, then GSP 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, ApF, where PF
stands for partially filled. In order to calculate the glucose value, this
area is used to calculate the partially filled glucose -20   PATENT - ZssPF
p G - Z PF C i J C spPF J PPPF where: _ d GsPPF 2FA D ZssPF PF Therefore,
(11) (12) _ ZssPF p d _ GPF ~ Z~PF ~ ~ 2 FAPFD ZssPF (13) The cell
currents, iss and ifP, are proportional to the cell area A and the
equivalent cell capacitance is proportional to the cell area: lssF Z.1~PF
AF CF lssPF ` Z fpPF APF CPF 14 ( ) where x' stands for a completely filled
cell. Therefore, if the partially filled cell currents, iSSPF and I~PpF,
are calculated and substituted to calculate the glucose concentration of a
sample that partially fills the biosensor cell, then: ~PF lssF J G - ( CF J
P ( d 1 CPF _ Z) PF I CPF ZFAPFD ssF CF ~F C F (15) -21  



PATENT If the ratio for capacitance is substituted with the ratio for area,
then: _ ZssF p d APF _ GPF - C i.fPF J C 2 FAPF D ZssF AF Z and (16) _
(lssF p l GPF `Z F ~ C ZFAFD lssF Z IP (17) This is equivalent to the
glucose calculated from a completely filled biosensor cell in equation 9,
i.e.: GPF - GF ys~ This indicates that an accurate glucose level can be
calculated even if the biosensor cell 102 is only partially filled. FIG. 4
depicts pulse current values for filled and half filled biosensor cells
during first pulse and second pulse periods prior to compensation based on
the effective capacitance of 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 -22   PATENT andlor a
low sample volume. Therefore, glucose level calculations based on current
levels prior to compensation may be inaccurate. Results shown in the FIG. 4
were collected by dosing biosensor cells with blood samples having 40mg/dL
to 600 mg/dL glucose and hematocrit levels of 20-70%. FIG. 5 depicts volume
detection A/D readings for completely filled and half filled biosensor
cells during 0.6 to 0.8 seconds after a sample is detected in a known
manner. A synthesized AC sine wave is applied at the beginning of the first
pulse and the volume 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 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, US.~ (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
-23   PATENT accordance with the present invention and glucose levels
measured by the YSI Glucose Analyzer at the glucose levels measured by the
YSI Glucose Analyzer. In FIGS. 7a and 7b, when glucose levels measured by
the YSI Glucose Analyzer are below 100 mg/dL the bias is defined in terms
of mg/dL and when glucose levels measured by the YSI Glucose Analyzer are
above 100 mg/dL the bias is defined in teens 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.
-24 



PATENT What is claimed is: 1. An apparatus for measuring the effective
capacitance across a biosensor cell having a first conductor connection and
a second conductor connection, the biosensor cell configured to receive a
sample having a volume, said apparatus comprising: a sine wave generator
having an output for coupling to the first conductor connection of the
biosensor cell, said sine wave generator producing an AC signal; a
current-to-voltage (1lV) 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    PATENT 3. The apparatus of claim 2, wherein said
phase shifter shifts the phase of a signal out of said I/V converter and
removes said DC component from said signal out of said I/V converter. 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 AID 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. -26   PATENT 9. A
biosensor for measuring components within a sample, said biosensor
comprising: 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 (1/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
(AID) 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. -27   PATENT 11. The biosensor of claim 10, 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 volume 



of the sample. 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. -28   PATENT 16. The
biosensor of claim 14, further comprising: a processor coupled to the
digital output of said AlD converter to process said digital signal
proportional to the effective capacitance across the biosensor cell when
said second switch is closed and to process the output of said I/V
converter to determine if the sample is 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, fiirther 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 -29  



PATENT for said sample of blood based on said effective capacitance, said
first current, and said second current. 20. A method for measuring the
effective capacitance across a biosensor cell having a first conductor
connection and a second conductor connection, the biosensor cell configxred
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: -30   PATENT converting said
signal proportional to the effective capacitance of the biosensor cell from
analog to digital. 23. The method of claim 20, further comprising the step
of processing said signal 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. -31   PATENT 26. A glucose measurement method for use with
a biosensor, said biosensor configured to receive a sample having a volume,
said method comprising the steps of determining the volume of the sample
through synchronous demodulation when the sample is received; and
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
-32   hAT>JI~I'I' calculatizig a glucose level for il~e partially ~lle~l
sarxiple based ora said ~Cn~st and second compensated ctuTent lE:vels. ~3
.AaS.A9.l.A9U@.AUY.ALE.ALl.AsE.A`.,.A`.Al.A&Y.A`.ALE.AsY.Al.AsY.A92.A9E.A9Y
.A9l.A9Y.AAY.A9.A`..A&.A&hl.A&.A.A&A.AY.A&h.A&UY.ALEWnx&BQdxhC 



X
^}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]cTa]ca]ca]cTa! x  5`gJ *~3/,;
G}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!Z)|5E%s~Pwk
_}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!7]Z
!f!!#"""?####$W$$%t%%+&&&B'''(v((,))}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!))5***
B++++ ,c,,,\--.w..-/~///000 1l11
2z22#3)3033}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!33A4445\556k66&777>888J999H::::
;d;;<<<<F===}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!=U>>?Z??@l@@#A~AAAA@BNBBB<CCCE
DDDPEEF`FFGfGGHgH}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!gHHHH5III&JJJ8KKKMM>NNNIO
OPdPlPsPP,QQQ
RbRRSjSS}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!ST[TT
UnUsUU*VVV?WWWWXdXmXXYYY3ZZZI[[\[\\]Q]]]}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!]X
^^__&_}__4```?a\aab`bbc<cccHddeYeefbfjfqffgsgg}xsnid_Z]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca!ghYhh ihiijpjjkAkkkAlll^mmmm'nnn;
ooo?pZppqaqqr}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!rnrr%sTsstVttu
uufuuvqvyvvwww|ww1xxxx:yyyRz`zjzoz{vqlgb]WV]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]caV]c"a]c"^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!ozs
z{zzz#{3{;{B{P{{{{{{{ |%|.|@|G|M||||}}}}}}(}|vqkf_W{vqlgb]WUV]c^a
V]c^a]caU]ca]caU]ca]ca]ca]ca]ca]c aV]c a]c aV]c
a]ca]ca]ca]caV]ca]c^a]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]ca(}/}7}?}G}N}S}\}}}}
}}}~x~~3;Mb\dknr~ytoje_X{vqlgb]WU
V]c&^aV]c&a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c,a]c4aV]c4a
V]c4^a]ca]caV]ca UV]ca]ca]c a]caV]c a V]c^ar{HUWm+q4zupkf`YSlgV]ca
V]c^aV]ca]ca]ca]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]caV]ca]ca]c
aV]c&a]c&^a]ca]ca]ca]caV]caV]c&a   ,1LQsu}wpkf`[UPzupk]caV]ca]caV]ca]ca]ca
UV]caV]ca UV]caV]ca V]c^aV]ca
V]c^aV]ca]caU]ca]ca]caV]caV]c&aV]ca]c&^a]c&a]caV]ca UV]caV]caU]ca]caU]caU\
"'{tmg`[UPKf]ca]caU]ca]ca UV]caV]ca UV]ca V]c^aV]ca UV]caV]caUV]c^a
UV]caV]ca UV]caUV]c^a UV]caV]ca UV]ca]caV]ca U]c^a]ca]caU]ca]ca]caV]ca
V]c^a'07PYbf~xsmhc^XSNc]ca]c"aV]c"a]ca]ca]caV]ca]caV]ca 



V]c^a]caV]ca]ca]ca UV]caV]ca UV]caV]ca UV]caV]ca UV]caV]caUV]c^a UV]caV]ca
V]c^aV]ca]ca]ca]ca;
O\t6CVi`^}xsnid_Zc"aV]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!n`mt
Zs(RZaujX}xsnid_Zc"aV]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!\EEJU3q6IU}xsnid_Zc"aV]]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca!U;w-$L~+!Lf
}xsnid_Zc"aV]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca! &Y-@u
@K3NV]z/^}xsnid_Zc"aV]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!^i#K.FYtu)a}xsnid_Zc"aV]]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca!as`]/=/4a}xsnid_Zc"aV]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caWnx&~_@!
10%5&'()- s10%5&'()-$10%5&'()-l T10%5&'()-!Y10%FF&'()- S10%55&'()-&BQdE`
3"10%5&'()-s10%5&'()-s"10%5&'()-sy"10%5&'()-L`
10%5&'()-3`10%5&'()-dxdE-10%5&'()-L+10%5&'()-Ly) "10%5&'()-LL'"10%5&'()-
`3% 10%5&'()-`#"10%5&'()-hdE:/ 105 105yS;10%5&'()-&8M!10%5&'()-
96#10%5&'()-9l4m"10%5&'()-,2 10%5&'()-90#10%5&'()-C   XxY:/
10510%&'()-"10%&'()-s "10%&'()-3  10%&'()-F"10%&'()-10%&'()- 105 ^ x  dE:/
105s"10%&'()-"10%&'()-"10%&'()-y!10%&'()-LL10%&'()- 3"10%&'()- 5`gdE:/
105`*!10%&'()-`(10%&'()-`y&"10%&'()-&`$10%&'()-sF"910%&'()-s "10%&'()-JdE:/
10 10910%&'()-95@10%&'()-L34"10%&'()-LY110%&'()-,/10%&'()-L-10%&'()-
*~3xY:/ 10 10%&'()-SZ"10%&'()-&!10%&'()-L10%&'()-  m 10%&'()-@10%&'()-
10/,dE:/ 10`y !10%&'()-`L!10%&'()-`3Y10%&'()-&-10%&'()-s 



10%&'()-sM!10%&'()-;GdE:/ 10`s-!10%&'()-`3+L!10%&'()-`) 10%&'()-`&
10%&'()-L$t!10%&'()-`"10%&'()-ZdYNC 10 10 10
10:10%&'()-996g10%&'()-L3!10%&'()-L1m"10%&'()- `/F"10%&'()- )|5dEYNC 10
s"10%5&'()- "10%5&'()-F"10%5&'()- F 10%5&'()-`10%5&'()-10%5&'()-E%dEYNC 10
9,   10%5&'()-10%5&'()-L10%5&'()-`10%5&'()-``&!10%5&'()-s
F"10%5&'()-%s~PwdEYNC 10 &-z10%5&'()-*
10%5&'()-9(z10%5&'()-&10%5&'()-9$10%5&'()-F"10%5&'()-w kbC
10,310%&'()-10%&'()- 105 105 105910%5&'()-l1M10%5&'()-@/10%5&'()-k _7dEbC
10sz10%&'()-s3 10%&'()- 10%&'()-s310%&'()-10%&'()- Y "10%&'()-7]Z  !dEbC
10$"10%&'()-Y"!10%&'()-, !10%&'()- 10%&'()-Lt10%&'()-10%&'()-!f!!#"""?#dEbC
10`1#10%&'()-`S/"10%&'()-`&-,#10%&'()-`*!10%&'()-s(#10%&'()-&
10%&'()-?#######$W$bC 1010%&'()-s10%&'()- 10 10
10,910%&'()-L5!10%&'()-`3F"10%&'()-W$$%t%%+&&dEbC 10L"10%&'()-
!10%&'()-M!10%&'()-G"10%&'()-s"10%&'()- 3 "10%&'()- 



&&B'''(v(dEbC 10F""10%&'()-9 10%&'()-10%&'()-#10%&'()-`!10%&'()-
y4"10%&'()- v((,)))5**dEbC
10`,/"10%&'()-`-10%&'()-s*M!10%&'()-(!10%&'()-s&"10%&'()-s`$
10%&'()-**B+++++++xmbC 1010%&'()- 10 10 10,910%&'()-`5Y"10%&'()-`3
10%&'()-Ll1!10%&'()-+ ,c,,,\--dEmbC
10F"10%&'()-!10%&'()-s10%&'()-f10%&'()-l y
10%&'()-,!10%&'()--.w..-/~//dEmbC 10@
M!10%&'()-&10%&'()-"10%&'()-10%&'()-!10%&'()-sG"10%&'()-//000 1l11dEmbC
10&-!10%&'()-9*10%&'()-(10%&'()-&!10%&'()-$!10%&'()-Y"!10%&'()- 1
2z22#3&3'3(3)3dYNC 10 10 10 10910%&'()-s5
10%&'()-s310%&'()-s1m"10%&'()-S/!10%&'()- )30333A444dEYNC 10 @ 10%&'()-
"10%&'()-Z"10%&'()- !10%&'()-Sm"10%&'()- ,10%&'()-45\556k66dEYNC 10
`L"10%&'()-s
!10%&'()-s!10%&'()-sM!10%&'()-s3"10%&'()-910%&'()-6&777>888dEYNC 10
`3+"10%&'()-`)"10%&'()-`&s!10%&'()-s$Y"10%&'()-`""10%&'()-`y
F"10%&'()-8J999H:::::dE:/ 10 10910%&'()-`&6"10%&'()- `3f 10%&'()-`1
10%&'()-&/10%&'()-``- 10%&'()-:::;d;;<<xY:/
10m"10%&'()-Z"10%&'()-`"10%&'()-3 !10%&'()- l"10%&'()-10%&'()-
10<<<F===U>dE:/ 



10s3"10%&'()-"10%&'()-!10%&'()-9f10%&'()-LS10%&'()-"10%&'()-U>>?Z??@l@dE:/
10s*3"10%&'()- s(!10%&'()- `y&!10%&'()-&L$10%&'()-s3"&10%&'()-
m"10%&'()-l@@#A~AAAAAAdYNC 10 10 10
10910%&'()-`310%&'()-`l1#10%&'()-s,/"10%&'()- -!10%&'()-AA@BNBBB<CdEYNC 10
- 10%5&'()-M10%5&'()-ss10%5&'()-F 10%5&'()-!10%5&'()-
10%5&'()-<CCCEDDDPEdEYNC 10 `l"10%5&'()-sF"10%5&'()- 10%5&'()-y!10%5&'()-Lz
10%5&'()- !10%5&'()-PEEF`FFGfGdEYNC 10
*s10%5&'()-9("10%5&'()-Ly&m"10%5&'()-L`$!10%5&'()-`3""10%5&'()-`
#10%5&'()-fGGHgHHHHHHdYNC 10 105 105 105910%5&'()-3"10%5&'()-
&Y1!10%5&'()-&/f 10%5&'()-G9- 10%5&'()-HH5III&JJdEYNC 10 s3"10%"&'()-
s!10%"&'()- 9-10%"&'()-Y 10%"&'()- "10%"&'()- 10%"&'()-JJ8KKKMMdEYNC 10
&10%"&'()-L"10%"&'()-`!10%"&'()-`"10%"&'()-ss "10%"&'()-`3!10%"&'()-
M>NNNIOOPdEYNC 10
93-#10%"&'()-91m"10%"&'()-9@/10%"&'()-9-#10%"&'()-9*"10%"&'()-9(#10%"&'()-P
dPiPjPkPlPsPP,QbC 10  "10%&'()- 10%&'()-10%&'()- 



10" 10" 10"910%"&'()-&5"10%"&'()-,QQQ RbRRSdEbC
10f!10%&'()-9"10%&'()-`10%&'()-  10%&'()-"10%&'()-`"10%&'()-SjSST[TT UdEbC
10L$ 10%&'()- "F"10%&'()- S 10%&'()-L10%&'()-10%&'()-!10%&'()-
UnUsUU*VVVdEbC 10s31!10%&'()- s/"10%&'()- s,"10%&'()-
9*10%&'()-(10%&'()-sf&"10%&'()-V?WWWWWWWXbC 10"10%&'()- 10%&'()- 10 10
10910%&'()-s5"10%&'()-`s3 10%&'()- XdXmXXYYYdEbC 10sm10%&'()-3#10%&'()-
"10%&'()-sm10%&'()-10%&'()-Y m"10%&'()-Y3ZZZI[[\dEbC 10sY"s!10%&'()-@
!10%&'()-s"10%&'()-s!10%&'()-s!10%&'()-"10%&'()-\[\\]Q]]]dEbC 10`@/
10%&'()-&&-10%&'()-`*Y10%&'()-`("10%&'()-`&"10%&'()-`$3"10%&'()-]X^^_____&_
xmbC 1010%&'()- 10 10 10910%&'()-L5Z"10%&'()- L3m"10%&'()- Ll1t!10%&'()-
&_}__4```?adEmbC 10310%&'()-"10%&'()-- 10%&'()-!10%&'()-Y !10%&'()-
10%&'()-?a\aab`bbcdEmbC 10, !10%&'()- 



"10%&'()-T 10%&'()-m"10%&'()-10%&'()-s 10%&'()-c<cccHddedEmbC
10-!10%&'()-*`!10%&'()-("10%&'()-&!10%&'()-`s$l10%&'()-Y"
10%&'()-eYeefbfgfhfifjfdYNC 10 10 10 10910%&'()-s5Y10%&'()-s3
"10%&'()-l1"10%&'()-@/ 10%&'()-jfqffgsgghdEYNC 10
10%z&'()-S10%z&'()-s!10%z&'()-3 10%z&'()-S10%z&'()- 10%z&'()-hYhh
ihiijdEYNC 10 "10%z&'()-'10%z&'()-"10%z&'()-f"10%z&'()- 9"10%z&'()-  f
10%z&'()-jpjjkAkkkdEYNC 10 *10%z&'()-L(@ 10%z&'()- y&10%z&'()-`$
10%z&'()-3"!10%z&'()- `!10%z&'()-kAlll^mmmmmdE:/ 10z
10z,910%z&'()-5"10%z&'()-3"10%z&'()- F1"10%z&'()- ,/"10%z&'()-,
"10%z&'()-mmm'nnn;ooxY:/ 10z10%&'()- 3"10%&'()-F"10%&'()- Y
!10%&'()-!10%&'()- 10%&'()- 10zoo?pZppqaqdE:/ 10z!10%&'()-
10%&'()-`@10%&'()-10%&'()-`z 10%&'()-3T 10%&'()-aqqrnrr%sTsdE:/
10z*-10%&'()-(z 10%&'()-&#10%&'()-s$!10%&'()-Y"`!10%&'()-,
!10%&'()-TsstVttuuuudE:/ 10 10910%&'()-s6
10%&'()-s3`!10%&'()-s1m10%&'()-sf/"10%&'()-9&-10%&'()-u uufuuvqvyvxY:/ 10l
10%&'()- 10%&'()-"10%&'()- l 



!10%&'()- , 10%&'()- 10%&'()- 10yvvww|ww1xaB:/ 10@#g 10%&'()-! 10%&'()-
10%&'()-!`10%&'()-10%&'()-s`10%&'()-31xxxx:yyydE:/ 10-!10%&'()-
+M!10%&'()-)@#10%&'()-( 10%&'()-L' 10%&'()-l% 10%&'()-yRz`zozszxzyzzz{zdYNC
10 10 10 10910%&'()-(6 10%&'()-L610%&'()-9f2S10%&'()-90m"10%&'()-{zzz#{;
{{{dCYNC 10 ^"10%%%&'()-LL10%&'()-4& 10%&'()-`10%&'()- `l
9!10%&'()-s10%&'()-{{{{ |%|M|}[9YNC 10!F$10%  &'()-!)$10%CC&'()-9S
10%&'()-910%&'()-!!"10%[[&'()-!`"10%ss&'()-M||||}/}7}a@YNC 10!F
`0#10%[[&'()-)`0#10%&'()-!`0#10%pp&'()-F('
10%&'()-9@,10%&'()-9*!10%&'()-7}?}D}E}F}G}N}\}}~]> 10! "10%&'()-
"10%(&'()-10%&'()- 10 10 10910%&'()-!`0#10%&'()-}}}~x~~3`A~]>
10!!10%&'()-"10%&'()-#10%&'()-yZ10%&'()-!3Lm"10%&'()-  t3Lm"10%0&'()- 3;
MdE~]> 10!LY.!10%&'()-
L,,!10%&'()-`*!10%&'()-`s!F"10%&'()-Y9F`10%&'()-s,10%&'()-b\abcddYNC 10! 10
10 10910%&'()-937 10%&'()-94"10%&'()-92!10%&'()- L0Z"10%&'()-dk{HaBYNC
10!`!10%&'()- "10%&'()- '!10%&'()-
!Ff3"10%&'()-ZFf3"10%?&'()-Z10%&'()-m+aBYNC 10!`
"10%&'()-``!10%&'()-`3F"10%&'()-',10%&'()-!T10%&'()-Ms`10%&'()- 



+q4dEYNC 10!9s-#10%&'()-LF+"10%&'()-L) 10%&'()- &&10%&'()- L$m10%&'()-`"
10%&'()-4_@ 10!,z10%&'()-!3`10%&'()-G10%&'()- 10 10
10910%&'()-9/3"10%&'()-,}^=_@ 10! p0`#10%
&'()-'10%&'()-'10%&'()-ss10%&'()-!10%&'()-F!910%zz&'()-F,1xY:_@ 10!
L)"10%&'()-EL)"10%&'()-E!! L&$#10%WW&'()-U
`L&$#10%R&'()-U!dB"10%&'()-!i!`#10%00&'()- "'zX9_@
10'710%&'()-!D`210%&'()-!``210%cc&'()-!S0`210%&'()-!``210%&'()-9L010%&'()-'
-./07_= 10!-10%55&'()-!#0-10%&'()-10%5&'()-L10%5&'()- 10 10
10910%&'()-PYb~_@_= 10!`3 "10%v&'()-:&9@10%5&'()-&#10%5&'()-! "10%55&'()-
60"10% &'()-'10%5&'()-bf;aB_= 10!*"10%5&'()- ( "10%5&'()-&S
10%5&'()-&s$Z10%5&'()-Y"-#10%5&'()-!y 3 "10%f5f5&'()-:O\dE:/ 105
105910%5&'()-5`!10%5&'()-3 10%5&'()- l1 10%5&'()-&,/10%5&'()-
&-!10%5&'()-t6xY:/ 105ss10%&'()- 10%&'()-L10%&'()-
10%&'()-s!10%&'()-10%&'()- 1056CVdE:/
105ss#10%&'()-sm"10%&'()-m10%&'()-Sm"10%&'()- 10%&'()- s!10%&'()-VidE:/
105s9* 10%&'()-`(10%&'()-`S& 10%&'()-99$10%&'()-s "10%&'()-s"10%&'()-`^dE:/
10 10s910%&'()-95 10%&'()-L`3!10%&'()-L31 10%&'()-L.g
10%&'()-`,"10%&'()-n`xY:/ 



1010%&'()-f!10%&'()-&Z"10%&'()-!10%&'()-@ 10%&'()-10%&'()- 10`mtdE:/ 10
10%&'()-s!10%&'()-YT 10%&'()-,!10%&'()-l"10%&'()-m10%&'()-t ZsdE:/
10s,"10%&'()-*"10%&'()-Y(`!10%&'()-L,&-10%&'()-!10%&'()-!10%&'()-s(RWXYZaxm
bC 10s10%"&'()- 10 10 10L910%&'()-`L3s10%&'()-`1y
10%&'()-Gs."10%&'()-aujdEmbC 10Lg10%"&'()-10%"&'()-`
10%"&'()-``L!10%"&'()-9 g10%"&'()- s10%"&'()-X\dEmbC
1010%"&'()-G10%"&'()-9s10%"&'()-10%"&'()-LS10%"&'()-&,10%"&'()-EEdEmbC 10/
10%"&'()-,10%"&'()-9( 10%"&'()-9S&10%"&'()-9$:10%"&'()-9"10%"&'()-EJbC 10s3
10%"&'()- 910%"&'()-s10%"&'()- 10" 10" 10"s910%"&'()-&3110%"&'()-JU3dEbC
1010%"&'()-Ly 10%"&'()- LL- 10%"&'()-& m10%"&'()-&10%"&'()-`10%"&'()-q6dEbC
10- 10%"&'()-&(F10%"&'()-&10%"&'()-93"S10%"&'()-9 10%"&'()-10%"&'()- xmbC
10`10%"&'()- 10" 10" 10"910%"&'()-&6-10%"&'()-310%"&'()-9,/10%"&'()-IU;
dEmbC 10910%"&'()-10%"&'()-L10%"&'()-f
10%"&'()-L9m10%"&'()-10%"&'()-w-dEmbC 10!10%"&'()-
10%"&'()-&10%"&'()-10%"&'()-9l-10%"&'()-@Y10%"&'()--$L~dEmbC 10
110%"&'()-.s10%"&'()-&*-10%"&'()-&Y(10%"&'()-@&10%"&'()-&&$&10%"&'()-+bC 10
10%5&'()-910%5&'()- 10" 10" 



10"`910%"&'()-&y5 10%"&'()- &L3@ 10%"&'()-!LdEbC
1010%5&'()-S`10%5&'()-&10%5&'()-&@10%5&'()-9"10%5&'()-910%5&'()-mLf dEbC
10* "10%5&'()-l(Y"10%5&'()- S&10%5&'()-&$10%5&'()-10%5&'()-Z10%5&'()-
&YdYNC 10 105 105
105s910%5&'()-510%5&'()-`310%5&'()-3110%5&'()-,10%5&'()--@udEYNC 10
``10%"&'()-` "10%"&'()-`s!10%"&'()-&`10%"&'()-L3 10%"&'()-10%"&'()-u
@KdEYNC 10 9L$10%"&'()-9 " 10%"&'()-
10%"&'()-910%"&'()-L:!10%"&'()-&f&10%"&'()-K3NdEYNC 10
&3m"10%"&'()-&F1:!10%"&'()-9/#10%"&'()-9,!10%"&'()-*10%"&'()-(10%"&'()-NSTU
V]bC 10 10%\&'()- 9Y 10%\&'()-L@ 10%\&'()- 910%\&'()- 10" 10"
10"910%"&'()-z/^dEbC 10
10%\&'()-10%\&'()-10%\&'()-&s10%\&'()-&3"10%\&'()-&3"10%\&'()-idEbC
10*10%\&'()-& 10%\&'()-s$:10%\&'()-Y"F10%\&'()-, 10%\&'()-10%\&'()-#KdYNC
10 10\ 10\ 10\910%\&'()-510%\&'()- l110%\&'()-@/10%\&'()-- 10%\&'()-.FdEYNC
10 `10%"&'()-&10%"&'()-&10%"&'()-s3 @10%"&'()-910%"&'()-10%"&'()-YtudEYNC
10 



9$10%"&'()-9 "g 10%"&'()- L10%"&'()-s10%"&'()-`10%"&'()-fF10%"&'()-)dEYNC
10 &F1 10%"&'()-/10%"&'()- &,Z10%"&'()-&*!10%"&'()-(t10%"&'()-&f&f10%"&'()-
abC 10L10%"&'()-F 10%"&'()- LG10%"&'()- t10%"&'()- 10" 10"
10"910%"&'()-s`dEbC
1010%"&'()-10%"&'()-&`310%"&'()-3Z10%"&'()-910%"&'()-10%"&'()-`]dEbC
10(10%"&'()-&@ 10%"&'()-s$10%"&'()-LY"10%"&'()-L, "10%"&'()-10%"&'()-/=dE:/
10" 10"910%"&'()-&3"10%"&'()- l1 10%"&'()-9,/ 10%"&'()-
-10%"&'()-9*10%"&'()-/4udE:/ 10" 10"910%"&'()-&3"10!F910%DD&'()-Ll 4
10%&'()-&10%&'()-`10%&'()- 10" Normal" "Heading 13]c" "Heading 23]c"
"Heading 33]c" "Heading 43]c" "Heading 53]c" "Heading 63]c" "Heading 73]c"
"Heading 83]c" "Heading 93]c"A "Default Paragraph Font
((07>EkMT\icjrzwFzc/YU4)3=gHS]groz(}r'U ^a4&
%wk7!?#W$&v(*+-/1)3468:<U>l@A<CPEfGHJMP,QS
UVXY\]&_?acejfhjkmoaqTsuyv1xy{z{M|7}}3d+4,'b6V`tsaEJ-L uKN`4  6Times New
RomanArialCourier New"h Root EntryWordDocument7
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~   


