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(57) ABSTRACT 

A diagnostic Electrochemical Impedance Spectroscopy 
(EIS) procedure is applied to measure values of impedance 
related parameters for one or more sensing electrodes. The 
parameters may include real impedance, imaginary imped 
ance, impedance magnitude, and/or phase angle. The mea 
Sured values of the impedance-related parameters are then 
used in performing sensor diagnostics, calculating a highly 
reliable fused sensor glucose value based on signals from a 
plurality of redundant sensing electrodes, calibrating sensors, 
detecting interferents within close proximity of one or more 
sensing electrodes, and testing Surface area characteristics of 
electroplated electrodes. Advantageously, impedance-related 
parameters can be defined that are Substantially glucose-in 
dependent over specific ranges of frequencies. An Applica 
tion Specific Integrated Circuit (ASIC) enables implementa 
tion of the EIS-based diagnostics, fusion algorithms, and 
other processes based on measurement of EIS-based param 
eters. 
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FIG. 6A 
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FIG. 6B 
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APPLICATION OF ELECTROCHEMICAL 
MPEDANCE SPECTROSCOPY IN SENSOR 
SYSTEMS, DEVICES, AND RELATED 

METHODS 

RELATED APPLICATION DATA 

0001. This application claims the benefit of U.S. Provi 
sional Application Ser. No. 61/755,811, filed Jan. 23, 2013, 
and of U.S. Provisional Application Ser. No. 61/754,475, 
filed Jan. 18, 2013, and of U.S. Provisional Application Ser. 
No. 61/754,479, filed Jan. 18, 2013, and of U.S. Provisional 
Application Ser. No. 61/754,483, filed Jan. 18, 2013, and of 
U.S. Provisional Application Ser. No. 61/754,485, filed Jan. 
18, 2013, and of U.S. Provisional Application Ser. No. 
61/657.517, filed Jun. 8, 2012, all of which are incorporated 
herein by reference in their entirety. 

FIELD OF THE INVENTION 

0002 Embodiments of this invention are related generally 
to methods and systems of using Electrochemical Impedance 
Spectroscopy (EIS) in conjunction with continuous glucose 
monitors and, more particularly, to the use of EIS in sensor 
diagnostics and fault detection, sensor calibration, sensor 
signal optimization via one or more fusion algorithms, con 
taminant/interferent detection, and electrode-surface charac 
terization, as well as to Application Specific Integrated 
Circuits (ASICs) for implementing such use of EIS for both 
single-electrode and multi-electrode (redundant) sensors. 

BACKGROUND OF THE INVENTION 

0003 Subjects and medical personnel wish to monitor 
readings of physiological conditions within the Subjects 
body. Illustratively, subjects wish to monitor blood glucose 
levels in a Subject's body on a continuing basis. Presently, a 
patient can measure his/her blood glucose (BG) using a BG 
measurement device (i.e. glucose meter). Such as a test strip 
meter, a continuous glucose measurement system (or a con 
tinuous glucose monitor), or a hospital hemacue. BG mea 
surement devices use various methods to measure the BG 
level of a patient, such as a sample of the patient’s blood, a 
sensor in contact with a bodily fluid, an optical sensor, an 
enzymatic sensor, or a fluorescent sensor. When the BG mea 
Surement device has generated a BG measurement, the mea 
Surement is displayed on the BG measurement device. 
0004 Current continuous glucose measurement systems 
include Subcutaneous (or short-term) sensors and implantable 
(or long-term) sensors. For each of the short-term sensors and 
the long-term sensors, a patient has to wait a certain amount 
of time in order for the continuous glucose sensor to stabilize 
and to provide accurate readings. In many continuous glucose 
sensors, the Subject must wait three hours for the continuous 
glucose sensor to stabilize before any glucose measurements 
are utilized. This is an inconvenience for the patient and in 
Some cases may cause the patient not to utilize a continuous 
glucose measurement system. 
0005. Further, when a glucose sensor is first inserted into a 
patient’s skin or Subcutaneous layer, the glucose sensor does 
not operate in a stable state. The electrical readings from the 
sensor, which represent the glucose level of the patient, vary 
over a wide range of readings. In the past, sensor stabilization 
used to take several hours. A technique for sensor Stabiliza 
tion is detailed in U.S. Pat. No. 6,809,653, (“the 653 patent”), 
application Ser. No. 09/465,715, filed Dec. 19, 1999, issued 

Dec. 12, 2013 

Oct. 26, 2004, to Mann et al., assigned to Medtronic Min 
imed, Inc., which is incorporated herein by reference. In the 
653 patent, the initialization process for sensor stabilization 
may be reduced to approximately one hour. A high Voltage 
(e.g., 1.0-1.2 volts) may be applied for 1 to 2 minutes to allow 
the sensor to stabilize and then a low Voltage (e.g., between 
0.5-0.6 volts) may be applied for the remainder of the initial 
ization process (e.g., 58 minutes or so). Thus, even with this 
procedure, sensor stabilization still requires a large amount of 
time. 

0006. It is also desirable to allow electrodes of the sensor 
to be sufficiently “wetted' or hydrated before utilization of 
the electrodes of the sensor. If the electrodes of the sensor are 
not sufficiently hydrated, the result may be inaccurate read 
ings of the patient's physiological condition. A user of current 
blood glucose sensors is instructed to not power up the sen 
sors immediately. If they are utilized too early, current blood 
glucose sensors do not operate in an optimal or efficient 
fashion. No automatic procedure or measuring technique is 
utilized to determine when to power on the sensor. This 
manual process is inconvenient and places too much respon 
sibility on the patient, who may forget to apply or turn on the 
power source. 
0007 Besides the stabilization and wetting problems dur 
ing the initial stages of sensor life, there can be additional 
issues during the sensor's life. For instance, all sensors are 
pre-set with a specified operating life. For example, incurrent 
short-term sensors on the market today, the sensors are typi 
cally good for 3 to 5 days. Although sensors may continue to 
function and deliver a signal after the pre-set operating life of 
the sensor, the sensor readings eventually become less con 
sistent and thus less reliable after the pre-set operating life of 
the sensor has passed. The exact sensor life of each individual 
sensor varies from sensor to sensor, but all sensors have been 
approved for at least the pre-set operating life of the sensor. 
Therefore, manufacturers have required the users of the sen 
sors to replace the sensors after the pre-set operating life has 
passed. Although the continuous glucose measurement sys 
tem can monitor the length of time since the sensor was 
inserted and indicate the end of the operating life of a sensor 
to warn the user to replace the sensor, it does not have enough 
safeguards to prevent the sensor from being used beyond the 
operating life. Even though the characteristic monitors can 
simply stop functioning once the operating life of the sensor 
is reached, a patient may bypass these safeguards by simply 
disconnecting and re-connecting the same sensor. Thus, there 
is a loophole in the system where a user can keep the sensors 
active longer than recommended and thus compromise the 
accuracy of the blood glucose values returned by the glucose 
monitor. 

0008 Moreover, the sensor often absorbs polluting spe 
cies, such as peptides and Small protein molecules during the 
life of the sensor. Such polluting species can reduce the elec 
trode Surface area or diffusion pathway of analytes and/or 
reaction byproducts, thus reducing the sensor accuracy. 
Determining when Such pollutants are affecting the sensor 
signal and how to remedy Such conditions is quite significant 
in sensor operation. 
0009. The current state of the art in continuous glucose 
monitoring (CGM) is largely adjunctive, meaning that the 
readings provided by a CGM device (including, e.g., an 
implantable or Subcutaneous sensor) cannot be used without 
a reference value in order to make a clinical decision. The 
reference value, in turn, must be obtained from a finger Stick 
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using, e.g., a BG meter. The reference value is needed because 
there is a limited amount of information that is available from 
the sensor/sensing component. Specifically, the only pieces 
of information that are currently provided by the sensing 
component for processing are the raw sensor value (i.e., the 
sensor current or Isig) and the counter Voltage. Therefore, 
during analysis, if it appears that the raw sensor signal is 
abnormal (e.g., if the signal is decreasing), the only way one 
can distinguish between a sensor failure and a physiological 
change within the user/patient (i.e., glucose level changing in 
the body) is by acquiring a reference glucose value via a finger 
Stick. As is known, the reference finger Stick is also used for 
calibrating the sensor. 
0010. The art has searched for ways to eliminate or, at the 
very least, minimize, the number of finger Sticks that are 
necessary for calibration and for assessing sensor health. 
However, given the number and level of complexity of the 
multitude of sensor failure modes, no satisfactory Solution 
has been found. At most, diagnostics have been developed 
that are based on either direct assessment of the Isig, or on 
comparison of two Isigs. In either case, because the Isig tracks 
the level of glucose in the body, by definition, it is not analyte 
independent. As such, by itself, the Isig is not a reliable source 
of information for sensor diagnostics, nor is it a reliable 
predictor for continued sensor performance. 
0011. Another limitation that has existed in the art thus far 
has been the lack of sensor electronics that can not only run 
the sensor, but also perform real-time sensor and electrode 
diagnostics, and do so for redundant electrodes, all while 
managing the sensor's power Supply. To be Sure, the concept 
of electrode redundancy has been around for quite sometime. 
However, up until now, there has been little to no success in 
using electrode redundancy not only for obtaining more than 
one reading at a time, but also for assessing the relative health 
of the redundant electrodes, the overall reliability of the sen 
sor, and the frequency of the need, if at all, for calibration 
reference values. 

0012. In addition, even when redundant sensing electrodes 
have been used, the number has typically been limited to two. 
Again, this has been due partially to the absence of advanced 
electronics that run, assess, and manage a multiplicity of 
independent working electrodes (e.g., up to 5 or more) in real 
time. Another reason, however, has been the limited view that 
redundant electrodes are used in order to obtain “indepen 
dent’ sensor signals and, for that purpose, two redundant 
electrodes are sufficient. As noted, while this is one function 
of utilizing redundant electrodes, it is not the only one. 
0013 There have also been attempts in the art to detect the 
presence of interferents in the sensor's environment, and to 
assess the effect(s) of such interferents on the glucose sensor. 
However, heretofore, no glucose-independent means for per 
forming such detection and assessment have been found. 

SUMMARY 

0014. According to an embodiment of the invention, a 
method of performing real-time sensor diagnostics on a Sub 
cutaneous or implanted sensor having at least one working 
electrode, comprises performing a first electrochemical 
impedance spectroscopy (EIS) procedure to generate a first 
set of impedance-related data for the at least one working 
electrode; after a predetermined time interval, performing a 
second EIS procedure to generate a second set of impedance 
related data for the at least one electrode; and, based solely on 
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the first and second sets of impedance-related data, determin 
ing whether the sensor is functioning normally. 
0015. In accordance with another embodiment of the 
invention, a method of calculating a single, fused sensor 
glucose value is disclosed. The fused sensor glucose value is 
calculated based on glucose measurement signals from a 
plurality of redundant sensing electrodes by performing 
respective electrochemical impedance spectroscopy (EIS) 
procedures for each of the plurality of redundant sensing 
electrodes to obtain values of at least one impedance-based 
parameter for each the sensing electrode; measuring the elec 
trode current (Isig) for each of the plurality of redundant 
sensing electrodes; independently calibrating each of the 
measured Isigs to obtain respective calibrated sensor glucose 
values; performing a bound check and a noise check on the 
measured Isig and the values of the at least one impedance 
based parameter and assigning a bound-check reliability 
index and a noise-check reliability index to each of the sens 
ing electrodes; performing signal-dip analysis based on one 
or more of the at least one impedance-based parameter and 
assigning a dip reliability index to each of the sensing elec 
trodes; performing sensitivity-loss analysis based on one or 
more of the at least one impedance-based parameter and 
assigning a sensitivity-loss index to each of the sensing elec 
trodes; for each of the plurality of electrodes, calculating a 
total reliability index based on the electrode's bound-check 
reliability index, noise-check reliability index, dip reliability 
index, and sensitivity-loss reliability index; for each of the 
plurality of electrodes, calculating a weight based on the 
electrode's total reliability index; and calculating the fused 
sensor glucose value based on the respective weights and 
calibrated sensor glucose values of each of the plurality of 
redundant sensing electrodes. 
0016. In yet another embodiment of the invention, a 
method is disclosed for detecting an interferent in close proX 
imity to an electrode of a glucose sensor that is implanted or 
subcutaneously disposed in the body of a patient. An EIS 
procedure is periodically performed to obtain values of 
impedance magnitude for the electrode, and values of mea 
sured current (Isig) for the electrode are obtained. The Isig 
and the values of impedance magnitude for the electrode are 
monitored over time. When a sudden spike in the monitored 
Isig is detected, a determination is made as to whether, at 
about the time of Isig spike, there is also a large increase in the 
monitored values of the impedance magnitude, and if there is, 
then it is determined that an interferent exists in close prox 
imity to the electrode. 
0017. In accordance with another embodiment of the 
invention, a method is disclosed for testing the Surface area 
characteristics of an electroplated electrode, wherein an EIS 
procedure is performed to obtain a value of an impedance 
related parameter for the electrode. The obtained value is 
correlated to the electrode's electrochemical surface area and, 
based on the correlation, lower and upper threshold values for 
the value of the impedance-related parameter are set. Lastly, 
a determination is made as to whether the electrode is accept 
able based on whether the value of the impedance-related 
parameter falls within the lower and upper threshold values. 
0018. According to another embodiment of the invention, 
a method is disclosed for calibrating a sensor during a period 
of sensor transition by defining an electrochemical imped 
ance spectroscopy (EIS)-based sensor status vector (V) for 
each one of a plurality of sensor current (Isig)-blood glucose 
(BG) pairs; monitoring the status vectors for the plurality of 
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Isig-BG pairs over time; detecting when there is a difference 
between a first status vector for a first Isig-BG pair and a 
Subsequent status vector for a Subsequent Isig-BG pair, 
whereina first offset value is assigned to the first Isig-BG pair; 
and, if the magnitude of the difference is larger than a prede 
termined threshold, assigning a dynamic offset value for the 
subsequent Isig-BG pair that is different from the first offset 
value So as to maintain a Substantially linear relationship 
between the subsequent Isig and B.G. 
0019. In accordance with another embodiment of the 
invention, a method of calibrating a sensor comprises per 
forming an electrochemical impedance spectroscopy (EIS) 
procedure for a working electrode of a sensor to obtain values 
of at least one impedance-based parameter for the working 
electrode; performing a bound check on the values of the at 
least one impedance-based parameter to determine whether 
the at least one impedance-based parameter is in-bounds and, 
based on the bound check, calculating a reliability-index 
value for the working electrode; and, based on the value of the 
reliability index, determining whether calibration should be 
performed now, or whether it should be delayed until a later 
time. 

0020. In accordance with a further embodiment of the 
invention, a method is disclosed for real-time detection of low 
start-up for a working electrode of a sensor by inserting the 
sensor into Subcutaneous tissue; performing a first electro 
chemical impedance spectroscopy (EIS) procedure to gener 
ate a first set of impedance-related data for the working elec 
trode; and, based on the first set of impedance-related data, 
determining whether the working electrode is experiencing 
low start-up. 
0021. According to another embodiment of the invention, 
a method for real-time detection of a signal dip for a working 
electrode of a sensor comprises periodically performing an 
electrochemical impedance spectroscopy (EIS) procedure to 
obtain values of real impedance for the electrode; monitoring 
the values of real impedance over time; and, based on the 
values of real impedance, determining whether a dip exists in 
the signal generated by the working electrode. 
0022. In yet a further embodiment of the invention, a 
method is disclosed for real-time detection of sensitivity loss 
for a working electrode of a sensor by periodically perform 
ing an electrochemical impedance spectroscopy (EIS) proce 
dure to generate multiple sets of impedance-related data for 
the working electrode; calculating values of one or more 
impedance-related parameters based on the multiple sets of 
impedance-related data; monitoring the values over time; 
and, based on the values, determining whether the working 
electrode is experiencing sensitivity loss. 
0023. In accordance with yet another embodiment of the 
invention, a sensor system includes a Subcutaneous or 
implanted sensor having a plurality of independent working 
electrodes, a counter electrode, and a reference electrode, and 
sensor electronics operably coupled to the sensor. The sensor 
electronics, in turn, include electronic circuitry configured to 
selectively perform an electrochemical impedance spectros 
copy (EIS) procedure for one or more of the plurality of 
independent working electrodes to generate impedance-re 
lated data for the one or more working electrodes; a program 
mable sequencer configured to provide a start stimulus and a 
stop stimulus for performing the EIS procedure; and a micro 
controller interface configured to operably couple the sensor 
electronics to a microcontroller. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0024. A detailed description of embodiments of the inven 
tion will be made with reference to the accompanying draw 
ings, wherein like numerals designate corresponding parts in 
the figures. 
0025 FIG. 1 is a perspective view of a subcutaneous sen 
sor insertion set and block diagram of a sensor electronics 
device according to an embodiment of the invention; 
0026 FIG. 2A illustrates a substrate having two sides, a 

first side which contains an electrode configuration and a 
second side which contains electronic circuitry; 
0027 FIG. 2B illustrates a general block diagram of an 
electronic circuit for sensing an output of a sensor, 
0028 FIG. 3 illustrates a block diagram of a sensor elec 
tronics device and a sensor including a plurality of electrodes 
according to an embodiment of the invention; 
0029 FIG. 4 illustrates an alternative embodiment of the 
invention including a sensor and a sensor electronics device 
according to an embodiment of the invention; 
0030 FIG. 5 illustrates an electronic block diagram of the 
sensor electrodes and a Voltage being applied to the sensor 
electrodes according to an embodiment of the invention; 
0031 FIG. 6A illustrates a method of applying pulses 
during a stabilization timeframe in order to reduce the stabi 
lization timeframe according to an embodiment of the inven 
tion; 
0032 FIG. 6B illustrates a method of stabilizing sensors 
according to an embodiment of the invention; 
0033 FIG. 6C illustrates utilization of feedback in stabi 
lizing the sensors according to an embodiment of the inven 
tion; 
0034 FIG. 7 illustrates an effect of stabilizing a sensor 
according to an embodiment of the invention; 
0035 FIG. 8A illustrates a block diagram of a sensor 
electronics device and a sensor including a Voltage generation 
device according to an embodiment of the invention; 
0036 FIG. 8B illustrates a voltage generation device to 
implement this embodiment of the invention; 
0037 FIG. 8C illustrates a voltage generation device to 
generate two Voltage values according to an embodiment of 
the invention; 
0038 FIG. 8D illustrates a voltage generation device hav 
ing three Voltage generation systems, according to embodi 
ments of the invention; 
0039 FIG. 9A illustrates a sensor electronics device 
including a microcontroller for generating Voltage pulses 
according to an embodiment of the invention; 
0040 FIG. 9B illustrates a sensor electronics device 
including an analyzation module according to an embodi 
ment of the invention; 
0041 FIG. 10 illustrates a block diagram of a sensor sys 
tem including hydration electronics according to an embodi 
ment of the invention; 
0042 FIG. 11 illustrates an embodiment of the invention 
including a mechanical Switch to assist in determining a 
hydration time; 
0043 FIG. 12 illustrates a method of detection of hydra 
tion according to an embodiment of the invention; 
0044 FIG. 13A illustrates a method of hydrating a sensor 
according to an embodiment of the present invention; 
004.5 FIG. 13B illustrates an additional method for veri 
fying hydration of a sensor according to an embodiment of the 
invention; 
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0046 FIGS. 14A, 14B, and 14C illustrate methods of 
combining hydrating of a sensor with Stabilizing a sensor 
according to an embodiment of the invention; 
0047 FIG. 15A illustrates EIS-based analysis of system 
response to the application of a periodic AC signal in accor 
dance with embodiments of the invention; 
0048 FIG.15B illustrates a known circuit model for elec 
trochemical impedance spectroscopy; 
0049 FIG. 16A illustrates an example of a Nyquist plot 
where, for a selected frequency spectrum from 0.1 Hz to 1000 
Mhz, AC voltages plus a DC voltage (DC bias) are applied to 
the working electrode in accordance with embodiments of the 
invention; 
0050 FIG. 16B shows another example of a Nyquist plot 
with a linear fit for the relatively-lower frequencies and the 
intercept approximating the value of real impedance at the 
relatively-higher frequencies; 
0051 FIGS. 16C and 16D show, respectively, infinite and 
finite glucose sensor response to a sinusoidal working poten 
tial; 
0052 FIG.16E shows a Bode plot for magnitude in accor 
dance with embodiments of the invention; 
0053 FIG.16F shows a Bode plot for phase in accordance 
with embodiments of the invention; 
0054 FIG. 17 illustrates the changing Nyquist plot of 
sensor impedance as the sensor ages in accordance with 
embodiments of the invention; 
0055 FIG. 18 illustrates methods of applying EIS tech 
nique in stabilizing and detecting the age of the sensor in 
accordance with embodiments of the invention; 
0056 FIG. 19 illustrates a schedule for performing the EIS 
procedure in accordance with embodiments of the invention; 
0057 FIG. 20 illustrates a method of detecting and repair 
ing a sensor using EIS procedures in conjunction with reme 
dial action in accordance with embodiments of the invention; 
0058 FIGS. 21A and 21B illustrate examples of a sensor 
remedial action in accordance with embodiments of the 
invention; 
0059 FIG.22 shows a Nyquist plot for a normally-func 
tioning sensor where the Nyquist slope gradually increases, 
and the intercept gradually decreases, as the sensor wear-time 
progresses; 
0060 FIG. 23A shows raw current signal (Isig) from two 
redundant working electrodes, and the electrodes respective 
real impedances at 1 kHz, in accordance with embodiments of 
the invention; 
0061 FIG. 23B shows the Nyquist plot for the first work 
ing electrode (WE1) of FIG. 23A: 
0062 FIG. 23C shows the Nyquist plot for the second 
working electrode (WE2) of FIG. 23A: 
0063 FIG. 24 illustrates examples of signal dip for two 
redundant working electrodes, and the electrodes respective 
real impedances at 1 kHz, in accordance with embodiments of 
the invention; 
0064 FIG. 25A illustrates substantial glucose indepen 
dence of real impedance, imaginary impedance, and phase at 
relatively-higher frequencies for a normally-functioning glu 
cose sensor in accordance with embodiments of the inven 
tion; 
0065 FIG. 25B shows illustrative examples of varying 
levels of glucose dependence of real impedance at the rela 
tively-lower frequencies in accordance with embodiments of 
the invention; 
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0.066 FIG. 25C shows illustrative examples of varying 
levels of glucose dependence of phase at the relatively-lower 
frequencies in accordance with embodiments of the inven 
tion; 
0067 FIG. 26 shows the trending for 1 kHz real imped 
ance, 1 kHz imaginary impedance, and relatively-higher fre 
quency phase as a glucose sensor loses sensitivity as a result 
of oxygen deficiency at the sensor insertion site, according to 
embodiments of the invention; 
0068 FIG. 27 shows Isig and phase for an in-vitro simu 
lation of oxygen deficitat different glucose concentrations in 
accordance with embodiments of the invention; 
0069 FIGS. 28A-28C show an example of oxygen defi 
ciency-led sensitivity loss with redundant working electrodes 
WE1 and WE2, as well as the electrodes EIS-based param 
eters, in accordance with embodiments of the invention; 
(0070 FIG. 28D shows EIS-induced spikes in the raw Isig 
for the example of FIGS. 28A-28C: 
0071 FIG. 29 shows an example of sensitivity loss due to 
oxygen deficiency that is caused by an occlusion, in accor 
dance with embodiments of the invention; 
(0072 FIGS.30A-30C show an example of sensitivity loss 
due to bio-fouling, with redundant working electrodes WE1 
and WE2, as well as the electrodes EIS-based parameters, in 
accordance with embodiments of the invention; 
(0073 FIG. 30D shows EIS-induced spikes in the raw Isig 
for the example of FIGS. 30A-30C; 
0074 FIG. 31 shows a diagnostic procedure for sensor 
fault detection in accordance with embodiments of the inven 
tion; 
(0075 FIGS. 32A and 32B show another diagnostic proce 
dure for sensor fault detection in accordance with embodi 
ments of the invention; 
(0076 FIG. 33A shows a top-level flowchart involving a 
current (Isig)-based fusion algorithm in accordance with 
embodiments of the invention; 
(0077 FIG. 33B shows a top-level flowchart involving a 
sensor glucose (SG)-based fusion algorithm in accordance 
with embodiments of the invention; 
0078 FIG. 34 shows details of the sensor glucose (SG)- 
based fusion algorithm of FIG. 33B in accordance with 
embodiments of the invention; 
(0079 FIG. 35 shows details of the current (Isig)-based 
fusion algorithm of FIG. 33A in accordance with embodi 
ments of the invention; 
0080 FIG. 36 is an illustration of calibration for a sensor 
in steady state, in accordance with embodiments of the inven 
tion; 
0081 FIG. 37 is an illustration of calibration for a sensor 
in transition, in accordance with embodiments of the inven 
tion; 
I0082 FIG. 38A is an illustration of EIS-based dynamic 
slope (with slope adjustment) in accordance with embodi 
ments of the invention for sensor calibration; 
0083 FIG. 38B shows an EIS-assisted sensor calibration 
flowchart involving low start-up detection in accordance with 
embodiments of the invention; 
I0084 FIG. 39 shows sensor current (Isig) and 1 kHz 
impedance magnitude for an in-vitro simulation of an inter 
ferent being in close proximity to a sensor inaccordance with 
embodiments of the invention; 
I0085 FIGS. 40A and 40B show Bode plots for phase and 
impedance, respectively, for the simulation shown in FIG.39; 
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I0086 FIG. 40C shows a Nyquist plot for the simulation 
shown in FIG. 39: 
0087 FIG. 41 shows another in-vitro simulation with an 
interferent in accordance to embodiments of the invention; 
0088 FIGS. 42A and 42B illustrate an ASIC block dia 
gram in accordance with embodiments of the invention; 
0089 FIG. 43 shows a potentiostat configuration for a 
sensor with redundant working electrodes inaccordance with 
embodiments of the invention; 
0090 FIG. 44 shows an equivalent AC inter-electrode cir 
cuit for a sensor with the potentiostat configuration shown in 
FIG.43; 
0091 FIG. 45 shows some of the main blocks of the EIS 
circuitry in the analog front end IC of a glucose sensor in 
accordance with embodiments of the invention; 
0092 FIGS. 46A-46F show a simulation of the signals of 
the EIS circuitry shown in FIG. 45 for a current of 0-degree 
phase with a 0-degree phase multiply; and 
0093 FIGS. 47A-47F shows a simulation of the signals of 
the EIS circuitry shown in FIG. 45 for a current of 0-degree 
phase with a 90-degree phase multiply. 

DETAILED DESCRIPTION 

0094. In the following description, reference is made to 
the accompanying drawings which form a part hereof and 
which illustrate several embodiments of the present inven 
tions. It is understood that other embodiments may be utilized 
and structural and operational changes may be made without 
departing from the scope of the present inventions. 
0095. The inventions herein are described below with ref 
erence to flowchart illustrations of methods, systems, 
devices, apparatus, and programming and computer program 
products. It will be understood that each block of the flow 
chart illustrations, and combinations of blocks in the flow 
chart illustrations, can be implemented by programing 
instructions, including computer program instructions (as can 
any menu screens described in the figures). These computer 
program instructions may be loaded onto a computer or other 
programmable data processing apparatus (such as a control 
ler, microcontroller, or processor in a sensor electronics 
device) to produce a machine, such that the instructions 
which execute on the computer or other programmable data 
processing apparatus create instructions for implementing the 
functions specified in the flowchart block or blocks. These 
computer program instructions may also be stored in a com 
puter-readable memory that can direct a computer or other 
programmable data processing apparatus to function in a 
particular manner, such that the instructions stored in the 
computer-readable memory produce an article of manufac 
ture including instructions which implement the function 
specified in the flowchart block or blocks. The computer 
program instructions may also be loaded onto a computer or 
other programmable data processing apparatus to cause a 
series of operational steps to be performed on the computer or 
other programmable apparatus to produce a computer imple 
mented process Such that the instructions which execute on 
the computer or other programmable apparatus provide steps 
for implementing the functions specified in the flowchart 
block or blocks, and/or menus presented herein. Program 
ming instructions may also be stored in and/or implemented 
via electronic circuitry, including integrated circuits (ICs) and 
Application Specific Integrated Circuits (ASICs) used in con 
junction with sensor devices, apparatuses, and systems. 
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0096 FIG. 1 is a perspective view of a subcutaneous sen 
sor insertion set and a block diagram of a sensor electronics 
device according to an embodiment of the invention. As illus 
trated in FIG. 1, a subcutaneous sensor set 10 is provided for 
Subcutaneous placement of an of a user. The Subcutaneous or 
percutaneous portion of the sensor set 10 includes a hollow, 
slotted insertion needle 14, and a cannula 16. The needle 14 is 
used to facilitate quick and easy Subcutaneous placement of 
the cannula 16 at the subcutaneous insertion site. Inside the 
cannula 16 is a sensing portion 18 of the sensor 12 to expose 
one or more sensor electrodes 20 to the user's bodily fluids 
through a window 22 formed in the cannula 16. In an embodi 
ment of the invention, the one or more sensor electrodes 20 
may include a counter electrode, a reference electrode, and 
one or more working electrodes. After insertion, the insertion 
needle 14 is withdrawn to leave the cannula 16 with the 
sensing portion 18 and the sensor electrodes 20 in place at the 
selected insertion site. 

0097. In particular embodiments, the subcutaneous sensor 
set 10 facilitates accurate placement of a flexible thin film 
electrochemical sensor 12 of the type used for monitoring 
specific blood parameters representative of a users condi 
tion. The sensor 12 monitors glucose levels in the body, and 
may be used in conjunction with automated or semi-auto 
mated medication infusion pumps of the external or implant 
able type as described, e.g., in U.S. Pat. No. 4,562,751; 4,678, 
408; 4,685,903 or 4,573,994, to control delivery of insulin to 
a diabetic patient. 
0.098 Particular embodiments of the flexible electro 
chemical sensor 12 are constructed in accordance with thin 
film mask techniques to include elongated thin film conduc 
tors embedded or encased between layers of a selected insu 
lative material Such as polyimide film or sheet, and mem 
branes. The sensor electrodes 20 at a tip end of the sensing 
portion 18 are exposed through one of the insulative layers for 
direct contact with patient blood or other body fluids, when 
the sensing portion 18 (or active portion) of the sensor 12 is 
Subcutaneously placed at an insertion site. The sensing por 
tion 18 is joined to a connection portion 24 that terminates in 
conductive contact pads, or the like, which are also exposed 
through one of the insulative layers. In alternative embodi 
ments, other types of implantable sensors, such as chemical 
based, optical based, or the like, may be used. 
0099. As is known in the art, the connection portion 24 and 
the contact pads are generally adapted for a direct wired 
electrical connection to a suitable monitor or sensor electron 
ics device 100 for monitoring a user's condition in response to 
signals derived from the sensor electrodes 20. Further 
description of flexible thin film sensors of this general type 
are be found in U.S. Pat. No. 5,391,250, entitled METHOD 
OF FABRICATING THIN FILMSENSORS, which is herein 
incorporated by reference. The connection portion 24 may be 
conveniently connected electrically to the monitor or sensor 
electronics device 100 or by a connector block 28 (or the like) 
as shown and described in U.S. Pat. No. 5,482.473, entitled 
FLEX CIRCUIT CONNECTOR, which is also herein incor 
porated by reference. Thus, in accordance with embodiments 
of the present invention, Subcutaneous sensor sets 10 may be 
configured or formed to work with either a wired or a wireless 
characteristic monitor system. 
0100. The sensor electrodes 20 may be used in a variety of 
sensing applications and may be configured in a variety of 
ways. For example, the sensor electrodes 20 may be used in 
physiological parameter sensing applications in which some 
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type of biomolecule is used as a catalytic agent. For example, 
the sensor electrodes 20 may be used in a glucose and oxygen 
sensor having a glucose oxidase (GOX) enzyme catalyzing a 
reaction with the sensor electrodes 20. The sensor electrodes 
20, along with a biomolecule or some other catalytic agent, 
may be placed in a human body in a vascular or non-vascular 
environment. For example, the sensor electrodes 20 and bio 
molecule may be placed in a vein and be subjected to a blood 
stream, or may be placed in a subcutaneous or peritoneal 
region of the human body. 
0101 The monitor 100 may also be referred to as a sensor 
electronics device 100. The monitor 100 may include a power 
Source 110, a sensor interface 122, processing electronics 
124, and data formatting electronics 128. The monitor 100 
may be coupled to the sensor set 10 by a cable 102 through a 
connector that is electrically coupled to the connector block 
28 of the connection portion 24. In an alternative embodi 
ment, the cable may be omitted. In this embodiment of the 
invention, the monitor 100 may include an appropriate con 
nector for direct connection to the connection portion 104 of 
the sensor set 10. The sensor set 10 may be modified to have 
the connector portion 104 positioned at a different location, 
e.g., on top of the sensor set to facilitate placement of the 
monitor 100 over the sensor set. 

0102. In embodiments of the invention, the sensor inter 
face 122, the processing electronics 124, and the data format 
ting electronics 128 are formed as separate semiconductor 
chips, however, alternative embodiments may combine the 
various semiconductor chips into a single or multiple custom 
ized semiconductor chips. The sensor interface 122 connects 
with the cable 102 that is connected with the sensor set 10. 
(0103) The power source 110 may be a battery. The battery 
can include three series silver oxide 357 battery cells. In 
alternative embodiments, different battery chemistries may 
be utilized, such as lithium based chemistries, alkaline bat 
teries, nickel metalhydride, or the like, and a different number 
of batteries may be used. The monitor 100 provides power to 
the sensorset via the power source 110, through the cable 102 
and cable connector 104. In an embodiment of the invention, 
the power is a voltage provided to the sensor set 10. In an 
embodiment of the invention, the power is a current provided 
to the sensor set 10. In an embodiment of the invention, the 
power is a Voltage provided at a specific Voltage to the sensor 
Set 10. 

0104 FIGS. 2A and 2B illustrate an implantable sensor 
and electronics for driving the implantable sensor according 
to an embodiment of the present invention. FIG. 2A shows a 
substrate 220 having two sides, a first side 222 of which 
contains an electrode configuration and a second side 224 of 
which contains electronic circuitry. As may be seen in FIG. 
2A, a first side 222 of the substrate comprises two counter 
electrode-working electrode pairs 240, 242, 244, 246 on 
opposite sides of a reference electrode 248. A second side 224 
of the Substrate comprises electronic circuitry. As shown, the 
electronic circuitry may be enclosed in a hermetically sealed 
casing 226, providing a protective housing for the electronic 
circuitry. This allows the sensor substrate 220 to be inserted 
into a vascular environment or other environment which may 
subject the electronic circuitry to fluids. By sealing the elec 
tronic circuitry in a hermetically sealed casing 226, the elec 
tronic circuitry may operate without risk of short circuiting by 
the surrounding fluids. Also shown in FIG.2A are pads 228 to 
which the input and output lines of the electronic circuitry 
may be connected. The electronic circuitry itself may be 
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fabricated in a variety of ways. According to an embodiment 
of the present invention, the electronic circuitry may be fab 
ricated as an integrated circuit using techniques common in 
the industry. 
0105 FIG. 2B illustrates a general block diagram of an 
electronic circuit for sensing an output of a sensor according 
to an embodiment of the present invention. At least one pair of 
sensor electrodes 310 may interface to a data converter 312, 
the output of which may interface to a counter 314. The 
counter 314 may be controlled by control logic 316. The 
output of the counter 314 may connect to a line interface 318. 
The line interface 318 may be connected to input and output 
lines 320 and may also connect to the control logic 316. The 
input and output lines 320 may also be connected to a power 
rectifier 322. 
0106 The sensor electrodes 310 may be used in a variety 
of sensing applications and may be configured in a variety of 
ways. For example, the sensor electrodes 310 may be used in 
physiological parameter sensing applications in which some 
type of biomolecule is used as a catalytic agent. For example, 
the sensor electrodes 310 may be used in a glucose and 
oxygen sensor having a glucose oxidase (GOX) enzyme cata 
lyzing a reaction with the sensor electrodes 310. The sensor 
electrodes 310, along with a biomolecule or some other cata 
lytic agent, may be placed in a human body in a vascular or 
non-vascular environment. For example, the sensor elec 
trodes 310 and biomolecule may be placed in a vein and be 
subjected to a blood stream. 
01.07 FIG. 3 illustrates a block diagram of a sensor elec 
tronics device and a sensor including a plurality of electrodes 
according to an embodiment of the invention. The sensor set 
or system 350 includes a sensor 355 and a sensor electronics 
device 360. The sensor 355 includes a counter electrode 365, 
a reference electrode 370, and a working electrode 375. The 
sensor electronics device 360 includes a power supply 380, a 
regulator 385, a signal processor 390, a measurement proces 
sor 395, and a display/transmission module 397. The power 
supply 380 provides power (in the form of either a voltage, a 
current, or a voltage including a current) to the regulator 385. 
The regulator 385 transmits a regulated voltage to the sensor 
355. In an embodiment of the invention, the regulator 385 
transmits a voltage to the counter electrode 365 of the sensor 
355. 

0108. The sensor 355 creates a sensor signal indicative of 
a concentration of a physiological characteristic being mea 
Sured. For example, the sensor signal may be indicative of a 
blood glucose reading. In an embodiment of the invention 
utilizing Subcutaneous sensors, the sensor signal may repre 
sent a level of hydrogen peroxide in a Subject. In an embodi 
ment of the invention where blood or cranial sensors are 
utilized, the amount of oxygen is being measured by the 
sensor and is represented by the sensor signal. In an embodi 
ment of the invention utilizing implantable or long-term sen 
sors, the sensor signal may represent a level of oxygen in the 
Subject. The sensor signal is measured at the working elec 
trode 375. In an embodiment of the invention, the sensor 
signal may be a current measured at the working electrode. In 
an embodiment of the invention, the sensor signal may be a 
Voltage measured at the working electrode. 
0109 The signal processor 390 receives the sensor signal 
(e.g., a measured current or Voltage) after the sensor signal is 
measured at the sensor 355 (e.g., the working electrode). The 
signal processor 390 processes the sensor signal and gener 
ates a processed sensor signal. The measurement processor 
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395 receives the processed sensor signal and calibrates the 
processed sensor signal utilizing reference values. In an 
embodiment of the invention, the reference values are stored 
in a reference memory and provided to the measurement 
processor 395. The measurement processor 395 generates 
sensor measurements. The sensor measurements may be 
stored in a measurement memory (not shown). The sensor 
measurements may be sent to a display/transmission device to 
be either displayed on a display in a housing with the sensor 
electronics or transmitted to an external device. 

0110. The sensor electronics device 360 may be a monitor 
which includes a display to display physiological character 
istics readings. The sensor electronics device 360 may also be 
installed in a desktop computer, a pager, a television includ 
ing communications capabilities, a laptop computer, a server, 
a network computer, a personal digital assistant (PDA), a 
portable telephone including computer functions, an infusion 
pump including a display, a glucose sensor including a dis 
play, and/or a combination infusion pumpf glucose sensor. 
The sensor electronics device 360 may be housed in a black 
berry, a network device, a home network device, or an appli 
ance connected to a home network. 

0111 FIG. 4 illustrates an alternative embodiment of the 
invention including a sensor and a sensor electronics device 
according to an embodiment of the present invention. The 
sensor set or sensor system 400 includes a sensor electronics 
device 360 and a sensor 355. The sensor includes a counter 
electrode 365, a reference electrode 370, and a working elec 
trode 375. The sensor electronics device 360 includes a 
microcontroller 410 and a digital-to-analog converter (DAC) 
420. The sensor electronics device 360 may also include a 
current-to-frequency converter (I/F converter) 430. 
0112 The microcontroller 410 includes software program 
code, which when executed, or programmable logic which, 
causes the microcontroller 410 to transmit a signal to the DAC 
420, where the signal is representative of a voltage level or 
value that is to be applied to the sensor 355. The DAC 420 
receives the signal and generates the Voltage value at the level 
instructed by the microcontroller 410. In embodiments of the 
invention, the microcontroller 410 may change the represen 
tation of the Voltage level in the signal frequently or infre 
quently. Illustratively, the signal from the microcontroller 410 
may instruct the DAC 420 to apply a first voltage value for one 
second and a second Voltage value for two seconds. 
0113. The sensor 355 may receive the voltage level or 
value. In an embodiment of the invention, the counter elec 
trode 365 may receive the output of an operational amplifier 
which has as inputs the reference Voltage and the Voltage 
value from the DAC 420. The application of the voltage level 
causes the sensor 355 to create a sensor signal indicative of a 
concentration of a physiological characteristic being mea 
sured. In an embodiment of the invention, the microcontroller 
410 may measure the sensor signal (e.g., a current value) from 
the working electrode. Illustratively, a sensor signal measure 
ment circuit 431 may measure the sensor signal. In an 
embodiment of the invention, the sensor signal measurement 
circuit 431 may include a resistor and the current may be 
passed through the resistor to measure the value of the sensor 
signal. In an embodiment of the invention, the sensor signal 
may be a current level signal and the sensor signal measure 
ment circuit 431 may be a current-to-frequency (I/F) con 
verter 430. The current-to-frequency converter 430 may mea 
Sure the sensor signal in terms of a current reading, convert it 
to a frequency-based sensor signal, and transmit the fre 
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quency-based sensor signal to the microcontroller 410. In 
embodiments of the invention, the microcontroller 410 may 
be able to receive frequency-based sensor signals easier than 
non-frequency-based sensor signals. The microcontroller 
410 receives the sensor signal, whether frequency-based or 
non frequency-based, and determines a value for the physi 
ological characteristic of a Subject, such as a blood glucose 
level. The microcontroller 410 may include program code, 
which when executed or run, is able to receive the sensor 
signal and convert the sensor signal to a physiological char 
acteristic value. In an embodiment of the invention, the 
microcontroller 410 may convert the sensor signal to a blood 
glucose level. In an embodiment of the invention, the micro 
controller 410 may utilize measurements stored within an 
internal memory in order to determine the blood glucose level 
of the subject. In an embodiment of the invention, the micro 
controller 410 may utilize measurements stored within a 
memory external to the microcontroller 410 to assist in deter 
mining the blood glucose level of the subject. 
0114. After the physiological characteristic value is deter 
mined by the microcontroller 410, the microcontroller 410 
may store measurements of the physiological characteristic 
values for a number of time periods. For example, a blood 
glucose value may be sent to the microcontroller 410 from the 
sensor every second or five seconds, and the microcontroller 
may save sensor measurements for five minutes or ten min 
utes of BG readings. The microcontroller 410 may transfer 
the measurements of the physiological characteristic values 
to a display on the sensor electronics device 360. For 
example, the sensor electronics device 360 may be a monitor 
which includes a display that provides a blood glucose read 
ing for a subject. In an embodiment of the invention, the 
microcontroller 410 may transfer the measurements of the 
physiological characteristic values to an output interface of 
the microcontroller 410. The output interface of the micro 
controller 410 may transfer the measurements of the physi 
ological characteristic values, e.g., blood glucose values, to 
an external device, e.g., an infusion pump, a combined infu 
sion pumpf glucose meter, a computer, a personal digital assis 
tant, a pager, a network appliance, a server, a cellular phone, 
or any computing device. 
0115 FIG. 5 illustrates an electronic block diagram of the 
sensor electrodes and a Voltage being applied to the sensor 
electrodes according to an embodiment of the present inven 
tion. In the embodiment of the invention illustrated in FIG. 5, 
an op amp 530 or other servo controlled device may connect 
to sensor electrodes 510 through a circuit/electrode interface 
538. The op amp 530, utilizing feedback through the sensor 
electrodes, attempts to maintain a prescribed Voltage (what 
the DAC may desire the applied voltage to be) between a 
reference electrode 532 and a working electrode 534 by 
adjusting the voltage at a counter electrode 536. Current may 
then flow from a counter electrode 536 to a working electrode 
534. Such current may be measured to ascertain the electro 
chemical reaction between the sensor electrodes 510 and the 
biomolecule of a sensor that has been placed in the vicinity of 
the sensor electrodes 510 and used as a catalyzing agent. The 
circuitry disclosed in FIG.5 may be utilized in a long-term or 
implantable sensor or may be utilized in a short-term or 
Subcutaneous sensor. 

0116. In a long-term sensor embodiment, where a glucose 
oxidase (GOX) enzyme is used as a catalytic agent in a sensor, 
current may flow from the counter electrode 536 to a working 
electrode 534 only if there is oxygen in the vicinity of the 
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enzyme and the sensor electrodes 510. Illustratively, if the 
voltage set at the reference electrode 532 is maintained at 
about 0.5 volts, the amount of current flowing from the 
counter electrode 536 to a working electrode 534 has a fairly 
linear relationship with unity slope to the amount of oxygen 
present in the area surrounding the enzyme and the elec 
trodes. Thus, increased accuracy in determining an amount of 
oxygen in the blood may be achieved by maintaining the 
reference electrode 532 at about 0.5 volts and utilizing this 
region of the current-voltage curve for varying levels of blood 
oxygen. Different embodiments of the present invention may 
utilize different sensors having biomolecules other than a 
glucose oxidase enzyme and may, therefore, have Voltages 
other than 0.5 volts set at the reference electrode. 

0117. As discussed above, during initial implantation or 
insertion of the sensor 510, the sensor 510 may provide inac 
curate readings due to the adjusting of the Subject to the 
sensor and also electrochemical byproducts caused by the 
catalyst utilized in the sensor. A stabilization period is needed 
for many sensors in order for the sensor 510 to provide accu 
rate readings of the physiological parameter of the Subject. 
During the stabilization period, the sensor 510 does not pro 
vide accurate blood glucose measurements. Users and manu 
facturers of the sensors may desire to improve the stabiliza 
tion timeframe for the sensor so that the sensors can be 
utilized quickly after insertion into the subject’s body or a 
Subcutaneous layer of the Subject. 
0118. In previous sensor electrode systems, the stabiliza 
tion period or timeframe was one hour to three hours. In order 
to decrease the stabilization period or timeframe and increase 
the timeliness of accuracy of the sensor, a sensor (or elec 
trodes of a sensor) may be subjected to a number of pulses 
rather than the application of one pulse followed by the appli 
cation of another voltage. FIG. 6A illustrates a method of 
applying pulses during a stabilization timeframe in order to 
reduce the Stabilization timeframe according to an embodi 
ment of the present invention. In this embodiment of the 
invention, a voltage application device applies 600 a first 
Voltage to an electrode for a first time or time period. In an 
embodiment of the invention, the first voltage may be a DC 
constant Voltage. This results in an anodic current being gen 
erated. In an alternative embodiment of the invention, a digi 
tal-to-analog converter or another Voltage source may supply 
the voltage to the electrode for a first time period. The anodic 
current means that electrons are being driven towards the 
electrode to which the voltage is applied. In an embodiment of 
the invention, an application device may apply a current 
instead of a voltage. In an embodiment of the invention where 
a Voltage is applied to a sensor, after the application of the first 
Voltage to the electrode, the Voltage regulator may wait (i.e., 
not apply a Voltage) for a second time, timeframe, or time 
period 605. In other words, the voltage application device 
waits until a second time period elapses. The non-application 
of Voltage results in a cathodic current, which results in the 
gaining of electrons by the electrode to which the Voltage is 
not applied. The application of the first voltage to the elec 
trode for a first time period followed by the non-application of 
voltage for a second time period is repeated 610 for a number 
of iterations. This may be referred to as an anodic and 
cathodic cycle. In an embodiment of the invention, the num 
ber of total iterations of the stabilization method is three, i.e., 
three applications of the voltage for the first time period, each 
followed by no application of the Voltage for the second time 
period. In an embodiment of the invention, the first voltage 
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may be 1.07 volts. In an embodiment of the invention, the first 
voltage may be 0.535 volts. In an embodiment of the inven 
tion, the first voltage may be approximately 0.7 volts. 
0119 The repeated application of the voltage and the non 
application of the Voltage results in the sensor (and thus the 
electrodes) being Subjected to an anodic—cathodic cycle. 
The anodic—cathodic cycle results in the reduction of elec 
trochemical byproducts which are generated by a patients 
body reacting to the insertion of the sensor or the implanting 
of the sensor. In an embodiment of the invention, the electro 
chemical byproducts cause generation of a background cur 
rent, which results in inaccurate measurements of the physi 
ological parameter of the Subject. In an embodiment of the 
invention, the electrochemical byproduct may be eliminated. 
Under other operating conditions, the electrochemical 
byproducts may be reduced or significantly reduced. A Suc 
cessful stabilization method results in the anodic-cathodic 
cycle reaching equilibrium, electrochemical byproducts 
being significantly reduced, and background current being 
minimized. 

I0120 In an embodiment of the invention, the first voltage 
being applied to the electrode of the sensor may be a positive 
Voltage. In an embodiment of the invention, the first Voltage 
being applied may be a negative Voltage. In an embodiment of 
the invention, the first voltage may be applied to a working 
electrode. In an embodiment of the invention, the first voltage 
may be applied to the counter electrode or the reference 
electrode. 

0.121. In embodiments of the invention, the duration of the 
Voltage pulse and the non-application of Voltage may be 
equal, e.g., such as three minutes each. In embodiments of the 
invention, the duration of the Voltage application or Voltage 
pulse may be different values, e.g., the first time and the 
second time may be different. In an embodiment of the inven 
tion, the first time period may be five minutes and the waiting 
period may be two minutes. In an embodiment of the inven 
tion, the first time period may be two minutes and the waiting 
period (or second timeframe) may be five minutes. In other 
words, the duration for the application of the first voltage may 
be two minutes and there may be no voltage applied for five 
minutes. This timeframe is only meant to be illustrative and 
should not be limiting. For example, a first timeframe may be 
two, three, five or ten minutes and the second timeframe may 
be five minutes, ten minutes, twenty minutes, or the like. The 
timeframes (e.g., the first time and the second time) may 
depend on unique characteristics of different electrodes, the 
sensors, and/or the patient’s physiological characteristics. 
0.122. In embodiments of the invention, more or less than 
three pulses may be utilized to stabilize the glucose sensor. In 
other words, the number of iterations may be greater than 3 or 
less than three. For example, four Voltage pulses (e.g., a high 
voltage followed by no voltage) may be applied to one of the 
electrodes or six Voltage pulses may be applied to one of the 
electrodes. 

I0123 Illustratively, three consecutive pulses of 1.07 volts 
(followed by respective waiting periods) may be sufficient for 
a sensor implanted Subcutaneously. In an embodiment of the 
invention, three consecutive Voltage pulses of 0.7 volts may 
be utilized. The three consecutive pulses may have a higher or 
lower Voltage value, either negative or positive, for a sensor 
implanted in blood or cranial fluid, e.g., the long-term or 
permanent sensors. In addition, more than three pulses (e.g., 
five, eight, twelve) may be utilized to create the anodic 
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cathodic cycling between anodic and cathodic currents in any 
of the Subcutaneous, blood, or cranial fluid sensors. 
0.124 FIG. 6B illustrates a method of stabilizing sensors 
according to an embodiment of the present invention. In the 
embodiment of the invention illustrated in FIG. 6B, a voltage 
application device may apply 630 a first Voltage to the sensor 
for a first time to initiate an anodic cycle at an electrode of the 
sensor. The Voltage application device may be a DC power 
Supply, a digital-to-analog converter, or a Voltage regulator. 
After the first time period has elapsed, a second Voltage is 
applied 635 to the sensor for a second time to initiate a 
cathodic cycle at an electrode of the sensor. Illustratively, 
rather than no voltage being applied, as is illustrated in the 
method of FIG. 6A, a different voltage (from the first voltage) 
is applied to the sensor during the second timeframe. In an 
embodiment of the invention, the application of the first volt 
age for the first time and the application of the second Voltage 
for the second time is repeated 640 for a number of iterations. 
In an embodiment of the invention, the application of the first 
voltage for the first time and the application of the second 
Voltage for the second time may each be applied for a stabi 
lization timeframe, e.g., 10 minutes, 15 minutes, or 20 min 
utes rather than for a number of iterations. This stabilization 
timeframe is the entire timeframe for the stabilization 
sequence, e.g., until the sensor (and electrodes) are stabilized. 
The benefit of this stabilization methodology is a faster run-in 
of the sensors, less background current (in other words a 
Suppression of some the background current), and a better 
glucose response. 
0.125. In an embodiment of the invention, the first voltage 
may be 0.535 volts applied for five minutes, the second volt 
age may be 1.070 volts applied for two minutes, the first 
voltage of 0.535 volts may be applied for five minutes, the 
second voltage of 1.070 volts may be applied for two minutes, 
the first voltage of 0.535 volts may be applied for five min 
utes, and the second voltage of 1.070 volts may be applied for 
two minutes. In other words, in this embodiment, there are 
three iterations of the Voltage pulsing scheme. The pulsing 
methodology may be changed in that the second timeframe, 
e.g., the timeframe of the application of the second Voltage 
may be lengthened from two minutes to five minutes, ten 
minutes, fifteen minutes, or twenty minutes. In addition, after 
the three iterations are applied in this embodiment of the 
invention, a nominal working voltage of 0.535 volts may be 
applied. 
0126. The 1.070 and 0.535 volts are illustrative values. 
Other voltage values may be selected based on a variety of 
factors. These factors may include the type of enzyme utilized 
in the sensor, the membranes utilized in the sensor, the oper 
ating period of the sensor, the length of the pulse, and/or the 
magnitude of the pulse. Under certain operating conditions, 
the first voltage may be in a range of 1.00 to 1.09 volts and the 
second voltage may be in a range of 0.510 to 0.565 volts. In 
other operating embodiments, the ranges that bracket the first 
Voltage and the second Voltage may have a higher range, e.g., 
0.3 volts, 0.6 volts, 0.9 volts, depending on the voltage sen 
sitivity of the electrode in the sensor. Under other operating 
conditions, the Voltage may be in a range of 0.8 volts to 1.34 
volts and the other voltage may be in a range of 0.335 to 0.735. 
Under other operating conditions, the range of the higher 
Voltage may be smaller than the range of the lower Voltage. 
Illustratively, the higher voltage may be in a range of 0.9 to 
1.09 volts and the lower voltage may be in a range of 0.235 to 
0.835 volts. 
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I0127. In an embodiment of the invention, the first voltage 
and the second Voltage may be positive Voltages, or alterna 
tively in other embodiments of the invention, negative volt 
ages. In an embodiment of the invention, the first voltage may 
be positive and the second Voltage may be negative, or alter 
natively, the first Voltage may be negative and the second 
voltage may be positive. The first voltage may be different 
voltage levels for each of the iterations. In an embodiment of 
the invention, the first Voltage may be a D.C. constant Voltage. 
In other embodiments of the invention, the first voltage may 
be a ramp Voltage, a sinusoid-shaped Voltage, a stepped Volt 
age, or other commonly utilized Voltage waveforms. In an 
embodiment of the invention, the second Voltage may be a 
D.C. constant Voltage, a ramp Voltage, a sinusoid-shaped 
Voltage, a stepped Voltage, or other commonly utilized Volt 
age waveforms. In an embodiment of the invention, the first 
Voltage or the second Voltage may be an AC signal riding on 
a DC waveform. In an embodiment of the invention, the first 
Voltage may be one type of Voltage, e.g., a ramp Voltage, and 
the second Voltage may be a second type of Voltage, e.g., a 
sinusoid-shaped Voltage. In an embodiment of the invention, 
the first voltage (or the second voltage) may have different 
waveform shapes for each of the iterations. For example, if 
there are three cycles in a stabilization method, in a first cycle, 
the first voltage may be a ramp Voltage, in the second cycle, 
the first Voltage may be a constant Voltage, and in the third 
cycle, the first Voltage may be a sinusoidal Voltage. 
0128. In an embodiment of the invention, a duration of the 
first timeframe and a duration of the second timeframe may 
have the same value, or alternatively, the duration of the first 
timeframe and the second timeframe may have different val 
ues. For example, the duration of the first timeframe may be 
two minutes and the duration of the second timeframe may be 
five minutes and the number of iterations may be three. As 
discussed above, the Stabilization method may include a num 
ber of iterations. In embodiments of the invention, during 
different iterations of the stabilization method, the duration of 
each of the first timeframes may change and the duration of 
each of the second timeframes may change. Illustratively, 
during the first iteration of the anodic-cathodic cycling, the 
first timeframe may be 2 minutes and the second timeframe 
may be 5 minutes. During the second iteration, the first time 
frame may be 1 minute and the second timeframe may be 3 
minutes. During the thirditeration, the first timeframe may be 
3 minutes and the second timeframe may be 10 minutes. 
I0129. In an embodiment of the invention, a first voltage of 
0.535 volts is applied to an electrode in a sensor for two 
minutes to initiate an anodic cycle, then a second Voltage of 
1.07 volts is applied to the electrode for five minutes to initiate 
a cathodic cycle. The first voltage of 0.535 volts is then 
applied again for two minutes to initiate the anodic cycle and 
a second voltage of 1.07 volts is applied to the sensor for five 
minutes. In a third iteration, 0.535 volts is applied for two 
minutes to initiate the anodic cycle and then 1.07 volts is 
applied for five minutes. The Voltage applied to the sensor is 
then 0.535 during the actual working timeframe of the sensor, 
e.g., when the sensor provides readings of a physiological 
characteristic of a subject. 
0.130 Shorter duration voltage pulses may be utilized in 
the embodiment of FIGS. 6A and 6B. The shorter duration 
Voltage pulses may be utilized to apply the first Voltage, the 
second Voltage, or both. In an embodiment of the present 
invention, the magnitude of the shorter duration Voltage pulse 
for the first voltage is -1.07 volts and the magnitude of the 
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shorter duration Voltage pulse for the second Voltage is 
approximately half of the high magnitude, e.g., -0.535 volts. 
Alternatively, the magnitude of the shorter duration pulse for 
the first voltage may be 0.535 volts and the magnitude of the 
shorter duration pulse for the second voltage is 1.07 volts. 
0131. In embodiments of the invention utilizing short 
duration pulses, the Voltage may not be applied continuously 
for the entire first time period. Instead, the Voltage application 
device may transmit a number of short duration pulses during 
the first time period. In other words, a number of mini-width 
or short duration Voltage pulses may be applied to the elec 
trodes of the sensor over the first time period. Each mini 
width or short duration pulse may have a width of a number of 
milliseconds. Illustratively, this pulse width may be 30 mil 
liseconds, 50 milliseconds, 70 milliseconds or 200 millisec 
onds. These values are meant to be illustrative and not limit 
ing. In an embodiment of the invention, Such as the 
embodiment illustrated in FIG. 6A, these short duration 
pulses are applied to the sensor (electrode) for the first time 
period and then no Voltage is applied for the second time 
period. 
0132. In an embodiment of the invention, each short dura 
tion pulse may have the same time duration within the first 
time period. For example, each short duration Voltage pulse 
may have a time width of 50 milliseconds and each pulse 
delay between the pulses may be 950 milliseconds. In this 
example, if two minutes is the measured time for the first 
timeframe, then 120 short duration voltage pulses may be 
applied to the sensor. In an embodiment of the invention, each 
of the short duration voltage pulses may have different time 
durations. In an embodiment of the invention, each of the 
short duration Voltage pulses may have the same amplitude 
values. In an embodiment of the invention, each of the short 
duration Voltage pulses may have different amplitude values. 
By utilizing short duration Voltage pulses rather than a con 
tinuous application of Voltage to the sensor, the same anodic 
and cathodic cycling may occur and the sensor (e.g., elec 
trodes) is Subjected to less total energy or charge over time. 
The use of short duration Voltage pulses utilizes less power as 
compared to the application of continuous Voltage to the 
electrodes because there is less energy applied to the sensors 
(and thus the electrodes). 
0.133 FIG. 6C illustrates utilization of feedback in stabi 
lizing the sensor according to an embodiment of the present 
invention. The sensor system may include a feedback mecha 
nism to determine if additional pulses are needed to stabilize 
a sensor. In an embodiment of the invention, a sensor signal 
generated by an electrode (e.g., a working electrode) may be 
analyzed to determine if the sensor signal is stabilized. A first 
voltage is applied 630 to an electrode for a first timeframe to 
initiate an anodic cycle. A second Voltage is applied 635 to an 
electrode for a second timeframe to initiate a cathodic cycle. 
In an embodiment of the invention, an analyzation module 
may analyze a sensor signal (e.g., the current emitted by the 
sensor signal, a resistance at a specific point in the sensor, an 
impedance at a specific node in the sensor) and determine if a 
threshold measurement has been reached 637 (e.g., determin 
ing if the sensor is providing accurate readings by comparing 
against the threshold measurement). If the sensor readings are 
determined to be accurate, which represents that the electrode 
(and thus the sensor) is stabilized 642, no additional applica 
tion of the first Voltage and/or the second Voltage may be 
generated. If stability was not achieved, in an embodiment of 
the invention, then an additional anodic/cathodic cycle is 
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initiated by the application 630 of a first voltage to an elec 
trode for a first time period and then the application 635 of the 
second Voltage to the electrode for a second time period. 
I0134. In embodiments of the invention, the analyzation 
module may be employed after an anodic/cathodic cycle of 
three applications of the first Voltage and the second Voltage 
to an electrode of the sensor. In an embodiment of the inven 
tion, an analyzation module may be employed after one appli 
cation of the first Voltage and the second Voltage, as is illus 
trated in FIG. 6C. 
I0135) In an embodiment of the invention, the analyzation 
module may be utilized to measure a Voltage emitted after a 
current has been introduced across an electrode or across two 
electrodes. The analyzation module may monitor a Voltage 
level at the electrode or at the receiving level. In an embodi 
ment of the invention, if the voltage level is above a certain 
threshold, this may mean that the sensor is stabilized. In an 
embodiment of the invention, if the voltage level falls below 
a threshold level, this may indicate that the sensor is stabilized 
and ready to provide readings. In an embodiment of the inven 
tion, a current may be introduced to an electrode or across a 
couple of electrodes. The analyzation module may monitor a 
current level emitted from the electrode. In this embodiment 
of the invention, the analyzation module may be able to 
monitor the current if the current is different by an order of 
magnitude from the sensor signal current. If the current is 
above or below a current threshold, this may signify that the 
sensor is stabilized. 

0.136. In an embodiment of the invention, the analyzation 
module may measure an impedance between two electrodes 
of the sensor. The analyzation module may compare the 
impedance against a threshold or target impedance value and 
if the measured impedance is lower than the target or thresh 
old impedance, the sensor (and hence the sensor signal) may 
be stabilized. In an embodiment of the invention, the analyza 
tion module may measure a resistance between two elec 
trodes of the sensor. In this embodiment of the invention, if 
the analyzation module compares the resistance against a 
threshold or target resistance value and the measured resis 
tance value is less than the threshold or target resistance 
value, then the analyzation module may determine that the 
sensor is stabilized and that the sensor signal may be utilized. 
0.137 FIG. 7 illustrates an effect of stabilizing a sensor 
according to an embodiment of the invention. Line 705 rep 
resents blood glucose sensor readings for a glucose sensor 
where a previous single pulse stabilization method was ulti 
lized. Line 710 represents blood glucose readings for a glu 
cose sensor where three Voltage pulses are applied (e.g., 3 
Voltage pulses having a duration of 2 minutes each followed 
by 5 minutes of no voltage being applied). The x-axis 715 
represents an amount of time. The dots 720,725,730, and 735 
represent measured glucose readings, taken utilizing a finger 
Stick and then input into a glucose meter. As illustrated by the 
graph, the previous single pulse stabilization method took 
approximately 1 hour and 30 minutes in order to stabilize to 
the desired glucose reading, e.g., 100 units. In contrast, the 
three pulse stabilization method took only approximately 15 
minutes to stabilize the glucose sensor and results in a dras 
tically improved stabilization timeframe. 
0.138 FIG. 8A illustrates a block diagram of a sensor 
electronics device and a sensor including a Voltage generation 
device according to an embodiment of the invention. The 
Voltage generation or application device 810 includes elec 
tronics, logic, or circuits which generate Voltage pulses. The 
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sensor electronics device 360 may also include an input 
device 820 to receive reference values and other useful data. 
In an embodiment of the invention, the sensor electronics 
device may include a measurement memory 830 to store 
sensor measurements. In this embodiment of the invention, 
the power supply 380 may supply power to the sensor elec 
tronics device. The power supply 380 may supply power to a 
regulator 385, which supplies a regulated voltage to the volt 
age generation or application device 810. The connection 
terminals 811 represent that in the illustrated embodiment of 
the invention, the connection terminal couples or connects the 
sensor 355 to the sensor electronics device 360. 

0139. In an embodiment of the invention illustrated in 
FIG. 8A, the voltage generation or application device 810 
Supplies a Voltage, e.g., the first Voltage or the second Voltage, 
to an input terminal of an operational amplifier 840. The 
Voltage generation or application device 810 may also supply 
the voltage to a working electrode 375 of the sensor 355. 
Another input terminal of the operational amplifier 840 is 
coupled to the reference electrode 370 of the sensor. The 
application of the Voltage from the Voltage generation or 
application device 810 to the operational amplifier840 drives 
a voltage measured at the counter electrode 365 to be close to 
or equal to the voltage applied at the working electrode 375. 
In an embodiment of the invention, the Voltage generation or 
application device 810 could be utilized to apply the desired 
Voltage between the counter electrode and the working elec 
trode. This may occur by the application of the fixed voltage 
to the counter electrode directly. 
0140. In an embodiment of the invention as illustrated in 
FIGS. 6A and 6B, the voltage generation device 810 gener 
ates a first Voltage that is to be applied to the sensor during a 
first timeframe. The voltage generation device 810 transmits 
this first voltage to an op amp 840 which drives the voltage at 
a counter electrode 365 of the sensor 355 to the first voltage. 
In an embodiment of the invention, the Voltage generation 
device 810 also could transmit the first voltage directly to the 
counter electrode 365 of the Sensor 355. In the embodiment of 
the invention illustrated in FIG. 6A, the voltage generation 
device 810 then does not transmit the first voltage to the 
sensor 355 for a second timeframe. In other words, the volt 
age generation device 810 is turned off or switched off. The 
Voltage generation device 810 may be programmed to con 
tinue cycling between applying the first Voltage and not 
applying a Voltage for either a number of iterations or for a 
stabilization timeframe, e.g., for twenty minutes. FIG. 8B 
illustrates a Voltage generation device to implement this 
embodiment of the invention. The voltage regulator 385 
transfers the regulated Voltage to the Voltage generation 
device 810. A control circuit 860 controls the closing and 
opening of a switch 850. If the switch 850 is closed, the 
voltage is applied. If the switch 850 is opened, the voltage is 
not applied. The timer 865 provides a signal to the control 
circuit 860 to instruct the control circuit 860 to turn on and off 
the switch 850. The control circuit 860 includes logic which 
can instruct the circuit to open and close the switch 850 a 
number of times (to match the necessary iterations). In an 
embodiment of the invention, the timer 865 may also transmit 
a stabilization signal to identify that the stabilization 
sequence is completed, i.e., that a stabilization timeframe has 
elapsed. 
0141. In an embodiment of the invention, the voltage gen 
eration device generates a first Voltage for a first timeframe 
and generates a second Voltage for a second timeframe. FIG. 
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8C illustrates a Voltage generation device to generate two 
Voltage values to implement this embodiment of the inven 
tion. In this embodiment of the invention, a two position 
switch 870 is utilized. Illustratively, if the first switch position 
871 is turned on or closed by the timer 865 instructing the 
control circuit 860, then the voltage generation device 810 
generates a first voltage for the first timeframe. After the first 
voltage has been applied for the first timeframe, the timer 
sends a signal to the control circuit 860 indicating the first 
timeframe has elapsed and the control circuit 860 directs the 
switch 870 to move to the second position 872. When the 
switch 870 is at the second position 872, the regulated voltage 
is directed to a voltage step-down or buck converter 880 to 
reduce the regulated Voltage to a lesser value. The lesser value 
is then delivered to the op amp 840 for the second timeframe. 
After the timer 865 has sent a signal to the control circuit 860 
that the second timeframe has elapsed, the control circuit 860 
moves the switch 870 back to the first position. This continues 
until the desired number of iterations has been completed or 
the stabilization timeframe has elapsed. In an embodiment of 
the invention, after the sensor stabilization timeframe has 
elapsed, the sensor transmits a sensor signal 350 to the signal 
processor 390. 
0.142 FIG. 8D illustrates a voltage application device 810 
utilized to perform more complex applications of Voltage to 
the sensor. The voltage application device 810 may include a 
control device 860, a switch 890, a sinusoid voltage genera 
tion device 891, a ramp voltage generation device 892, and a 
constant Voltage generation device 893. In other embodi 
ments of the invention, the Voltage application may generate 
an AC wave on top of a DC signal or other various Voltage 
pulse waveforms. In the embodiment of the invention illus 
trated in FIG.8D, the control device 860 may cause the switch 
to move to one of the three voltage generation systems 891 
(sinusoid), 892 (ramp), 893 (constant DC). This results in 
each of the Voltage generation systems generating the identi 
fied Voltage waveform. Under certain operating conditions, 
e.g., where a sinusoidal pulse is to be applied for three pulses, 
the control device 860 may cause the switch 890 to connect 
the voltage from the voltage regulator 385 to the sinusoid 
voltage generator 891 in order for the voltage application 
device 810 to generate a sinusoidal voltage. Under other 
operating conditions, e.g., when a ramp Voltage is applied to 
the sensor as the first voltage for a first pulse of three pulses, 
a sinusoid Voltage is applied to the sensor as the first Voltage 
for a second pulse of the three pulses, and a constant DC 
Voltage is applied to the sensor as the first Voltage for a third 
pulse of the three pulses, the control device 860 may cause the 
switch 890, during the first timeframes in the anodic/cathodic 
cycles, to move between connecting the Voltage from the 
Voltage generation or application device 810 to the ramp 
Voltage generation system 892, then to the sinusoidal Voltage 
generation system 891, and then to the constant DC voltage 
generation system 893. In this embodiment of the invention, 
the control device 860 may also be directing or controlling the 
Switch to connect certain ones of the Voltage generation Sub 
systems to the voltage from the regulator 385 during the 
second timeframe, e.g., during application of the second Volt 
age. 

0.143 FIG. 9A illustrates a sensor electronics device 
including a microcontroller for generating Voltage pulses 
according to an embodiment of the present invention. The 
advanced sensor electronics device may include a microcon 
troller 410 (see FIG. 4), a digital-to-analog converter (DAC) 
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420, an op amp 840, and a sensor signal measurement circuit 
431. In an embodiment of the invention, the sensor signal 
measurement circuit may be a current-to-frequency (I/F) con 
verter 430. In the embodiment of the invention illustrated in 
FIG. 9A, software or programmable logic in the microcon 
troller 410 provides instructions to transmit signals to the 
DAC 420, which in turn instructs the DAC 420 to output a 
specific voltage to the operational amplifier840. The micro 
controller 410 may also be instructed to output a specific 
voltage to the working electrode 375, as is illustrated by line 
911 in FIG. 9A. As discussed above, the application of the 
specific voltage to operational amplifier840 and the working 
electrode 375 may drive the voltage measured at the counter 
electrode to the specific Voltage magnitude. In other words, 
the microcontroller 410 outputs a signal which is indicative of 
a Voltage or a voltage waveform that is to be applied to the 
sensor 355 (e.g., the operational amplifier840 coupled to the 
sensor 355). In an alternative embodiment of the invention, a 
fixed voltage may be set by applying a Voltage directly from 
the DAC 420 between the reference electrode and the work 
ing electrode 375. A similar result may also be obtained by 
applying voltages to each of the electrodes with the difference 
equal to the fixed voltage applied between the reference and 
working electrode. In addition, the fixed Voltage may be set 
by applying a Voltage between the reference and the counter 
electrode. Under certain operating conditions, the microcon 
troller 410 may generate a pulse of a specific magnitude 
which the DAC 420 understands represents that a voltage of a 
specific magnitude is to be applied to the sensor. After a first 
timeframe, the microcontroller 410 (via the program or pro 
grammable logic) outputs a second signal which either 
instructs the DAC 420 to output no voltage (for a sensor 
electronics device 360 operating according to the method 
described in FIG. 6A) or to output a second voltage (for a 
sensor electronics device 360 operating according to the 
method described in FIG. 6B). The microcontroller 410, after 
the second timeframe has elapsed, then repeats the cycle of 
sending the signal indicative of a first Voltage to be applied 
(for the first timeframe) and then sending the signal to instruct 
no Voltage is to be applied or that a second Voltage is to be 
applied (for the second timeframe). 
0144. Under other operating conditions, the microcontrol 
ler 410 may generate a signal to the DAC 420 which instructs 
the DAC to output a ramp Voltage. Under other operating 
conditions, the microcontroller 410 may generate a signal to 
the DAC 420 which instructs the DAC 420 to output a voltage 
simulating a sinusoidal Voltage. These signals could be incor 
porated into any of the pulsing methodologies discussed 
above in the preceding paragraph or earlier in the application. 
In an embodiment of the invention, the microcontroller 410 
may generate a sequence of instructions and/or pulses, which 
the DAC 420 receives and understands to mean that a certain 
sequence of pulses is to be applied. For example, the micro 
controller 410 may transmit a sequence of instructions (via 
signals and/or pulses) that instruct the DAC 420 to generate a 
constant Voltage for a first iteration of a first timeframe, a 
ramp Voltage for a first iteration of a second timeframe, a 
sinusoidal Voltage for a second iteration of a first timeframe, 
and a squarewave having two values for a second iteration of 
the second timeframe. 

0145 The microcontroller 410 may include program 
mable logic or a program to continue this cycling for a stabi 
lization timeframe or for a number of iterations. Illustratively, 
the microcontroller 410 may include counting logic to iden 
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tify when the first timeframe or the second timeframe has 
elapsed. Additionally, the microcontroller 410 may include 
counting logic to identify that a stabilization timeframe has 
elapsed. After any of the preceding timeframes have elapsed, 
the counting logic may instruct the microcontroller to either 
send a new signal or to stop transmission of a signal to the 
DAC 420. 

0146 The use of the microcontroller 410 allows a variety 
of voltage magnitudes to be applied in a number of sequences 
for a number of time durations. In an embodiment of the 
invention, the microcontroller 410 may include control logic 
or a program to instruct the digital-to-analog converter 420 to 
transmit a Voltage pulse having a magnitude of approximately 
1.0 volt for a first time period of 1 minute, to then transmit a 
Voltage pulse having a magnitude of approximately 0.5 volts 
for a second time period of 4 minutes, and to repeat this cycle 
for four iterations. In an embodiment of the invention, the 
microcontroller 420 may be programmed to transmit a signal 
to cause the DAC 420 to apply the same magnitude Voltage 
pulse for each first Voltage in each of the iterations. In an 
embodiment of the invention, the microcontroller 410 may be 
programmed to transmit a signal to cause the DAC to apply a 
different magnitude Voltage pulse for each first voltage in 
each of the iterations. In this embodiment of the invention, the 
microcontroller 410 may also be programmed to transmit a 
signal to cause the DAC 420 to apply a different magnitude 
Voltage pulse for each second Voltage in each of the iterations. 
Illustratively, the microcontroller 410 may be programmed to 
transmit a signal to cause the DAC 420 to apply a first voltage 
pulse of approximately 1.0 volt in the first iteration, to apply 
a second voltage pulse of approximately 0.5 volts in the first 
iteration, to apply a first Voltage of 0.7 volts and a second 
Voltage of 0.4 Volts in the second iteration, and to apply a first 
voltage of 1.2 volts and a second voltage of 0.8 volts in the 
third iteration. 

0147 The microcontroller 410 may also be programmed 
to instruct the DAC 420 to provide a number of short duration 
voltage pulses for a first timeframe. In this embodiment of the 
invention, rather than one Voltage being applied for the entire 
first timeframe (e.g., two minutes), a number of shorter dura 
tion pulses may be applied to the sensor. In this embodiment, 
the microcontroller 410 may also be programmed to instruct 
the DAC 420 to provide a number of short duration voltage 
pulses for the second timeframe to the sensor. Illustratively, 
the microcontroller 410 may send a signal to cause the DAC 
to apply a number of short duration Voltage pulses where the 
short duration is 50 milliseconds or 100 milliseconds. In 
between these short duration pulses the DAC may apply no 
Voltage or the DAC may apply a minimal Voltage. The micro 
controller may cause the DAC 420 to apply the short duration 
Voltage pulses for the first timeframe, e.g., two minutes. The 
microcontroller 410 may then send a signal to cause the DAC 
to either not apply any Voltage or to apply the short duration 
Voltage pulses at a magnitude of a second Voltage for a second 
timeframe to the sensor, e.g., the second Voltage may be 0.75 
Volts and the second timeframe may be 5 minutes. In an 
embodiment of the invention, the microcontroller 410 may 
send a signal to the DAC 420 to cause the DAC 420 to apply 
a different magnitude voltage for each of the short duration 
pulses in the first timeframe and/or in the second timeframe. 
In an embodiment of the invention, the microcontroller 410 
may send a signal to the DAC 420 to cause the DAC 420 to 
apply a pattern of Voltage magnitudes to the short durations 
voltage pulses for the first timeframe or the second time 
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frame. For example, the microcontroller may transmit a sig 
nal or pulses instructing the DAC 420 to apply thirty 20-mil 
lisecond pulses to the sensor during the first timeframe. Each 
of the thirty 20-millisecond pulses may have the same mag 
nitude or may have a different magnitude. In this embodiment 
of the invention, the microcontroller 410 may instruct the 
DAC 420 to apply short duration pulses during the second 
timeframe or may instruct the DAC 420 to apply another 
Voltage waveform during the second timeframe. 
0148 Although the disclosures in FIGS. 6-8 disclose the 
application of a Voltage, a current may also be applied to the 
sensor to initiate the stabilization process. Illustratively, in the 
embodiment of the invention illustrated in FIG. 6B, a first 
current may be applied during a first timeframe to initiate an 
anodic or cathodic response and a second current may be 
applied during a second timeframe to initiate the opposite 
anodic or cathodic response. The application of the first cur 
rent and the second current may continue for a number of 
iterations or may continue for a stabilization timeframe. In an 
embodiment of the invention, a first current may be applied 
during a first timeframe and a first Voltage may be applied 
during a second timeframe. In other words, one of the anodic 
or cathodic cycles may be triggered by a current being applied 
to the sensor and the other of the anodic or cathodic cycles 
may be triggered by a Voltage being applied to the sensor. As 
described above, a current applied may be a constant current, 
a ramp current, a stepped pulse current, or a sinusoidal cur 
rent. Under certain operating conditions, the current may be 
applied as a sequence of short duration pulses during the first 
timeframe. 

0149 FIG.9B illustrates a sensor and sensor electronics 
utilizing an analyzation module for feedbackina Stabilization 
period according to an embodiment of the present invention. 
FIG.9B introduces an analyzation module 950 to the sensor 
electronics device 360. The analyzation module 950 utilizes 
feedback from the sensor to determine whether or not the 
sensor is stabilized. In an embodiment of the invention, the 
microcontroller 410 may include instructions or commands 
to control the DAC 420 so that the DAC 420 applies a voltage 
or current to a part of the sensor 355. FIG.9B illustrates that 
a voltage or current could be applied between a reference 
electrode 370 and a working electrode 375. However, the 
Voltage or current can be applied in between electrodes or 
directly to one of the electrodes and the invention should not 
be limited by the embodiment illustrated in FIG. 9B. The 
application of the voltage or current is illustrated by dotted 
line 955. The analyzation module 950 may measure a voltage, 
a current, a resistance, or an impedance in the sensor 355. 
FIG.9B illustrates that the measurement occurs at the work 
ing electrode 375, but this should not limit the invention 
because other embodiments of the invention may measure a 
Voltage, a current, a resistance, or an impedance in between 
electrodes of the sensor or directly at either the reference 
electrode 370 or the counter electrode 365. The analyzation 
module 950 may receive the measured voltage, current, resis 
tance, or impedance and may compare the measurement to a 
stored value (e.g., a threshold value). Dotted line 956 repre 
sents the analyzation module 950 reading or taking a mea 
Surement of the Voltage, current, resistance, or impedance. 
Under certain operating conditions, if the measured Voltage, 
current, resistance, or impedance is above the threshold, the 
sensor is stabilized and the sensor signal is providing accurate 
readings of a physiological condition of apatient. Under other 
operating conditions, if the measured Voltage, current, resis 
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tance, or impedance is below the threshold, the sensor is 
stabilized. Under other operating conditions, the analyzation 
module 950 may verify that the measured voltage, current, 
resistance, or impedance is stable for a specific timeframe, 
e.g., one minute or two minutes. This may represent that the 
sensor 355 is stabilized and that the sensor signal is transmit 
ting accurate measurements of a Subject's physiological 
parameter, e.g., blood glucose level. After the analyzation 
module 950 has determined that the sensor is stabilized and 
the sensor signal is providing accurate measurements, the 
analyzation module 950 may transmit a signal (e.g., a sensor 
stabilization signal) to the microcontroller 410 indicating that 
the sensor is stabilized and that the microcontroller 410 can 
start using or receiving the sensor signal from the sensor 355. 
This is represented by dotted line 957. 
0150 FIG. 10 illustrates a block diagram of a sensor sys 
tem including hydration electronics according to an embodi 
ment of the present invention. The sensor system includes a 
connector 1010, a sensor 1012, and a monitor or sensor elec 
tronics device 1025. The sensor 1012 includes electrodes 
1020 and a connection portion 1024. In an embodiment of the 
invention, the sensor 1012 may be connected to the sensor 
electronics device 1025 via a connector 1010 and a cable. In 
other embodiments of the invention, the sensor 1012 may be 
directly connected to the sensor electronics device 1025. In 
other embodiments of the invention, the sensor 1012 may be 
incorporated into the same physical device as the sensor 
electronics device 1025. The monitor or sensor electronics 
device 1025 may include a power supply 1030, a regulator 
1035, a signal processor 1040, a measurement processor 
1045, and a processor 1050. The monitor or sensor electronics 
device 1025 may also include a hydration detection circuit 
1060. The hydration detection circuit 1060 interfaces with the 
sensor 1012 to determine if the electrodes 1020 of the sensor 
1012 are sufficiently hydrated. If the electrodes 1020 are not 
sufficiently hydrated, the electrodes 1020 do not provide 
accurate glucose readings, so it is important to know when the 
electrodes 1020 are sufficiently hydrated. Once the electrodes 
1020 are sufficiently hydrated, accurate glucose readings may 
be obtained. 

0151. In an embodiment of the invention illustrated in 
FIG. 10, the hydration detection circuit 1060 may include a 
delay or timer module 1065 and a connection detection mod 
ule 1070. In an embodiment of the invention utilizing the 
short term sensor or the Subcutaneous sensor, after the sensor 
1012 has been inserted into the subcutaneous tissue, the sen 
sor electronics device or monitor 1025 is connected to the 
sensor 1012. The connection detection module 1070 identi 
fies that the sensors electronics device 1025 has been con 
nected to the sensor 1012 and sends a signal to the timer 
module 1065. This is illustrated in FIG. 10 by the arrow 1084 
which represents a detector 1083 detecting a connection and 
sending a signal to the connection detection module 1070 
indicating the sensor 1012 has been connected to the sensor 
electronics device 1025. In an embodiment of the invention 
where implantable or long-term sensors are utilized, a con 
nection detection module 1070 identifies that the implantable 
sensor has been inserted into the body. The timer module 
1065 receives the connection signal and waits a set or estab 
lished hydration time. Illustratively, the hydration time may 
be two minutes, five minutes, ten minutes, or 20 minutes. 
These examples are meant to be illustrative and not to be 
limiting. The timeframe does not have to be a set number of 
minutes and can include any number of seconds. In an 
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embodiment of the invention, after the timer module 1065 has 
waited for the set hydration time, the timer module 1065 may 
notify the processor 1050 that the sensor 1012 is hydrated by 
sending a hydration signal, which is illustrated by line 1086. 
0152. In this embodiment of the invention, the processor 
1050 may receive the hydration signal and only start utilizing 
the sensor signal (e.g., sensor measurements) after the hydra 
tion signal has been received. In another embodiment of the 
invention, the hydration detection circuit 1060 may be 
coupled between the sensor (the sensor electrodes 1020) and 
the signal processor 1040. In this embodiment of the inven 
tion, the hydration detection circuit 1060 may prevent the 
sensor signal from being sent to signal processor 1040 until 
the timer module 1065 has notified the hydration detection 
circuit 1060 that the set hydration time has elapsed. This is 
illustrated by the dotted lines labeled with reference numerals 
1080 and 1081. Illustratively, the timer module 1065 may 
transmit a connection signal to a Switch (or transistor) to turn 
on the Switch and let the sensor signal proceed to the signal 
processor 1040. In an alternative embodiment of the inven 
tion, the timer module 1065 may transmit a connection signal 
to turn on a switch 1088 (or close the switch 1088) in the 
hydration detection circuit 1060 to allow a voltage from the 
regulator 1035 to be applied to the sensor 1012 after the 
hydration time has elapsed. In other words, in this embodi 
ment of the invention, the voltage from the regulator 1035 is 
not applied to the sensor 1012 until after the hydration time 
has elapsed. 
0153 FIG. 11 illustrates an embodiment of the invention 
including a mechanical Switch to assist in determining a 
hydration time. In an embodiment of the invention, a single 
housing may include a sensor assembly 1120 and a sensor 
electronics device 1125. In an embodiment of the invention, 
the sensor assembly 1120 may be in one housing and the 
sensor electronics device 1125 may be in a separate housing, 
but the sensor assembly 1120 and the sensor electronics 
device 1125 may be connected together. In this embodiment 
of the invention, a connection detection mechanism 1160 may 
be a mechanical Switch. The mechanical Switch may detect 
that the sensor 1120 is physically connected to the sensor 
electronics device 1125. In an embodiment of the invention, a 
timer circuit 1135 may also be activated when the mechanical 
switch 1160 detects that the sensor 1120 is connected to the 
sensor electronics device 1125. In other words, the mechani 
cal Switch may close and a signal may be transferred to a timer 
circuit 1135. Once a hydration time has elapsed, the timer 
circuit 1135 transmits a signal to the switch 1140 to allow the 
regulator 1035 to apply a voltage to the sensor 1120. In other 
words, no voltage is applied until the hydration time has 
elapsed. In an embodiment of the invention, current may 
replace Voltage as what is being applied to the sensor once the 
hydration time elapses. In an alternative embodiment of the 
invention, when the mechanical switch 1160 identifies that a 
sensor 1120 has been physically connected to the sensor 
electronics device 1125, power may initially be applied to the 
sensor 1120. Power being sent to the sensor 1120 results in a 
sensor signal being output from the working electrode in the 
sensor 1120. The sensor signal may be measured and sent to 
a processor 1175. The processor 1175 may include a counter 
input. Under certain operating conditions, after a set hydra 
tion time has elapsed from when the sensor signal was input 
into the processor 1175, the processor 1175 may start pro 
cessing the sensor signal as an accurate measurement of the 
glucose in a subject’s body. In other words, the processor 
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1170 has received the sensor signal from the potentiostat 
circuit 1170 for a certain amount of time, but will not process 
the signal until receiving an instruction from the counter input 
of the processor identifying that a hydration time has elapsed. 
In an embodiment of the invention, the potentiostat circuit 
1170 may include a current-to-frequency converter 1180. In 
this embodiment of the invention, the current-to-frequency 
converter 1180 may receive the sensor signal as a current 
value and may convert the current value into a frequency 
value, which is easier for the processor 1175 to handle. 
0154. In an embodiment of the invention, the mechanical 
switch 1160 may also notify the processor 1175 when the 
sensor 1120 has been disconnected from the sensor electron 
ics device 1125. This is represented by dotted line 1176 in 
FIG. 11. This may result in the processor 1170 powering 
down or reducing power to a number of components, chips, 
and/or circuits of the sensor electronics device 1125. If the 
sensor 1120 is not connected, the battery or power source may 
be drained if the components or circuits of the sensor elec 
tronics device 1125 are in a power on state. Accordingly, if the 
mechanical switch 1160 detects that the sensor 1120 has been 
disconnected from the sensor electronics device 1125, the 
mechanical switch may indicate this to the processor 1175, 
and the processor 1175 may power down or reduce power to 
one or more of the electronic circuits, chips, or components of 
the sensor electronics device 1125. 

0155 FIG. 12 illustrates an electrical method of detection 
of hydration according to an embodiment of the invention. In 
an embodiment of the invention, an electrical detecting 
mechanism for detecting connection of a sensor may be uti 
lized. In this embodiment of the invention, the hydration 
detection electronics 1250 may include an AC source 1255 
and a detection circuit 1260. The hydration detection elec 
tronics 1250 may be located in the sensor electronics device 
1225. The sensor 1220 may include a counter electrode 1221, 
a reference electrode 1222, and a working electrode 1223. As 
illustrated in FIG. 12, the AC source 1255 is coupled to a 
voltage setting device 1275, the reference electrode 1222, and 
the detection circuit 1260. In this embodiment of the inven 
tion, an AC signal from the AC source is applied to the 
reference electrode connection, as illustrated by dotted line 
1291 in FIG. 12. In an embodiment of the invention, the AC 
signal is coupled to the sensor 1220 through an impedance 
and the coupled signal is attenuated significantly if the sensor 
1220 is connected to the sensor electronics device 1225. 
Thus, a low level AC signal is present at an input to the 
detection circuit 1260. This may also be referred to as a highly 
attenuated signal or a signal with a high level of attenuation. 
Under certain operating conditions, the Voltage level of the 
AC signal may be Vapplied (CCoupling)/(Ccoupling--Csen 
sor). If the detection circuit 1260 detects that a high level AC 
signal (lowly attenuated signal) is presentatan input terminal 
of the detection circuit 1260, no interrupt is sent to the micro 
controller 410 because the sensor 1220 has not been suffi 
ciently hydrated or activated. For example, the input of the 
detection circuit 1260 may be a comparator. If the sensor 
1220 is sufficiently hydrated (or wetted), an effective capaci 
tance forms between the counter electrode and the reference 
electrode (e.g., capacitance C., in FIG. 12), and an effective 
capacitance forms between the reference electrode and the 
working electrode (e.g., capacitance C., in FIG. 12). In 
other words, an effective capacitance relates to capacitance 
being formed between two nodes and does not represent that 
an actual capacitor is placed in a circuit between the two 
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electrodes. In an embodiment of the invention, the AC signal 
from the AC source 1255 is sufficiently attenuated by capaci 
tances C, and C and the detection circuit 1260 detects the 
presence of a low level or highly attenuated AC signal from 
the AC source 1255 at the input terminal of the detection 
circuit 1260. This embodiment of the invention is significant 
because the utilization of the existing connections between 
the sensor 1120 and the sensor electronics device 1125 
reduces the number of connections to the sensor. In other 
words, the mechanical switch, disclosed in FIG. 11, requires 
a switch and associated connections between the sensor 1120 
and the sensor electronics device 1125. It is advantageous to 
eliminate the mechanical switch because the sensor 1120 is 
continuously shrinking in size and the elimination of compo 
nents helps achieve this size reduction. In alternative embodi 
ments of the invention, the AC signal may be applied to 
different electrodes (e.g., the counter electrode or the working 
electrode) and the invention may operate in a similar fashion. 
0156. As noted above, after the detection circuit 1260 has 
detected that a low level AC signal is present at the input 
terminal of the detection circuit 1260, the detection circuit 
1260 may later detect that a high level AC signal, with low 
attenuation, is present at the input terminal. This represents 
that the sensor 1220 has been disconnected from the sensor 
electronics device 1225 or that the sensor is not operating 
properly. If the sensor has been disconnected from the sensor 
electronics device 1225, the AC source may be coupled with 
little or low attenuation to the input of the detection circuit 
1260. As noted above, the detection circuit 1260 may gener 
ate an interrupt to the microcontroller. This interrupt may be 
received by the microcontroller and the microcontroller may 
reduce or eliminate power to one or a number of components 
or circuits in the sensor electronics device 1225. This may be 
referred to as the second interrupt. Again, this helps reduce 
power consumption of the sensor electronics device 1225, 
specifically when the sensor 1220 is not connected to the 
sensor electronics device 1225. 

O157. In an alternative embodiment of the invention illus 
trated in FIG. 12, the AC signal may be applied to the refer 
ence electrode 1222, as is illustrated by reference numeral 
1291, and an impedance measuring device 1277 may measure 
the impedance of an area in the sensor 1220. Illustratively, the 
area may be an area between the reference electrode and the 
working electrode, as illustrated by dotted line 1292 in FIG. 
12. Under certain operating conditions, the impedance mea 
suring device 1277 may transmit a signal to the detection 
circuit 1260 if a measured impedance has decreased to below 
an impedance threshold or other set criteria. This represents 
that the sensor is sufficiently hydrated. Under other operating 
conditions, the impedance measuring device 1277 may trans 
mit a signal to the detection circuit 1260 once the impedance 
is above an impedance threshold. The detection circuit 1260 
then transmits the interrupt to the microcontroller 410. In 
another embodiment of the invention, the impedance measur 
ing device 1277 may transmit an interrupt or signal directly to 
the microcontroller. 

0158. In an alternative embodiment of the invention, the 
AC source 1255 may be replaced by a DC source. If a DC 
Source is utilized, then a resistance measuring element may be 
utilized in place of an impedance measuring element 1277. In 
an embodiment of the invention utilizing the resistance mea 
Suring element, once the resistance drops below a resistance 
threshold or a set criteria, the resistance measuring element 
may transmit a signal to the detection circuit 1260 (repre 
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sented by dotted line 1293) or directly to the microcontroller 
indicating that the sensor is Sufficiently hydrated and that 
power may be applied to the sensor. 
0159. In the embodiment of the invention illustrated in 
FIG. 12, if the detection circuit 1260 detects a low level or 
highly attenuated AC signal from the AC Source, an interrupt 
is generated to the microcontroller 410. This interrupt indi 
cates that sensor is sufficiently hydrated. In this embodiment 
of the invention, in response to the interrupt, the microcon 
troller 410 generates a signal that is transferred to a digital 
to-analog converter 420 to instruct or cause the digital-to 
analog converter 420 to apply a Voltage or current to the 
sensor 1220. Any of the different sequence of pulses or short 
duration pulses described above in FIG. 6A, 6B, or 6C or the 
associated text describing the application of pulses, may be 
applied to the sensor 1220. Illustratively, the voltage from the 
DAC 420 may be applied to an op-amp 1275, the output of 
which is applied to the counter electrode 1221 of the sensor 
1220. This results in a sensor signal being generated by the 
sensor, e.g., the working electrode 1223 of the sensor. 
Because the sensor is sufficiently hydrated, as identified by 
the interrupt, the sensor signal created at the working elec 
trode 1223 is accurately measuring glucose. The sensor signal 
is measured by a sensor signal measuring device 431 and the 
sensor signal measuring device 431 transmits the sensor sig 
nal to the microcontroller 410 where a parameter of a sub 
ject's physiological condition is measured. The generation of 
the interrupt represents that a sensor is sufficiently hydrated 
and that the sensor 1220 is now supplying accurate glucose 
measurements. In this embodiment of the invention, the 
hydration period may depend on the type and/or the manu 
facturer of the sensor and on the sensor's reaction to insertion 
or implantation in the subject. Illustratively, one sensor 1220 
may have a hydration time of five minutes and one sensor 
1220 may have a hydration time of one minute, two minutes, 
three minutes, six minutes, or 20 minutes. Again, any amount 
of time may be an acceptable amount of hydration time for the 
sensor, but Smaller amounts of time are preferable. 
(0160 If the sensor 1220 has been connected, but is not 
sufficiently hydrated or wetted, the effective capacitances 
C, and C may not attenuate the AC signal from the AC 
source 1255. The electrodes in the sensor 1120 are dry before 
insertion and because the electrodes are dry, a good electrical 
path (or conductive path) does not exist between the two 
electrodes. Accordingly, a high level AC signal or lowly 
attenuated AC signal may still be detected by the detection 
circuit 1260 and no interrupt may be generated. Once the 
sensor has been inserted, the electrodes become immersed in 
the conductive body fluid. This results in a leakage path with 
lower DC resistance. Also, boundary layer capacitors format 
the metal/fluid interface. In other words, a rather large capaci 
tance forms between the metal/fluid interface and this large 
capacitance looks like two capacitors in series between the 
electrodes of the sensor. This may be referred to as an effec 
tive capacitance. In practice, a conductivity of an electrolyte 
above the electrode is being measured. In some embodiments 
of the invention, the glucose limiting membrane (GLM) also 
illustrates impedance blocking electrical efficiency. An unhy 
drated GLM results in high impedance, whereas a high mois 
ture GLM results in low impedance. Low impedance is 
desired for accurate sensor measurements. 

0.161 FIG. 13A illustrates a method of hydrating a sensor 
according to an embodiment of the present invention. In an 
embodiment of the invention, the sensor may be physically 
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connected 1310 to the sensor electronics device. After the 
connection, in one embodiment of the invention, a timer or 
counter may be initiated to count 1320 a hydration time. After 
the hydration time has elapsed, a signal may be transmitted 
1330 to a subsystem in the sensor electronics device to initiate 
the application of a Voltage to the sensor. As discussed above, 
in an embodiment of the invention, a microcontroller may 
receive the signal and instruct the DAC to apply a Voltage to 
the sensororin another embodiment of the invention, a Switch 
may receive a signal which allows a regulator to apply a 
Voltage to the sensor. The hydration time may be five minutes, 
two minutes, ten minutes and may vary depending on the 
Subject and also on the type of sensor. 
0162. In an alternative embodiment of the invention, after 
the connection of the sensor to the sensor electronics device, 
an AC signal (e.g., a low Voltage AC signal) may be applied 
1340 to the sensor, e.g., the reference electrode of the sensor. 
The AC signal may be applied because the connection of the 
sensor to the sensor electronics device allows the AC signal to 
be applied to the sensor. After application of the AC signal, an 
effective capacitance forms 1350 between the electrode in the 
sensor that the Voltage is applied to and the other two elec 
trodes. A detection circuit determines 1360 what level of the 
AC signal is present at the input of the detection circuit. If a 
low level AC signal (or highly attenuated AC signal) is present 
at the input of the detection circuit, due to the effective capaci 
tance forming a good electrical conduit between the elec 
trodes and the resulting attenuation of the AC signal, an 
interruptis generated 1370 by the detection circuit and sent to 
a microcontroller. 

0163 The microcontroller receives the interrupt generated 
by the detection circuit and transmits 1380 a signal to a 
digital-to-analog converter instructing or causing the digital 
to-analog converter to apply a Voltage to an electrode of the 
sensor, e.g., the counter electrode. The application of the 
voltage to the electrode of the sensor results in the sensor 
creating or generating a sensor signal 1390. A sensor signal 
measurement device 431 measures the generated sensor Sig 
nal and transmits the sensor signal to the microcontroller. The 
microcontroller receives 1395 the sensor signal from the sen 
Sor signal measurement device, which is coupled to the work 
ing electrode, and processes the sensor signal to extract a 
measurement of a physiological characteristic of the Subject 
or patient. 
0164 FIG. 13B illustrates an additional method for veri 
fying hydration of a sensor according to an embodiment of the 
present invention. In the embodiment of the invention illus 
trated in FIG. 13B, the sensor is physically connected 1310 to 
the sensor electronics device. In an embodiment of the inven 
tion, an AC signal is applied 1341 to an electrode, e.g., a 
reference electrode, in the sensor. Alternatively, in an embodi 
ment of the invention, a DC signal is applied 1341 to an 
electrode in the sensor. If an AC signal is applied, an imped 
ance measuring element measures 1351 an impedance at a 
point within the sensor. Alternatively, if a DC signal is 
applied, a resistance measuring element measures 1351 a 
resistance at a point within the sensor. If the resistance or 
impedance is lower than a resistance threshold or an imped 
ance threshold, respectively, (or other set criteria), then the 
impedance (or resistance) measuring element transmits 1361 
(or allows a signal to be transmitted) to the detection circuit, 
and the detection circuit transmits an interrupt to the micro 
controller identifying that the sensor is hydrated. The refer 
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ence numbers 1380, 1390, and 1395 are the same in FIGS. 
13A and 13B because they represent the same action. 
0.165. The microcontroller receives the interrupt and trans 
mits 1380 a signal to a digital-to-analog converter to apply a 
voltage to the sensor. In an alternative embodiment of the 
invention, the digital-to-analog converter can apply a current 
to the sensor, as discussed above. The sensor, e.g., the work 
ing electrode, creates 1390 a sensor signal, which represents 
a physiological parameter of a patient. The microcontroller 
receives 1395 the sensor signal from a sensor signal measur 
ing device, which measures the sensor signal at an electrode 
in the sensor, e.g., the working electrode. The microcontroller 
processes the sensor signal to extract a measurement of the 
physiological characteristic of the Subject or patient, e.g., the 
blood glucose level of the patient. 
0166 FIGS. 14A and 14B illustrate methods of combining 
hydrating of a sensor with stabilizing of a sensor according to 
an embodiment of the present invention. In an embodiment of 
the invention illustrated in FIG. 14A, the sensor is connected 
1405 to the sensor electronics device. The AC signal is 
applied 1410 to an electrode of the sensor. The detection 
circuit determines 1420 what level of the AC signal is present 
at an input of the detection circuit. If the detection circuit 
determines that a low level of the AC signal is present at the 
input (representing a high level of attenuation to the AC 
signal), an interrupt is sent 1430 to microcontroller. Once the 
interrupt is sent to the microcontroller, the microcontroller 
knows to begin or initiate 1440 a stabilization sequence, i.e., 
the application of a number of Voltage pulses to an electrode 
of the sensors, as described above. For example, the micro 
controller may cause a digital-to-analog converter to apply 
three voltage pulses (having a magnitude of +0.535 volts) to 
the sensor with each of the three voltage pulses followed by a 
period of three Voltage pulses (having a magnitude of 1.07 
volts to be applied). This may be referred to transmitting a 
stabilization sequence of Voltages. The microcontroller may 
cause this by the execution of a software program in a read 
only memory (ROM) or a random access memory. After the 
stabilization sequence has finished executing, the sensor may 
generate 1450 a sensor signal, which is measured and trans 
mitted to a microcontroller. 

(0167. In an embodiment of the invention, the detection 
circuit may determine 1432 that a high level AC signal has 
continued to be present at the input of the detection circuit 
(e.g., an input of a comparator), even after a hydration time 
threshold has elapsed. For example, the hydration time 
threshold may be 10 minutes. After 10 minutes has elapsed, 
the detection circuit may still be detecting that a high level AC 
signal is present. At this point in time, the detection circuit 
may transmit 1434 a hydration assist signal to the microcon 
troller. If the microcontroller receives the hydration assist 
signal, the microcontroller may transmit 1436 a signal to 
cause a DAC to apply a Voltage pulse or a series of Voltage 
pulses to assist the sensor in hydration. In an embodiment of 
the invention, the microcontroller may transmit a signal to 
cause the DAC to apply a portion of the stabilization sequence 
or other Voltage pulses to assist in hydrating the sensor. In this 
embodiment of the invention, the application of Voltage 
pulses may result in the low level AC signal (or highly attenu 
ated signal) being detected 1438 at the detection circuit. At 
this point, the detection circuit may transmit an interrupt, as is 
disclosed in step 1430, and the microcontroller may initiate a 
stabilization sequence. 
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0168 FIG.14B illustrates a second embodiment of a com 
bination of a hydration method and a stabilization method 
where feedback is utilized in the stabilization process. A 
sensor is connected 1405 to a sensor electronics device. An 
AC signal (or a DC signal) is applied 1411 to the sensor. In an 
embodiment of the invention, the AC signal (or the DC signal) 
is applied to an electrode of the sensor, e.g. the reference 
electrode. An impedance measuring device (or resistance 
measuring device) measures 1416 the impedance (or resis 
tance) within a specified area of the sensor. In an embodiment 
of the invention, the impedance (or resistance) may be mea 
sured between the reference electrode and the working elec 
trode. The measured impedance (or resistance) may be com 
pared 1421 to an impedance or resistance value to see if the 
impedance (or resistance) is low enough in the sensor, which 
indicates the sensor is hydrated. If the impedance (or resis 
tance) is below the impedance (or resistance) value or other 
set criteria, (which may be a threshold value), an interrupt is 
transmitted 1431 to the microcontroller. After receiving the 
interrupt, the microcontroller transmits 1440 a signal to the 
DAC instructing the DAC to apply a stabilization sequence of 
voltages (or currents) to the sensor. After the stabilization 
sequence has been applied to the sensor, a sensor signal is 
created in the sensor (e.g., at the working electrode), is mea 
Sured by a sensor signal measuring device, is transmitted by 
the sensor signal measuring device, and is received 1450 by 
the microcontroller. Because the sensor is hydrated and the 
stabilization sequence of voltages has been applied to the 
sensor, the sensor signal is accurately measuring a physi 
ological parameter (i.e., blood glucose). 

(0169 FIG. 14C illustrates a third embodiment of the 
invention where a stabilization method and hydration method 
are combined. In this embodiment of the invention, the sensor 
is connected 1500 to the sensor electronics device. After the 
sensor is physically connected to the sensor electronics 
device, an AC signal (or DC signal) is applied 1510 to an 
electrode (e.g., reference electrode) of the sensor. At the same 
time, or around the same time, the microcontroller transmits 
a signal to cause the DAC to apply 1520 a stabilization voltage 
sequence to the sensor. In an alternative embodiment of the 
invention, a stabilization current sequence may be applied to 
the sensor instead of a stabilization Voltage sequence. The 
detection circuit determines 1530 what level of an AC signal 
(or DC signal) is present at an input terminal of the detection 
circuit. If there is a low level AC signal (or DC signal), 
representing a highly attenuated AC signal (or DC signal), 
present at the input terminal of the detection circuit, an inter 
rupt is transmitted 1540 to the microcontroller. Because the 
microcontroller has already initiated the stabilization 
sequence, the microcontroller receives the interrupt and sets 
1550 a first indicator that the sensor is sufficiently hydrated. 
After the stabilization sequence is complete, the microcon 
troller sets 1555 a second indicator indicating the completion 
of the stabilization sequence. The application of the stabili 
Zation sequence Voltages results in the sensor, e.g., the work 
ing electrode, creating 1560 a sensor signal, which is mea 
Sured by a sensor signal measuring circuit, and sent to the 
microcontroller. If the second indicator that the stabilization 
sequence is complete is set and the first indicator that the 
hydration is complete is set, the microcontroller is able to 
utilize 1570 the sensor signal. If one or both of the indicators 
are not set, the microcontroller may not utilize the sensor 
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signal because the sensor signal may not represent accurate 
measurements of the physiological measurements of the Sub 
ject. 
0170 The above-described hydration and stabilization 
processes may be used, in general, as part of a larger continu 
ous glucose monitoring (CGM) methodology. The current 
state of the art in continuous glucose monitoring is largely 
adjunctive, meaning that the readings provided by a CGM 
device (including, e.g., an implantable or Subcutaneous sen 
sor) cannot be used without a reference value in order to make 
a clinical decision. The reference value, in turn, must be 
obtained from a finger Stick using, e.g., a BG meter. The 
reference value is needed because there is a limited amount of 
information that is available from the sensor/sensing compo 
nent. Specifically, the only pieces of information that are 
currently provided by the sensing component for processing 
are the raw sensor value (i.e., the sensor current or Isig) and 
the counter voltage, which is the voltage between the counter 
electrode and the reference electrode (see, e.g., FIG. 5). 
Therefore, during analysis, if it appears that the raw sensor 
signal is abnormal (e.g., if the signal is decreasing), the only 
way one can distinguish between a sensor failure and a physi 
ological change within the user/patient (i.e., glucose level 
changing in the body) is by acquiring a reference glucose 
value via a finger Stick. As is known, the reference finger Stick 
is also used for calibrating the sensor. 
(0171 Embodiments of the inventions described herein are 
directed to advancements and improvements in continuous 
glucose monitoring resulting in a more autonomous system, 
as well as related devices and methodologies, wherein the 
requirement of reference finger Sticks may be minimized, or 
eliminated, and whereby clinical decisions may be made 
based on information derived from the sensor signal alone, 
with a high level of reliability. From a sensor-design stand 
point, in accordance with embodiments of the present inven 
tions, such autonomy may be achieved through electrode 
redundancy, sensor diagnostics, and Isig and/or sensor glu 
cose (SG) fusion. 
0172. As will be explored further hereinbelow, redun 
dancy may be achieved through the use of multiple working 
electrodes (e.g., in addition to a counter electrode and a ref 
erence electrode) to produce multiple signals indicative of the 
patient’s blood glucose (BG) level. The multiple signals, in 
turn, may be used to assess the relative health of the (working) 
electrodes, the overall reliability of the sensor, and the fre 
quency of the need, if at all, for calibration reference values. 
0173 Sensor diagnostics includes the use of additional 
(diagnostic) information which can provide a real-time 
insight into the health of the sensor. In this regard, it has been 
discovered that Electrochemical Impedance Spectroscopy 
(EIS) provides such additional information in the form of 
sensor impedance and impedance-related parameters at dif 
ferent frequencies. Moreover, advantageously, it has been 
further discovered that, for certain ranges of frequencies, 
impedance and/or impedance-related data are substantially 
glucose independent. Such glucose independence enables the 
use of a variety of EIS-based markers or indicators for not 
only producing a robust, highly-reliable sensor glucose value 
(through fusion methodologies), but also assessing the con 
dition, health, age, and efficiency of individual electrode(s) 
and of the overall sensor substantially independently of the 
glucose-dependent Isig. 
0.174 For example, analysis of the glucose-independent 
impedance data provides information on the efficiency of the 
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sensor with respect to how quickly it hydrates and is ready for 
data acquisition using, e.g., values for 1 kHZ real-impedance, 
1 kHz imaginary impedance, and Nyquist Slope (to be 
described in more detail hereinbelow). Moreover, glucose 
independent impedance data provides information on poten 
tial occlusion(s) that may exist on the sensor membrane Sur 
face, which occlusion(s) may temporarily block passage of 
glucose into the sensor and thus cause the signal to dip (using, 
e.g., values for 1 kHZ real impedance). In addition, glucose 
independent impedance data provides information on loss of 
sensor sensitivity during extended wear potentially due to 
local oxygen deficit at the insertion site—using, e.g., values 
for phase angle and/or imaginary impedance at 1 kHz and 
higher frequencies. 
(0175 Within the context of electrode redundancy and EIS, 
a fusion algorithm may be used to take the diagnostic infor 
mation provided by EIS for each redundant electrode and 
assess the reliability of each electrode independently. 
Weights, which are a measure of reliability, may then be 
added for each independent signal, and a single fused signal 
may be calculated that can be used to generate sensor glucose 
values as seen by the patient/Subject. 
0176). As can be seen from the above, the combined use of 
redundancy, sensor diagnostics using EIS, and EIS-based 
fusion algorithms allows for an overall CGM system that is 
more reliable than what is currently available. Redundancy is 
advantageous in at least two respects. First, redundancy 
removes the risk of a single point of failure by providing 
multiple signals. Second, providing multiple (working) elec 
trodes where a single electrode may be sufficient allows the 
output of the redundant electrode to be used as a check against 
the primary electrode, thereby reducing, and perhaps elimi 
nating, the need for frequent calibrations. In addition, EIS 
diagnostics scrutinize the health of each electrode autono 
mously without the need for a reference glucose value (finger 
stick), thereby reducing the number of reference values 
required. However, the use of EIS technology and EIS diag 
nostic methods is not limited to redundant systems, i.e., those 
having more than one working electrode. Rather, as will be 
discussed below in connection with embodiments of the 
present invention, EIS may be advantageously used in con 
nection with single- and/or multiple-electrode sensors. 
0177 EIS, or AC impedance methods, study the system 
response to the application of a periodic Small amplitude AC 
signal. This is shown illustratively in FIG.15A, where E is the 
applied potential, I is the current, and impedance (Z) is 
defined as AE/AI. However, although impedance, perse, may 
be mathematically simply defined as AE/AI, heretofore, there 
has been no commercialization Success in application of EIS 
technology to continuous glucose monitoring. This has been 
due, in part, to the fact that glucose sensors are very compli 
cated systems and, so far, no mathematical models have been 
developed which can completely explain the complexity of 
the EIS output for a glucose sensor. 
0178. One simplified electrical circuit model that has been 
used to describe electrochemical impedance spectroscopy is 
shown in FIG. 15B. In this illustration, IHP stands for Inner 
Helmholtz Plane, OHP stands for Outer Helmholtz Plane, CE 
is the counter electrode, WE is the working electrode, C is 
double layer capacitance, R is polarization resistance, Z is 
Warburg impedance, and R is solution resistance. Each of the 
latter four components—double layer capacitance (C), War 
burg impedance (Z), polarization resistance (R), and solu 
tion resistance (R)—may play a significant role in sensor 
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performance, and can be measured separately by applying 
low- or high-frequency alternating working potential. For 
example, Warburg impedance is closely related to diffusional 
impedance of electrochemical systems—which is primarily a 
low-frequency impedance—and, as such, exists in all diffu 
Sion-limited electrochemical sensors. Thus, by correlating 
one or more of these components with one or more compo 
nents and/or layers of a glucose sensor, one may use EIS 
technology as a sensor-diagnostics tool. 
0179. As is known, impedance may be defined in terms of 

its magnitude and phase, where the magnitude (ZI) is the 
ratio of the voltage difference amplitude to the current ampli 
tude, and the phase (0) is the phase shift by which the current 
is ahead of the voltage. When a circuit is driven solely with 
direct current (DC), the impedance is the same as the resis 
tant, i.e., resistance is a special case of impedance with Zero 
phase angle. However, as a complex quantity, impedance may 
also be represented by its real and imaginary parts. In this 
regard, the real and imaginary impedance can be derived from 
the impedance magnitude and phase using the following 
equations: 

Real Impedance(CO)=Magnitude(CO)xcos(Phase(CO), 
180x.J.) 

Imaginary Impedance(CO)=Magnitude(CO)xsin(Phase 
(c)), 180x.J.) 

where () represents the input frequency at which the magni 
tude (in ohms) and the phase (in degrees) are measured. The 
relationship between impedance, on the one hand, and current 
and Voltage on the other—including how the former may be 
calculated based on measurement of the latter—will be 
explored more fully below in connection with the sensor 
electronics, including the Application Specific Integrated Cir 
cuit (ASIC), that has been developed for use in embodiments 
of the invention. 
0180 Continuing with the circuit model shown in FIG. 
15B, total system impedance may be simplified as: 

coRC4 R 
Z, (a) = Z.(co) + R, +- P -- i (co) = Z(co) + R. 1. Ric: 1 + co? R.C. 

where Z(()) is the Warburg impedance, () is the angular 
Velocity, is the imaginary unit (used instead of the traditional 
“i” so as not to be confused with electric current), and C. R. 
and Rare the double layer capacitance, the polarization resis 
tance, and the Solution resistance, respectively (as defined 
previously). Warburg impedance can be calculated as 

tanh(is)") 
Z(co) = Z. (o) = Zo (is)" 

S 
L2 ( Membrane Thickness 

T (of D TFrequency Dependent Diffusion Length 

Zo 

where D is diffusivity, L is the sensor membrane thickness, C 
is Peroxide concentration, and m: /2 corresponds to a 45° 
Nyquist slope. 
0181. A Nyquist plot is a graphical representation, 
wherein the real part of impedance (Real Z) is plotted against 
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its imaginary part (Img Z) across a spectrum of frequencies. 
FIG. 16A shows a generalized example of a Nyquist Plot, 
where the X value is the real part of the impedance and the Y 
value is the imaginary part of the impedance. The phase angle 
is the angle between the impedance point (X,Y)—which 
defines a vector having magnitude Z-and the X axis. 
0182. The Nyquist plot of FIG.16A is generated by apply 
ing AC voltages plus a DC voltage (DC bias) between the 
working electrode and the counter electrode at selected fre 
quencies from 0.1 Hz to 1000 MHz (i.e., a frequency sweep). 
Starting from the right, the frequency increases from 0.1 Hz. 
With each frequency, the real and imaginary impedance can 
be calculated and plotted. As shown, a typical Nyquist plot of 
an electrochemical system may look like a semicircle joined 
with a straight line at an inflection point, wherein the semi 
circle and the line indicate the plotted impedance. In certain 
embodiments, the impedance at the inflection point is of 
particular interest since it is easiest to identify in the Nyquist 
plot and may define an intercept. Typically, the inflection 
point is close to the X axis, and the X value of the inflection 
point approximates the Sum of the polarization resistance and 
solution resistance (R,+R). 
0183 With reference to FIG. 16B, a Nyquist plot may 
typically be described in terms of a lower-frequency region 
1610 and a higher-frequency region 1620, where the labels 
“higher frequency” and “lower frequency” are used in a rela 
tive sense, and are not meant to be limiting. Thus, for 
example, the lower-frequency region 1610 may illustratively 
include data points obtained for a frequency range between 
about 0.1 Hz, and about 100 Hz (or higher), and the higher 
frequency region 1620 may illustratively include data points 
obtained for a frequency range between about 1 kHz (or 
lower) and about 8 kHz (and higher). In the lower-frequency 
region 1610, the Nyquist slope represents the gradient of the 
linear fit 1630 of the lower-frequency data points in the 
Nyquist plot. As shown, in the higher-frequencies region 
1620, the value of imaginary impedance is minimal, and may 
become negligible. As such, the intercept 1600 is essentially 
the value of the real impedance at the higher frequencies (e.g., 
approximately in the 1 kHz to 8 kHz range in this case). In 
FIG. 16B, the intercept 1600 is at about 25 kOhms. 
0184 FIGS. 16C and 16D demonstrate how a glucose 
sensor responds to a sinusoidal (i.e., alternating) working 
potential. In these figures, GLM is the sensor's glucose lim 
iting membrane, AP is the adhesion promoter, HSA is human 
serum albumin, GOX is glucose oxidase enzyme (layer), E. 
is DC potential, E is AC potential, and C." is peroxide 
concentration during AC application. As shown in FIG. 16C. 
if the sensor diffusion length, which is a function of AC 
potential frequency, molecular diffusivity, and membrane 
thickness, is Small compared to the membrane (GOX) length, 
the system gives a relatively linear response with a constant 
phase angle (i.e., infinite). In contrast, if the diffusion length 
is equal to the membrane (GOX) length, the system response 
will become finite, resulting in a semi-circle Nyquist plot, as 
shown in FIG. 16D. The latter usually holds true for low 
frequency EIS, where the non-Faradaic process is negligible. 
0185. In performing an EIS analysis, an AC voltage of 
various frequencies and a DC bias may be applied between, 
e.g., the working and reference electrodes. In this regard, EIS 
is an improvement over previous methodologies that may 
have limited the application to a simple DC current or an AC 
Voltage of single frequency. Although, generally, EIS may be 
performed at frequencies in the LHZ to MHZ range, in 
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embodiments of the present invention, a narrower range of 
frequencies (e.g., between about 0.1 Hz and about 8 kHz) may 
be sufficient. Thus, in embodiments of the invention, AC 
potentials may be applied that fall within a frequency range of 
between about 0.1 Hz and about 8 kHz, with a programmable 
amplitude of up to at least 100 mV, and preferably at about 50 
mV. 

0186. Within the above-mentioned frequency range, the 
relatively-higher frequencies—i.e., those that fall generally 
between about 1 kHz and about 8 kHz—are used to scrutinize 
the capacitive nature of the sensor. Depending on the thick 
ness and permeability of membranes, a typical range of 
impedance at the relatively-higher frequencies may be, e.g., 
between about 500 Ohms and 25 kOhms, and a typical range 
for the phase may be, e.g., between 0 degrees and -40 
degrees. The relatively-lower frequencies—i.e., those that 
fall generally between about 0.1 Hz and about 100 Hz—on 
the other hand, are used to scrutinize the resistive nature of the 
sensor. Here, depending on electrode design and the extent of 
metallization, a typical functioning range for output real 
impedance may be, e.g., between about 50 kOhms and 300 
kOhms, and a typical range for the phase may be between 
about -50 degrees to about -90 degrees. The above illustra 
tive ranges are shown, e.g., in the Bode plots of FIGS.16E and 
16F. 

0187. As noted previously, the phrases “higher frequen 
cies' and “lower frequencies' are meant to be used relative to 
one another, rather than in an absolute sense, and they, as well 
as the typical impedance and phase ranges mentioned above, 
are meant to be illustrative, and not limiting. Nevertheless, the 
underlying principle remains the same: the capacitive and 
resistive behavior of a sensor can be scrutinized by analyzing 
the impedance data across a frequency spectrum, wherein, 
typically, the lower frequencies provide information about 
the more resistive components (e.g., the electrode, etc.), while 
the higher frequencies provide information about the capaci 
tive components (e.g., membranes). However, the actual fre 
quency range in each case is dependent on the overall design, 
including, e.g., the type(s) of electrode(s), the Surface area of 
the electrode(s), membrane thickness, the permeability of the 
membrane, and the like. See also FIG. 15B regarding general 
correspondence between high-frequency circuit components 
and the sensor membrane, as well as between low-frequency 
circuit components and the Faradaic process, including, e.g., 
the electrode(s). 
0188 EIS may be used in sensor systems where the sensor 
includes a single working electrode, as well those in which 
the sensor includes multiple (redundant) working electrodes. 
In one embodiment, EIS provides valuable information 
regarding the age (or aging) of the sensor. Specifically, at 
different frequencies, the magnitude and the phase angle of 
the impedance vary. As seen in FIG. 17, the sensor imped 
ance—in particular, the sum of Rp and Rs—reflects the sen 
Sorage as well as the sensor's operating conditions. Thus, a 
new sensor normally has higher impedance thana used sensor 
as seen from the different plots in FIG. 17. In this way, by 
considering the X-value of the sum of Rp and Rs, a threshold 
can be used to determine when the sensors age has exceeded 
the specified operating life of the sensor. It is noted that, 
although for the illustrative examples shown in FIGS. 17-21 
and discussed below, the value of real impedance at the inflec 
tion point (i.e., Rp+RS) is used to determine the aging, status, 
stabilization, and hydration of the sensor, alternative embodi 
ments may use other EIS-based parameters, such as, e.g., 
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imaginary impedance, phase angle, Nyquist slope, etc. in 
addition to, or in place of real impedance. 
0189 FIG. 17 illustrates an example of a Nyquist plot over 
the lifetime of a sensor. The points indicated by arrows are the 
respective inflection points for each of the Sweeps across the 
frequency spectrum. For example, before initialization (at 
time t-0), RS+Rp is higher than 8.5 kOhms, and after initial 
ization (at time t-0.5 hr), the value of RS+Rp dropped to 
below 8 kOhms. Over the next six days, RS+Rip continues to 
decrease, Such that, at the end of the specified sensor life, 
Rs+Rp dropped to below 6.5 kOhms. Based on such 
examples, a threshold value can be set to specify when the 
Rs+Rip value would indicate the end of the specified operating 
life of the sensor. Therefore, the EIS technique allows closure 
of the loophole of allowing a sensor to be re-used beyond the 
specified operating time. In other words, if the patient 
attempts to re-use a sensor after the sensor has reached its 
specified operating time by disconnecting and then re-con 
necting the sensor again, the EIS will measure abnormally 
low impedance, thereby enabling the system to reject the 
sensor and prompt the patient for a new sensor. 
0190. Additionally, EIS may enable detection of sensor 
failure by detecting when the sensor's impedance drops 
below a low impedance threshold level indicating that the 
sensor may be too worn to operate normally. The system may 
then terminate the sensor before the specified operating life. 
As will be explored in more detail below, sensor impedance 
can also be used to detect other sensor failure (modes). For 
example, when a sensor goes into a low-current state (i.e., 
sensor failure) due to any variety of reasons, the sensor 
impedance may also increase beyond a certain high imped 
ance threshold. If the impedance becomes abnormally high 
during sensor operation, due, e.g., to protein or polypeptide 
fouling, macrophage attachment or any other factor, the sys 
tem may also terminate the sensor before the specified sensor 
operating life. 
(0191 FIG. 18 illustrates how the EIS technique can be 
applied during sensor stabilization and in detecting the age of 
the sensor in accordance with embodiments of the present 
invention. The logic of FIG. 18 begins at 1800 after the 
hydration procedure and sensor initialization procedure 
described previously has been completed. In other words, the 
sensor has been deemed to be sufficiently hydrated, and the 
first initialization procedure has been applied to initialize the 
sensor. The initialization procedure may preferably be in the 
form of voltage pulses as described previously in the detailed 
description. However, in alternative embodiments, different 
waveforms can be used for the initialization procedure. For 
example, a sine wave can be used, instead of the pulses, to 
accelerate the wetting or conditioning of the sensor. In addi 
tion, it may be necessary for Some portion of the waveform to 
be greater than the normal operating Voltage of the sensor, i.e., 
0.535 volt. 

(0192 At block 1810, an EIS procedure is applied and the 
impedance is compared to both a first high and a first low 
threshold. An example of a first high and first low threshold 
value would be 7 kOhms and 8.5 kOhms, respectively, 
although the values can be set higher or lower as needed. If the 
impedance, for example, Rp+RS, is higher than the first high 
threshold, the sensor undergoes an additional initialization 
procedure (e.g., the application of one or more additional 
pulses) at block 1820. Ideally, the number of total initializa 
tion procedures applied to initialize the sensor would be opti 
mized to limit the impact on both the battery life of the sensor 
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and the overall amount of time needed to stabilize a sensor. 
Thus, by applying EIS, fewer initializations can be initially 
performed, and the number of initializations can be incremen 
tally added to give just the right amount of initializations to 
ready the sensor for use. Similarly, in an alternative embodi 
ment, EIS can be applied to the hydration procedure to mini 
mize the number of initializations needed to aid the hydration 
process as described in FIGS. 13-14. 
0.193) On the other hand, if the impedance, for example, 
Rp+Rs, is below the first low threshold, the sensor will be 
determined to be faulty and would be terminated immediately 
at block 1860. A message will be given to the user to replace 
the sensor and to begin the hydration process again. If the 
impedance is within the high and low thresholds, the sensor 
will begin to operate normally at block 1830. The logic than 
proceeds to block 1840 where an additional EIS is performed 
to check the age of the sensor. The first time the logic reaches 
block 1840, the microcontroller will performan EIS to gauge 
the age of the sensor to close the loophole of the user being 
able to plug in and plug out the same sensor. In future itera 
tions of the EIS procedure as the logic returns to block 1840, 
the microprocessor will perform an EIS at fixed intervals 
during the specified life of the sensor. In one preferred 
embodiment, the fixed interval is set for every 2 hours, how 
ever, longer or shorter periods of time can easily be used. 
0194 At block 1850, the impedance is compared to a 
second set of high and low thresholds. An example of Such 
second high and low threshold values may be 5.5 kOhms and 
8.5 kOhms, respectively, although the values can be set higher 
or lower as needed. As long as the impedance values stay 
within a second high and low threshold, the logic proceeds to 
block 1830, where the sensor operates normally until the 
specified sensor life, for example, 5 days, is reached. Of 
course, as described with respect to block 1840, EIS will be 
performed at the regularly scheduled intervals throughout the 
specified sensor life. However, if, after the EIS is performed, 
the impedance is determined to have dropped below a second 
lower threshold or risen above a second higher threshold at 
block 1850, the sensor is terminated at block 1860. In further 
alternative embodiments, a secondary check can be imple 
mented of a faulty sensor reading. For example, if the EIS 
indicates that the impedance is out of the range of the second 
high and low thresholds, the logic can perform a second EIS 
to confirm that the second set of thresholds is indeed not met 
(and confirm that the first EIS was correctly performed) 
before determining the end of sensor at block 1860. 
(0195 FIG. 19 builds upon the above description and 
details a possible schedule for performing diagnostic EIS 
procedures in accordance with preferred embodiments of the 
present invention. Each diagnostic EIS procedure is optional 
and it is possible to not schedule any diagnostic EIS proce 
dure or to have any combination of one or more diagnostic 
EIS procedures, as deemed needed. The schedule of FIG. 19 
begins at sensor insertion at point 1900. Following sensor 
insertion, the sensor undergoes a hydration period 1910. This 
hydration period is important because a sensor that is not 
Sufficiently hydrated may give the user inaccurate readings, 
as described previously. The first optional diagnostic EIS 
procedure at point 1920 is scheduled during this hydration 
period 1910 to ensure that the sensor is sufficiently hydrated. 
The first diagnostic EIS procedure 1920 measures the sensor 
impedance value to determine if the sensor has been suffi 
ciently hydrated. If the first diagnostic EIS procedure 1920 
determines impedance is within a set high and low threshold, 
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indicating sufficient hydration, the sensor controller will 
allow the sensor power-up at point 1930. Conversely, if the 
first diagnostic EIS procedure 1920 determines impedance is 
outside a set high and low threshold, indicating insufficient 
hydration, the sensor hydration period 1910 may be pro 
longed. After prolonged hydration, once a certain capacitance 
has been reached between the sensor's electrodes, meaning 
the sensor is sufficiently hydrated, power-up at point 1930 can 
OCCU. 

0196. A second optional diagnostic EIS procedure 1940 is 
scheduled after sensor power-up at point 1930, but before 
sensor initialization starts at point 1950. Scheduled here, the 
second diagnostic EIS procedure 1940 can detect if a sensor 
is being re-used prior to the start of initialization at 1950. The 
test to determine if the sensor is being reused was detailed in 
the description of FIG. 18. However, unlike the previous 
description with respect to FIG. 18, where the aging test is 
performed after initialization is completed, the aging test is 
shown in FIG. 19 as being performed before initialization. It 
is important to appreciate that the timeline of EIS procedures 
described in FIG. 19 can be rearranged without affecting the 
overall teaching of the application, and that the order of some 
of the steps can be interchanged. As explained previously, the 
second diagnostic EIS procedure 1940 detects a re-used sen 
Sor by determining the sensor's impedance value and then 
comparing it to a set high and low threshold. If impedance 
falls outside of the set threshold, indicating the sensoris being 
re-used, the sensor may then be rejected and the user 
prompted to replace it with a new sensor. This prevents the 
complications that may arise out of re-use of an old sensor. 
Conversely, if impedance falls within a set threshold, sensor 
initialization 1950 can start with the confidence that a new 
sensor is being used. 
(0197) A third optional diagnostic EIS procedure 1960 is 
scheduled after initialization starts at point 1950. The third 
diagnostic EIS procedure 1960 tests the sensor's impedance 
value to determine if the sensor is fully initialized. The third 
diagnostic EIS procedure 1960 should be performed at the 
minimum amount of time needed for any sensor to be fully 
initialized. When performed at this time, sensor life is maxi 
mized by limiting the time a fully initialized sensor goes 
unused, and over-initialization is averted by confirming full 
initialization of the sensor before too much initialization 
occurs. Preventing over-initialization is important because 
over-initialization results in a Suppressed current which can 
cause inaccurate readings. However, under-initialization is 
also a problem, so if the third diagnostic EIS procedure 1960 
indicates the sensor is under-initialized, an optional initial 
ization at point 1970 may be performed in order to fully 
initialize the sensor. Under-initialization is disadvantageous 
because an excessive current results that does not relate to the 
actual glucose concentration. Because of the danger of under 
and over-initialization, the third diagnostic EIS procedure 
plays an important role in ensuring the sensor functions prop 
erly when used. 
0198 In addition, optional periodic diagnostic EIS proce 
dures 1980 can be scheduled for the time after the sensor is 
fully initialized. The EIS procedures 1980 can be scheduled at 
any set interval. As will be discussed in more detail below, 
EIS procedures 1980 may also be triggered by other sensor 
signals, such as an abnormal current or an abnormal counter 
electrode voltage. Additionally, as few or as many EIS pro 
cedures 1980 can be scheduled as desired. In preferred 
embodiments, the EIS procedure used during the hydration 
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process, sensor life check, initialization process, or the peri 
odic diagnostic tests is the same procedure. In alternative 
embodiments, the EIS procedure can be shortened or length 
ened (i.e., fewer or more ranges of frequencies checked) for 
the various EIS procedures depending on the need to focus on 
specific impedance ranges. The periodic diagnostic EIS pro 
cedures 1980 monitor impedance values to ensure that the 
sensor is continuing to operate at an optimal level. 
0199 The sensor may not be operating at an optimal level 
if the sensor current has dropped due to polluting species, 
sensor age, or a combination of polluting species and sensor 
age. A sensor that has aged beyond a certain length is no 
longer useful, but a sensor that has been hampered by pollut 
ing species can possibly be repaired. Polluting species can 
reduce the surface area of the electrode or the diffusion path 
ways of analytes and reaction byproducts, thereby causing the 
sensor current to drop. These polluting species are charged 
and gradually gather on the electrode or membrane Surface 
under a certain Voltage. Previously, polluting species would 
destroy the usefulness of a sensor. Now, if periodic diagnostic 
EIS procedures 1980 detect impedance values which indicate 
the presence of polluting species, remedial action can be 
taken. When remedial action is to be taken is described with 
respect to FIG. 20. Periodic diagnostic EIS procedures 1980 
therefore become extremely useful because they can trigger 
sensor remedial action which can possibly restore the sensor 
current to a normal level and prolong the life of the sensor. 
Two possible embodiments of sensor remedial actions are 
described below in the descriptions of FIGS. 21A and 21B. 
0200 Additionally, any scheduled diagnostic EIS proce 
dure 1980 may be suspended or rescheduled when certain 
events are determined imminent. Such events may include 
any circumstance requiring the patient to check the sensor 
reading, including for example when apatient measures his or 
her BG level using a test strip meter in order to calibrate the 
sensor, when a patient is alerted to a calibration error and the 
need to measure his or her BG level using a test strip meter a 
second time, or when a hyperglycemic or hypoglycemic alert 
has been issued but not acknowledged. 
0201 FIG. 20 illustrates a method of combining diagnos 

tic EIS procedures with sensor remedial action in accordance 
with embodiments of the present invention. The block 2000 
diagnostic procedure may be any of the periodic diagnostic 
EIS procedures 1980 as detailed in FIG. 19. The logic of this 
method begins when a diagnostic EIS procedure is performed 
at block 2000 in order to detect the sensor's impedance value. 
As noted, in specific embodiments, the EIS procedure applies 
a combination of a DC bias and an AC Voltage of varying 
frequencies wherein the impedance detected by performing 
the EIS procedure is mapped on a Nyquist plot, and an inflec 
tion point in the Nyquist plot approximates a Sum of polar 
ization resistance and Solution resistance (i.e., the real imped 
ance value). After the block 2000 diagnostic EIS procedure 
detects the sensor's impedance value, the logic moves to 
block 2010. 

0202 At block 2010, the impedance value is compared to 
a set high and low threshold to determine if it is normal. If 
impedance is within the set boundaries of the high and low 
thresholds at block 2010, normal sensor operation is resumed 
at block 2020 and the logic of FIG. 20 will end until a time 
when another diagnostic EIS procedure is scheduled. Con 
versely, if impedance is determined to be abnormal (i.e., 
outside the set boundaries of the high and low thresholds) at 
block 2010, remedial action at block 2030 is triggered. An 
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example of a high and low threshold value that would be 
acceptable during a sensor life would be 5.5 kOhms and 8.5 
kOhms, respectively, although the values can be set higher or 
lower as needed. 

0203 The block 2030 remedial action is performed to 
remove any of the polluting species, which may have caused 
the abnormal impedance value. In preferred embodiments, 
the remedial action is performed by applying a reverse cur 
rent, or a reverse Voltage between the working electrode and 
the reference electrode. The specifics of the remedial action 
will be described in more detail with respect to FIG. 21. After 
the remedial action is performed at block 2030, impedance 
value is again tested by a diagnostic EIS procedure at block 
2040. The success of the remedial action is then determined at 
block 2050 when the impedance value from the block 2040 
diagnostic EIS procedure is compared to the set high or low 
threshold. As in block 2010, if impedance is within the set 
thresholds, it is deemed normal, and if impedance is outside 
the set thresholds, it is deemed abnormal. 
0204 If the sensor's impedance value is determined to 
have been restored to normal at block 2050, normal sensor 
operation at block 2020 will occur. If impedance is still not 
normal, indicating that either sensor age is the cause of the 
abnormal impedance or the remedial action was unsuccessful 
in removing the polluting species, the sensor is then termi 
nated at block 2060. In alternative embodiments, instead of 
immediately terminating the sensor, the sensor may generate 
a sensor message initially requesting the user to wait and then 
perform further remedial action after a set period of time has 
elapsed. This alternative step may be coupled with a separate 
logic to determine if the impedance values are getting closer 
to being within the boundary of the high and low threshold 
after the initial remedial action is performed. For example, if 
no change is found in the sensor impedance values, the sensor 
may then decide to terminate. However, if the sensor imped 
ance values are getting closer to the preset boundary, yet still 
outside the boundary after the initial remedial action, an 
additional remedial action could be performed. In yet another 
alternative embodiment, the sensor may generate a message 
requesting the user to calibrate the sensor by taking a finger 
stick meter measurement to further confirm whether the sen 
sor is truly failing. All of the above embodiments work to 
prevent a user from using a faulty sensor that produces inac 
curate readings. 
0205 FIG. 21A illustrates one embodiment of the sensor 
remedial action previously mentioned. In this embodiment, 
blockage created by polluting species is removed by revers 
ing the Voltage being applied to the sensor between the work 
ing electrode and the reference electrode. The reversed DC 
Voltage lifts the charged, polluting species from the electrode 
or membrane surface, clearing diffusion pathways. With 
cleared pathways, the sensor's current returns to a normal 
level and the sensor can give accurate readings. Thus, the 
remedial action saves the user the time and money associated 
with replacing an otherwise effective sensor. 
0206 FIG. 21B illustrates an alternative embodiment of 
the sensor remedial action previously mentioned. In this 
embodiment, the reversed DC voltage applied between the 
working electrode and the reference electrode is coupled with 
an AC Voltage. By adding the AC Voltage, certain tightly 
absorbed species or species on the Superficial layer can be 
removed since the AC voltage can extend its force further 
from the electrode and penetrate all layers of the sensor. The 
AC voltage can come in any number of different waveforms. 
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Some examples of waveforms that could be used include 
square waves, triangular waves, sine waves, or pulses. As with 
the previous embodiment, once polluting species are cleared, 
the sensor can return to normal operation, and both sensor life 
and accuracy are improved. 

0207. While the above examples illustrate the use, prima 
rily, of real impedance data in sensor diagnostics, embodi 
ments of the invention are also directed to the use of other 
EIS-based, and Substantially analyte-independent, param 
eters (in addition to real impedance) in sensor diagnostic 
procedures. For example, as mentioned previously, analysis 
of (Substantially) glucose-independent impedance data, Such 
as, e.g., values for 1 kHZ real-impedance and 1 kHZimaginary 
impedance, as well as Nyquist slope, provide information on 
the efficiency of the sensor with respect to how quickly it 
hydrates and is ready for data acquisition. Moreover, (Sub 
stantially) glucose-independent impedance data, Such as, 
e.g., values for 1 kHZ real impedance, provides information 
on potential occlusion(s) that may exist on the sensor mem 
brane Surface, which occlusion(s) may temporarily block pas 
sage of glucose into the sensor and thus cause the signal to 
dip. 
0208. In addition, (substantially) glucose-independent 
impedance data, Such as, e.g., values for higher-frequency 
phase angle and/or imaginary impedance at 1 kHz and higher 
frequencies, provides information on loss of sensor sensitiv 
ity during extended wear, which sensitivity loss may poten 
tially be due to local oxygen deficit at the insertion site. In this 
regard, the underlying mechanism for oxygen deficiency-led 
sensitivity loss may be described as follows: when local oxy 
gen is deficient, sensor output (i.e., Isig and SG) will be 
dependent on oxygen rather than glucose and, as such, the 
sensor will lose sensitivity to glucose. Other markers, includ 
ing 0.1 HZ real impedance, the counter electrode Voltage 
(Vcntr), and EIS-induced spikes in the Isig may also be used 
for the detection of oxygen deficiency-led sensitivity loss. 
Moreover, in a redundant sensor system, the relative differ 
ences in 1 kHZ real impedance, 1 kHz imaginary impedance, 
and 0.1 HZ real impedance between two or more working 
electrodes may be used for the detection of sensitivity loss 
due to biofouling. 
0209. In accordance with embodiments of the invention, 
EIS-based sensor diagnostics entails consideration and analy 
sis of EIS data relating to one or more of at least three primary 
factors, i.e., potential sensor failure modes: (1) signal start 
up; (2) signal dip; and (3) sensitivity loss. Significantly, the 
discovery herein that a majority of the impedance-related 
parameters that are used in Such diagnostic analyses and 
procedures can be studied at a frequency, or within a range of 
frequencies, where the parameter is Substantially analyte 
independent allows for implementation of sensor-diagnostic 
procedures independently of the level of the analyte in a 
patient’s body. Thus, while EIS-based sensor diagnostics 
may be triggered by, e.g., large fluctuations in Isig, which is 
analyte-dependent, the impedance-related parameters that 
are used in Such sensor diagnostic procedures are themselves 
substantially independent of the level of the analyte. As will 
be explored in more detail below, it has also been found that, 
in a majority of situations where glucose may be seen to have 
an effect on the magnitude (or other characteristic) of an 
EIS-based parameter. Such effect is usually small enough— 
e.g., at least an order of magnitude difference between the 
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EIS-based measurement and the glucose effect thereon 
Such that it can be filtered out of the measurement, e.g., via 
software in the IC. 

0210. By definition, “start-up’ refers to the integrity of the 
sensor signal during the first few hours (e.g., t-O-6 hours) 
after insertion. For example, in current devices, the signal 
during the first 2 hours after insertion is deemed to be unre 
liable and, as such, the sensor glucose values are blinded to 
the patient/user. In situations where the sensor takes an 
extended amount of time to hydrate, the sensor signal is low 
for several hours after insertion. With the use of EIS, addi 
tional impedance information is available (by running an EIS 
procedure) right after the sensor has been inserted. In this 
regard, the total impedance equation may be used to explain 
the principle behind low-startup detection using 1 kHz real 
impedance. At relatively higher frequencies—in this case, 1 
kHz and above imaginary impedance is very Small (as con 
firmed with in-vivo data). Such that total impedance reduces 
tO: 

Z, (co) = R + - (co) = Rs 1 + co? R.C. 

0211 AS sensor wetting is gradually completed, the 
double layer capacitance (C) increases. As a result, the total 
impedance will decrease because, as indicated in the equation 
above, total impedance is inversely proportional to C. This is 
illustrated in the form of the intercept 1600 on the real imped 
ance axis shown, e.g., in FIG. 16B. Importantly, the 1 kHz 
imaginary impedance can also be used for the same purpose, 
as it also includes, and is inversely proportional to, a capaci 
tance component. 
0212 Another marker for low startup detection is Nyquist 
slope, which relies solely on the relatively lower-frequency 
impedance which, in turn, corresponds to the Warburg imped 
ance component of total impedance (see, e.g., FIG. 15B). 
FIG. 22 shows a Nyquist plot for a normally-functioning 
sensor, where Arrow A is indicative of the progression of 
time, i.e., sensor wear time, starting from t=0. Thus, EIS at the 
relatively-lower frequencies is performed right after sensor 
insertion (time t O), which generates real and imaginary 
impedance data that is plotted with a first linear fit 2200 
having a first (Nyquist) slope. At a time interval after t=0, a 
second (lower) frequency Sweep is run that produces a second 
linear fit 2210 having a second (Nyquist) slope larger than the 
first Nyquist slope, and so on. As the sensor becomes more 
hydrated, the Nyquist slope increases, and the intercept 
decrease, as reflected by the lines 2200, 2210, etc. becoming 
steeper and moving closer to the Y-axis. In connection with 
low startup detection, clinical data indicates that there is 
typically a dramatic increase of Nyquist slope after sensor 
insertion and initialization, which is then stabilized to a cer 
tain level. One explanation for this is that, as the sensor is 
gradually wetted, the species diffusivity as well as concen 
tration undergo dramatic change, which is reflected in War 
burg impedance. 
0213. In FIG. 23A, the Isig 2230 for a first working elec 
trode WE.1 starts off lower than expected (at about 10 nA), 
and takes some time to catch up with the Isig 2240 for a 
second working electrode WE2. Thus, in this particular 
example, WE1 is designated as having a low start-up. The EIS 
data reflects this low start-up in two ways. First, as shown in 
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FIG.23A, the real impedance at 1 kHz (2235) of WE1 is much 
higher than the 1 kHz real impedance 224.5 of WE2. Second, 
when compared to the Nyquist slope for WE2 (FIG.23C), the 
Nyquist slope for WE.1 (FIG. 23B) starts out lower, has a 
larger intercept 2237, and takes more time to stabilize. As will 
be discussed later, these two signatures—the 1 kHZ real 
impedance and the Nyquist slope—can be used as diagnostic 
inputs in a fusion algorithm to decide which of the two elec 
trodes can carry a higher weight when the fused signal is 
calculated. In addition, one or both of these markers may be 
used in a diagnostic procedure to determine whether the sen 
sor, as a whole, is acceptable, or whether it should be termi 
nated and replaced. 
0214. By definition, signal (or Isig) dips refer to instances 
of low sensor signal, which are mostly temporary in nature, 
e.g., on the order of a few hours. Such low signals may be 
caused, for example, by some form of biological occlusion on 
the sensor Surface, or by pressure applied at the insertion site 
(e.g., while sleeping on the side). During this period, the 
sensor data is deemed to be unreliable; however, the signal 
does recover eventually. In the EIS data, this type of signal 
dip—as opposed to one that is caused by a glycemic change in 
the patient’s body is reflected in the 1 kHz real impedance 
data, as shown in FIG. 24. 
0215 Specifically, in FIG. 24, both the Isig 2250 for the 

first working electrode WE.1 and the Isig 2260 for the second 
working electrode WE2 start out at about 25 nA at the far left 
end (i.e., at 6 pm). As time progresses, both Isigs fluctuate, 
which is reflective of glucose fluctuations in the vicinity of the 
sensor. For about the first 12 hours or so (i.e., until about 6 
am), both Isigs are fairly stable, as are their respective 1 kHz 
real impedances 2255, 2265. However, between about 12 and 
18 hours—i.e., between 6 am and noon the Isig 2260 for 
WE2 starts to dip, and continues a downward trend for the 
next several hours, until about 9 pm. During this period, the 
Isig 2250 for WE1 also exhibits some dipping, but Isig 2250 
is much more stable, and dips quite a bit less, than Isig 2260 
for WE2. The behavior of the Isigs for WE1 and WE2 is also 
reflected in their respective 1 kHz real impedance data. Thus, 
as shown in FIG. 24, during the time period noted above, 
while the 1 kHz real impedance for WE1 (2255) remains 
fairly stable, there is a marked increase in the 1 kHz real 
impedance for WE2 (2265). 
0216 By definition, sensitivity loss refers to instances 
where the sensor signal (Isig) becomes low and non-respon 
sive for an extended period of time, and is usually unrecov 
erable. Sensitivity loss may occur for a variety of reasons. For 
example, electrode poisoning drastically reduces the active 
surface area of the working electrode, thereby severely lim 
iting current amplitude. Sensitivity loss may also occur due to 
hypoxia, or oxygen deficit, at the insertion site. In addition, 
sensitivity loss my occur due to certain forms of extreme 
Surface occlusion (i.e., a more permanent form of the signal 
dip caused by biological or other factors) that limit the pas 
sage of both glucose and oxygen through the sensor mem 
brane, thereby lowering the number/frequency of the chemi 
cal reactions that generate current in the electrode and, 
ultimately, the sensor signal (Isig). It is noted that the various 
causes of sensitivity loss mentioned above apply to both 
short-term (7-10 day wear) and long term (6 month wear) 
SSOS. 

0217. In the EIS data, sensitivity loss is often preceded by 
an increase in the absolute value of phase (phase) and of the 
imaginary impedance (imaginary impedance) at the rela 
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tively higher frequency ranges (e.g., 128 Hz and above, and 1 
kHz and above, respectively). FIG. 25A shows an example of 
a normally-functioning glucose sensor where the sensor cur 
rent 2500 is responsive to glucose—i.e., Isig 2500 tracks 
glucose fluctuations—but all relevant impedance outputs, 
Such as, e.g., 1 kHZ real impedance 2510, 1 kHz imaginary 
impedance 2530, and phase for frequencies at or above about 
128 Hz (2520), remain steady, as they are substantially glu 
cose-independent. 
0218 Specifically, the top graph in FIG. 25A shows that, 
after the first few hours, the 1 kHZ real impedance 2510 holds 
fairly steady at about 5 kOhms (and the 1 kHz imaginary 
impedance 2530 holds fairly steady at about -400 Ohms). In 
other words, at 1 kHz, the real impedance data 2510 and the 
imaginary impedance data 2530 are substantially glucose 
independent, Such that they can be used as signatures for, or 
independent indicators of the health, condition, and ulti 
mately, reliability of the specific sensor under analysis. How 
ever, as mentioned previously, different impedance-related 
parameters may exhibit glucose-independence at different 
frequency ranges, and the range, in each case, may depend on 
the overall sensor design, e.g., electrode type, Surface area of 
electrode, thickness of membrane, permeability of mem 
brane, etc. 
0219. Thus, in the example FIG. 25B for a 90% short 
tubeless electrode design—the top graph again shows that 
sensor current 2501 is responsive to glucose, and that, after 
the first few hours, the 1 kHz real impedance 2511 holds fairly 
steady at about 7.5 kOhms. The bottom graph in FIG. 25B 
shows real impedance data for frequencies between 0.1 Hz 
(2518) and 1 kHz (2511). As can be seen, the real impedance 
data at 0.1 Hz (2518) is quite glucose-dependent. However, as 
indicated by reference numerals 2516, 2514, and 2512, real 
impedance becomes more and more glucose-independent as 
the frequency increases from 0.1 Hz to 1 kHz, i.e., for imped 
ance data measured at frequencies closer to 1 kHz. 
0220 Returning to FIG. 25A, the middle graph shows that 
the phase 2520 at the relatively-higher frequencies is substan 
tially glucose-independent. It is noted, however, that “rela 
tively-higher frequencies' in connection with this parameter 
(phase) for the sensor under analysis means frequencies of 
128 Hz and above. In this regard, the graph shows that the 
phase for all frequencies between 128 Hz and 8 kHz is stable 
throughout the period shown. On the other hand, as can be 
seen in the bottom graph of FIG. 25C, while the phase 2522 at 
128 Hz (and above) is stable, the phase 2524 fluctuates—i.e., 
it becomes more and more glucose-dependent, and to varying 
degrees—at frequencies that are increasingly smaller than 
128 Hz. It is noted that the electrode design for the example of 
FIG. 25C is the same as that used in FIG.25B, and that the top 
graph in the former is identical to the top graph in the latter. 
0221 FIG. 26 shows an example of sensitivity loss due to 
oxygen deficiency at the insertion site. In this case, the inser 
tion site becomes oxygen deprived just after day 4 (desig 
nated by dark vertical line in FIG. 26), causing the sensor 
current 2600 to become low and non-responsive. The 1 kHz 
real impedance 2610 remains stable, indicating no physical 
occlusion on the sensor. However, as shown by the respective 
downward arrows, changes in the relatively higher-frequency 
phase 2622 and 1 kHz imaginary impedance 2632 coincide 
with loss in sensitivity, indicating that this type of loss is due 
to an oxygen deficit at the insertion site. Specifically, FIG. 26 
shows that the phase at higher frequencies (2620) and the 1 
kHz imaginary impedance (2630) become more negative 
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prior to the sensor losing sensitivity—indicated by the dark 
Vertical line—and continue their downward trend as the sen 
Sor sensitivity loss continues. Thus, as noted above, this sen 
sitivity loss is preceded, or predicted, by an increase in the 
absolute value of phase (phase) and of the imaginary imped 
ance (imaginary impedance) at the relatively higher fre 
quency ranges (e.g., 128 HZ and above, and 1 kHz and above, 
respectively). 
0222. The above-described signatures may be verified by 
in-vitro testing, an example of which is shown in FIG. 27. 
FIG. 27 shows the results of in-vitro testing of a sensor, where 
oxygen deficit at different glucose concentrations is simu 
lated. In the top graph, the Isig fluctuates with the glucose 
concentration as the latter is increased from 100 mg/dl (2710) 
to 200 mg/dl (2720),300 mg/dl (2730), and 400 mg/dl (2740), 
and then decreased back down to 200 md/dl (2750). In the 
bottom graph, the phase at the relatively-higher frequencies is 
generally stable, indicating that it is glucose-independent. 
However, at very low oxygen concentrations, such as, e.g., at 
0.1% O2, the relatively high-frequency phase fluctuates, as 
indicated by the encircled areas and arrows 2760, 2770. It is 
noted that the magnitude and/or direction (i.e., positive or 
negative) of fluctuation depend on various factors. For 
example, the higher the ratio of glucose concentration to 
oxygen concentration, the higher the magnitude of the fluc 
tuation in phase. In addition, the specific sensor design, as 
well as the age of the sensor (i.e., as measured by time after 
implant), affect Such fluctuations. Thus, e.g., the older a sen 
sor is, the more susceptible it is to perturbations. 
0223 FIGS. 28A-28D show another example of oxygen 
deficiency-led sensitivity loss with redundant working elec 
trodes WE1 and WE2. As shown in FIG. 28A, the 1 kHz real 
impedance 2810 is steady, even as sensor current 2800 fluc 
tuates and eventually becomes non-responsive. Also, as 
before, the change in 1 kHz imaginary impedance 2820 coin 
cides with the sensor's loss of sensitivity. In addition, how 
ever, FIG. 28B shows real impedance data and imaginary 
impedance data (2830 and 2840, respectively) at 0.105 Hz. 
The latter, which may be more commonly referred to as “0.1 
kHZ data, indicates that, whereas imaginary impedance at 
0.1 kHz appears to be fairly steady, 0.1 kHz real impedance 
2830 increases considerably as the sensor loses sensitivity. 
Moreover, as shown in FIG. 28C, with loss of sensitivity due 
to oxygen deficiency, V. 2850 rails to 1.2 Volts. 
0224. In short, the diagrams illustrate the discovery that 
oxygen deficiency-led sensitivity loss is coupled with lower 1 
kHz imaginary impedance (i.e., the latter becomes more 
negative), higher 0.105 HZ real impedance (i.e., the latter 
becomes more positive), and Vrail. Moreover, the oxygen 
deficiency process and V-rail are often coupled with the 
increase of the capacitive component in the electrochemical 
circuit. It is noted that, in Some of the diagnostic procedures to 
be described later, the 0.105 HZ real impedance may not be 
used, as it appears that this relatively lower-frequency real 
impedance data may be analyte-dependent. 
0225. Finally, in connection with the example of FIGS. 
28A-28D, it is noted that 1 kHz or higher-frequency imped 
ance measurement typically causes EIS-induced spikes in the 
Isig. This is shown in FIG. 28D, where the raw Isig for WE2 
is plotted against time. The drastic increase of Isig when the 
spike starts is a non-Faradaic process, due to double-layer 
capacitance charge. Thus, oxygen deficiency-led sensitivity 
loss may also be coupled with higher EIS-induced spikes, in 
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addition to lower 1 kHz imaginary impedance, higher 0.105 
HZ real impedance, and V. rail, as discussed above. 
0226 FIG. 29 illustrates another example of sensitivity 
loss. This case may be thought of as an extreme version of the 
Isigdip described above in connection with FIG. 24. Here, the 
sensor current 2910 is observed to be low from the time of 
insertion, indicating that there was an issue with an insertion 
procedure resulting in electrode occlusion. The 1 kHz real 
impedance 2920 is significantly higher, while the relatively 
higher-frequency phase 2930 and the 1 kHz imaginary 
impedance 2940 are both shifted to much more negative 
values, as compared to the same parameter values for the 
normally-functioning sensor shown in FIG. 25A. The shift in 
the relatively higher-frequency phase 2930 and 1 kHz imagi 
nary impedance 2940 indicates that the sensitivity loss may 
be due to an oxygen deficit which, in turn, may have been 
caused by an occlusion on the sensor Surface. 
0227 FIGS. 30A-30D show data for another redundant 
sensor, where the relative differences in 1 kHz real impedance 
and 1 kHz imaginary impedance, as well as 0.1 HZ real 
impedance, between two or more working electrodes may be 
used for the detection of sensitivity loss due to biofouling. In 
this example, WEIL exhibits more sensitivity loss than WE2. 
as is evident from the higher 1 kHz real impedance 3010, 
lower 1 kHz imaginary impedance 3020, and much higher 
real impedance at 0.105 kHz (3030) for WE2. In addition, 
however, in this example, V3050 does not rail. Moreover, 
as shown in FIG.30D, the height of the spikes in the raw Isig 
data does not change much as time progresses. This indicates 
that, for sensitivity loss due to biofouling, V-rail and the 
increase in spike height are correlated. In addition, the fact 
that the height of the spikes in the raw Isig data does not 
change much with time indicates that the capacitive compo 
nent of the circuit does not change significantly with time, 
such that sensitivity loss due to biofouling is related to the 
resistance component of the circuit (i.e., diffusion). 
0228. Various of the above-described impedance-related 
parameters may be used, either individually or in combina 
tion, as inputs into: (1) EIS-based sensor diagnostic proce 
dures; and/or (2) fusion algorithms for generating more reli 
able sensor glucose values. With regard to the former, FIG.31 
illustrates how EIS-based data i.e., impedance-related 
parameters, or characteristics—may be used in a diagnostic 
procedure to determine, in real time, whether a sensor is 
behaving normally, or whether it should be replaced. 
0229. The diagnostic procedure illustrated in the flow dia 
gram of FIG. 31 is based on the collection of EIS data on a 
periodic basis, Such as, e.g., hourly, every half hour, every 10 
minutes, or at any other interval—including continuously— 
as may be appropriate for the specific sensor under analysis. 
At each such interval, EIS may be run for an entire frequency 
spectrum (i.e., a “full sweep'), or it may be run for a selected 
frequency range, or even at a single frequency. Thus, for 
example, for an hourly data collection scheme, EIS may be 
performed at frequencies in the LHZ to MHZ range, or it may 
be run for a narrower range of frequencies, such as, e.g., 
between about 0.1 Hz and about 8 kHz, as discussed herein 
above. In embodiments of the invention, EIS data acquisition 
may be implemented alternatingly between a full Sweep and 
an narrower-range spectrum, or in accordance with other 
schemes. 
0230. The temporal frequency of EIS implementation and 
data collection may be dictated by various factors. For 
example, each implementation of EIS consumes a certain 
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amount of power, which is typically provided by the sensors 
battery, i.e., the battery running the sensor electronics, includ 
ing the ASIC which is described later. As such, battery capac 
ity, as well as the remaining sensor life, may help determine 
the number of times EIS is run, as well as the breadth of 
frequencies sampled for each Such run. In addition, embodi 
ments of the invention envision situations that may require 
that an EIS parameterata specific frequency (e.g., real imped 
ance at 1 kHz) be monitored based on a first schedule (e.g., 
once every few seconds, or minutes), while other parameters, 
and/or the same parameter at other frequencies, can be moni 
tored based on a second schedule (e.g., less frequently). In 
these situations, the diagnostic procedure can be tailored to 
the specific sensor and requirements, such that battery power 
may be preserved, and unnecessary and/or redundant EIS 
data acquisition may be avoided. 
0231. It is noted that, in embodiments of the invention, a 
diagnostic procedure. Such as the one shown in FIG. 31, 
entails a series of separate “tests’ which are implemented in 
order to perform real-time monitoring of the sensor. The 
multiple tests, or markers—also referred to as “multi mark 
ers” —are implemented because each time EIS is run (i.e., 
each time an EIS procedure is performed), data may be gath 
ered about a multiplicity of impedance-based parameters, or 
characteristics, which can be used to detect sensor condition 
or quality, including, e.g., whether the sensor has failed or is 
failing. In performing sensor diagnostics, sometimes, there 
can be a diagnostic test that may indicate a failure, whereas 
other diagnostic(s) may indicate no failure. Therefore, the 
availability of multiple impedance-related parameters, and 
the implementation of a multi-test procedure, are advanta 
geous, as some of the multiplicity of tests may act as validity 
checks against Some of the other tests. Thus, real-time moni 
toring using a multi-marker procedure may include a certain 
degree of built-in redundancy. 
0232. With the above in mind, the logic of the diagnostic 
procedure shown in FIG. 31 begins at 3100, after the sensor 
has been inserted/implanted, and an EIS run has been made, 
so as to provide the EIS data as input. At 3100, using the EIS 
data as input, it is first determined whether the sensor is still in 
place. Thus, if the IZ slope is found to be constant across the 
tested frequency band (or range), and/or the phase angle is 
about -90°, it is determined that the sensor is no longer in 
place, and an alert is sent, e.g., to the patient/user, indicating 
that sensor pullout has occurred. The specific parameters (and 
their respective values) described herein for detecting sensor 
pullout are based on the discovery that, once the sensor is out 
of the body and the membrane is no longer hydrated, the 
impedance spectrum response appears just like a capacitor. 
0233. If it is determined that the sensor is still in place, the 
logic moves to step 3110 to determine whether the sensor is 
properly initialized. As shown, the “Init. Check” is performed 
by determining: (i) whether (Z-Z)/Z |>30% at 1 kHz, 
where Z is the real impedance measured at a first time, and Z. 
is the measured impedance at the next interval, at discussed 
above; and (2) whether the phase angle change is greater than 
10° at 0.1 Hz. If the answer to either one of the questions is 
“yes”, then the test is satisfactory, i.e., the Test 1 is not failed. 
Otherwise, the Test 1 is marked as a failure. 
0234. At step 3.120. Test 2 asks whether, at a phase angle of 
-45°, the difference in frequency between two consecutive 
EIS runs (f-f) is greater than 10 Hz. Again, a “No” answer 
is marked as a fail; otherwise, Test 2 is satisfactorily met. 
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0235 Test 3 at step 3130 is a hydration test. Here, the 
inquiry is whether the current impedance Z is less than the 
post-initialization impedance Z at 1 kHz. If it is, then this 
test is satisfied; otherwise, Test 3 is marked as a fail. Test 4 at 
step 3140 is also a hydration test, but this time at a lower 
frequency. Thus, this test asks whether Z is less than 300 
kOhms at 0.1 Hz during post-initialization sensor operation. 
Again, a “No” answer indicates that the sensor has failed Test 
4 

0236. At step 3150, Test 5 inquires whether the low-fre 
quency Nyquist slope is globally increasing from 0.1 Hz to 1 
HZ. As discussed previously, for a normally-operating sensor, 
the relatively lower-frequency Nyquist slope should be 
increasing over time. Thus, this test is satisfied if the answer 
to the inquiry is “yes”; otherwise, the test is marked as failed. 
0237 Step 3160 is the last test for this embodiment of the 
diagnostic procedure. Here, the inquiry is whether real 
impedance is globally decreasing. Again, as was discussed 
previously, in a normally-operating sensor, it is expected that, 
as time goes by, the real impedance should be decreasing. 
Therefore, a “Yes” answer here would mean that the sensor is 
operating normally; otherwise, the sensor fails Test 6. 
0238. Once all 6 tests have been implemented, a decision 

is made at 3170 as to whether the sensor is operating nor 
mally, or whether it has failed. In this embodiment, a sensor is 
determined to be functioning normally (3172) if it passes at 
least 3 out of the 6 tests. Put another way, in order to be 
determined to have failed (3174), the sensor must fail at least 
4 out of the 6 tests. In alternative embodiments, a different 
rule may be used to assess normal operation versus sensor 
failure. In addition, in embodiments of the invention, each of 
the tests may be weighted. Such that the assigned weight 
reflects, e.g., the importance of that test, or of the specific 
parameter(s) queried for that test, in determining overall sen 
sor operation (normal VS. failed). For example, one test may 
be weighted twice as heavily as another, but only half as 
heavily as a third test, etc. 
0239. In other alternative embodiments, a different num 
ber of tests and/or a different set of EIS-based parameters for 
each test may be used. FIGS. 32A and 32B show an example 
of a diagnostic procedure for real-time monitoring that 
includes 7 tests. Referring to FIG. 32A, the logic begins at 
3200, after the sensor has been inserted/implanted, and an 
EIS procedure has been performed, so as to provide the EIS 
data as input. At 3200, using the EIS data as input, it is first 
determined whether the sensor is still in place. Thus, if the ZI 
slope is found to be constant across the tested frequency band 
(or range), and/or the phase angle is about -90, it is deter 
mined that the sensor is no longer in place, and an alert is sent, 
e.g., to the patient/user, indicating that sensor pullout has 
occurred. If, on the other hand, the sensor is determined to be 
in place, the logic moves to initiation of diagnostic checks 
(3202). 
0240. At 3205, Test 1 is similar to Test 1 of the diagnostic 
procedure discussed above in connection with FIG. 31, 
except that the instant Test 1 specifies that the later measure 
ment Z is taken 2 hours after the first measurement. As such, 
in this example, Z, -Z. More specifically, Test 1 compares 
the real impedance 2 hours after (sensor implantation and) 
initialization to the pre-initialization value. Similarly, the sec 
ond part of Test 1 asks whether the difference between the 
phase 2 hours after initialization and the pre-initialization 
phase is greater than 10° at 0.1 Hz. As before, if the answer to 
either one of the inquiries is affirmative, then it is determined 
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that the sensor is hydrated normally and initialized, and Test 
1 is satisfied; otherwise, the sensor fails this test. It should be 
noted that, even though the instant test inquires about imped 
ance and phase change 2 hours after initialization, the time 
interval between any two consecutive EIS runs may be shorter 
or longer, depending on a variety of factors, including, e.g., 
sensor design, the level of electrode redundancy, the degree to 
which the diagnostic procedure includes redundant tests, bat 
tery power, etc. 
0241 Moving to 3210, the logic next performs a sensitiv 
ity-loss check by inquiring whether, after a 2-hour interval 
(n+2), the percentage change in impedance magnitude at 1 
kHz, as well as that in the Isig, is greater than 30%. If the 
answer to both inquiries is “yes”, then it is determined that the 
sensor is losing sensitivity and, as such, Test 2 is determined 
to be failed. It is noted that, although Test 2 is illustrated 
herein based on a preferred percentage difference of 30%, in 
other embodiments, the percentage differences in the imped 
ance magnitude at 1 kHz and in the Isig may fall within the 
range 10%-50% for purposes of conducting this test. 
0242 Test 3 (at 3220) is similar to Test 5 of the algorithm 
illustrated in FIG. 31. Here, as before, the question is whether 
the low-frequency Nyquist slope is globally increasing from 
0.1 Hz to 1 Hz. If it is, then this test is passed; otherwise, the 
test is failed. As shown in 3220, this test is also amenable to 
setting a threshold, or an acceptable range, for the percent 
change in the low-frequency Nyquist slope, beyond which the 
sensor may be deemed to be failed or, at the very least, may 
trigger further diagnostic testing. In embodiments of the 
invention, such threshold value/acceptable range for the per 
cent change in low-frequency Nyquist slope may fall within a 
range of about 2% to about 20%. In some preferred embodi 
ments, the threshold value may be about 5%. 
0243 The logic next moves to 3230, which is another 
low-frequency test, this time involving the phase and the 
impedance magnitude. More specifically, the phase test 
inquires whether the phase at 0.1 Hz is continuously increas 
ing over time. If it is, then the test is failed. As with other tests 
where the parameter's trending is monitored, the low-fre 
quency phase test of Test 4 is also amenable to setting a 
threshold, or an acceptable range, for the percent change in 
the low-frequency phase, beyond which the sensor may be 
deemed to be failed or, at the very least, raise a concern. In 
embodiments of the invention, such threshold value/accept 
able range for the percent change in low-frequency phase may 
fall within a range of about 5% to about 30%. In some pre 
ferred embodiments, the threshold value may be about 10%. 
0244 As noted, Test 4 also includes a low-frequency 
impedance magnitude test, where the inquiry is whether the 
impedance magnitude at 0.1 HZ is continuously increasing 
over time. If it is, then the test is failed. It is noted that Test 4 
is considered “failed if either the phase test or the impedance 
magnitude test is failed. The low-frequency impedance mag 
nitude test of Test 4 is also amenable to setting a threshold, or 
an acceptable range, for the percent change in the low-fre 
quency impedance magnitude, beyond which the sensor may 
be deemed to be failed or, at the very least, raise a concern. In 
embodiments of the invention, such threshold value/accept 
able range for the percent change in low-frequency imped 
ance magnitude may fall within a range of about 5% to about 
30%. In some preferred embodiments, the threshold value 
may be about 10%, where the range for impedance magnitude 
in normal sensors is generally between about 100 KOhms and 
about 200 KOhms. 
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0245 Test 5 (at 3240) is another sensitivity loss check that 
may be thought of as supplemental to Test 2. Here, if both the 
percentage change in the Isigand the percentage change in the 
impedance magnitude at 1 kHZ are greater than 30%, then it 
is determined that the sensor is recovering from sensitivity 
loss. In other words, it is determined that the sensor had 
previously undergone some sensitivity loss, even if the sen 
sitivity loss was not, for some reason, detected by Test 2. As 
with Test 2, although Test 5 is illustrated based on a preferred 
percentage difference of 30%, in other embodiments, the 
percentage differences in the Isig and the impedance magni 
tude at 1 kHz may fall within the range 10%-50% for pur 
poses of conducting this test. 
0246 Moving to 3250, Test 6 provides a sensor function 
ality test with specific failure criteria that have been deter 
mined based on observed data and the specific sensor design. 
Specifically, in one embodiment, a sensor may be determined 
to have failed and, as such, to be unlikely to respond to 
glucose, if at least two out of the following three criteria are 
met: (1) Isig is less than 10 nA, and (2) the imaginary imped 
ance at 1 kHz is less than -1500 Ohm; and (3) the phase at 1 
kHz is less than -15°. Thus, Test 6 is determined to have been 
passed if any two of (1)–(3) are not met. It is noted that, in 
other embodiments, the Isig prong of this test may be failed if 
the Isig is less than about 5 nA to about 20 na. Similarly, the 
second prong may be failed if the imaginary impedance at 1 
kHz is less than about -1000 Ohm to about -2000 Ohms. 
Lastly, the phase prong may be failed if the phase at 1 kHz is 
less than about -10° to about -20°. 
0247 Lastly, step 3260 provides another sensitivity check, 
wherein the parameters are evaluated at low frequency. Thus, 
Test 7 inquires whether, at 0.1 Hz, the magnitude of the 
difference between the ratio of the imaginary impedance to 
the Isig (n+2), on the one hand, and the pervious value of the 
ratio, on the other, is larger than 30% of the magnitude of the 
previous value of the ratio. If it is, then the test is failed; 
otherwise, the test is passed. Here, although Test 7 is illus 
trated based on a preferred percentage difference of 30%, in 
other embodiments, the percentage difference may fall within 
the range 10%-50% for purposes of conducting this test. 
0248. Once all 7 tests have been implemented, a decision 

is made at 3270 as to whether the sensor is operating nor 
mally, or whether an alert should be sent out, indicating that 
the sensor has failed (or may be failing). As shown, in this 
embodiment, a sensor is determined to be functioning nor 
mally (3272) if it passes at least 4 out of the 7 tests. Put 
another way, in order to be determined to have failed, or to at 
least raise a concern (3274), the sensor must fail at least 4 out 
of the 7 tests. If it is determined that the sensor is “bad” 
(3274), an alert to that effect may be sent, e.g., to the patient/ 
user. As noted previously, in alternative embodiments, a dif 
ferent rule may be used to assess normal operation versus 
sensor failure/concern. In addition, in embodiments of the 
invention, each of the tests may be weighted, Such that the 
assigned weight reflects, e.g., the importance of that test, or of 
the specific parameter(s) queried for that test, in determining 
overall sensor operation (normal VS. failed). 
0249. As was noted previously, in embodiments of the 
invention, various of the above-described impedance-related 
parameters may be used, either individually or in combina 
tion, as inputs into one or more fusion algorithms for gener 
ating more reliable sensor glucose values. Specifically, it is 
known that, unlike a single-sensor (i.e., a single-working 
electrode) system, multiple sensing electrodes provide 

27 
Dec. 12, 2013 

higher-reliability glucose readouts, as a plurality of signals, 
obtained from two or more working electrodes, may be fused 
to provide a single sensor glucose value. Such signal fusion 
utilizes quantitative inputs provided by EIS to calculate the 
most reliable output sensor glucose value from the redundant 
working electrodes. It is noted that, while the ensuing discus 
sion may describe various fusion algorithms interms of a first 
working electrode (WE1) and a second working electrode 
(WE2) as the redundant electrodes, this is by way of illustra 
tion, and not limitation, as the algorithms and their underlying 
principles described hereinare applicable to, and may be used 
in, redundant sensor systems having more than 2 working 
electrodes. 

(0250 FIGS. 33A and 33B show top-level flowcharts for 
two alternative methodologies, each of which includes a 
fusion algorithm. Specifically, FIG. 33A is a flowchart 
involving a current (Isig)-based fusion algorithm, and FIG. 
33B is a flowchart directed to sensor glucose (SG) fusion. As 
may be seen from the diagrams, the primary difference 
between the two methodologies is the time of calibration. 
Thus, FIG.33A shows that, for Isigfusion, calibration3590 is 
performed after the fusion 3540 is completed. That is, redun 
dant Isigs from WE1 to WEnarefused into a single Isig3589, 
which is then calibrated to produce a single sensor glucose 
value 3598. For SG fusion, on the other hand, calibration 
3435 is completed for each individual Isig from WE1 to WEn 
to produce calibrated SG values (e.g., 3436, 3438) for each of 
the working electrodes. Thus, SG fusion algorithms provide 
for independent calibration of each of the plurality of Isigs, 
which may be preferred in embodiments of the invention. 
Once calibrated, the plurality of calibrated SG values is fused 
into a single SG value 3498. 
0251. It is important to note that each of flowcharts shown 
in FIGS. 33A and 33B includes a spike filtering process 
(3520, 3420). As was described above in the discussion relat 
ing to sensitivity loss, 1 kHz or higher-frequency impedance 
measurements typically cause EIS-induced spikes in the Isig. 
Therefore, once an EIS procedure has been performed for 
each of the electrodes WE1 to WEn, for both SG fusion and 
Isig fusion, it is preferable to first filter the Isigs 3410, 3412, 
etc. and 3510, 3512, etc. to obtain respective filtered Isigs 
3422, 3424, etc. and 3522, 3524, etc. The filtered Isigs are 
then either used in Isigfusion, or first calibrated and then used 
in SG fusion, as detailed below. As will become apparent in 
the ensuing discussion, both fusion algorithms entail calcu 
lation and assignment of weights based on various factors. 
0252 FIG. 34 shows the details of the fusion algorithm 
3440 for SG fusion. Essentially, there are four factors that 
need to be checked before the fusion weights are determined. 
First, integrity check 3450 involves determining whether 
each of the following parameters is within specified ranges 
for normal sensor operation (e.g., predetermined lower and 
upper thresholds): (i) Isig; (ii) 1 kHZ real and imaginary 
impedances; (iii) 0.105 HZ real and imaginary impedances; 
and (iv) Nyquist slope. As shown, integrity check 3450 
includes a Bound Check 3452 and a Noise Check 3456, 
wherein, for each of the Checks, the above-mentioned param 
eters are used as input parameters. It is noted that, for brevity, 
real and/or imaginary impedances, at one or more frequen 
cies, appear on FIGS. 33A-35 simply as “Imp' for imped 
ance. In addition, both real and imaginary impedances may be 
calculated using impedance magnitude and phase (which is 
also shown as an input on FIGS. 33A and 33B). 
















































