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Let:

t = time since immersion in bath

Th = bath temperature

Tc = start temperature

Tm(t) = thermistor temperature, measured

Tt(t) = thermistor temperature, simulated

Te(t) = adhesive + silicone temperature, simulated
t = bath-to-thermistor time constant
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Time constants derived from Example 1:
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Time constants derived from Example 2:
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Time constants derived from Example 3:
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Time constants derived from Example 4:
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symbol | parameter value units
ht Bath-io-themistar time constant 118 seconds
106 Bath-to-wire time constant 233 seconds
Tie Thermisior-fo-wire time constant 39 $800nds
36.00
34.00
32.00
30.00
o
@ 28.00
=
®
2
E 26.00

24.00

22.00

20.00 T T T T T
0 10 20 30 40 50 60 70
Time (seconds)

FIG. 12




U.S. Patent Jun. 23,2015  Sheet 13 0f 19 US 9,060,692 B2

Re Te(t) Rt Tm(t) Rw

O/C AAN % AV

tbe tet tte

() Thath L Casic =L ot

—Ccold

Let:
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Tm(t) = thermistor temperature, measured
Tt(t) = thermistor temperature, simulated
Te(t) = ASIC-temperature, simulated

et = ASIC-to-thermistor time constant
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Time constants derived from Example 7:
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TEMPERATURE SENSOR FOR A LEADLESS
CARDIAC PACEMAKER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/272,092, filed Oct. 12, 2011, entitled
“Temperature Sensor for a Leadless Cardiac Pacemaker”,
now U.S. Pat. No. 8,543,205, which application claims the
benefit of U.S. Provisional Patent Application No. 61/392,
382, filed Oct. 12, 2010. This application also claims the
benefit of U.S. Provisional Patent Application No. 61/650,
819, filed May 23, 2012, titled “Temperature Sensor for a
Leadless Cardiac Pacemaker”, the contents of which are
incorporated by reference herein.

INCORPORATION BY REFERENCE

All publications and patent applications mentioned in this
specification are herein incorporated by reference to the same
extent as if each individual publication or patent application
was specifically and individually indicated to be incorporated
by reference.

BACKGROUND

Cardiac pacing by an artificial pacemaker provides an elec-
trical stimulation of the heart when the heart’s own natural
pacemaker and/or conduction system fails to provide syn-
chronized atrial and ventricular contractions at rates and
intervals sufficient for a patient’s health. Such antibradycar-
dial pacing provides relief from symptoms and even life sup-
port for hundreds of thousands of patients.

The rate of stimulation provided by a pacemaker may need
to be adjusted to match the level of the patient’s physical
activity. Prior rate responsive pacemakers have relied on,
among other parameters, central venous temperature to indi-
cate the need to adjust stimulation rates up or down. Prior
devices often used temperature sensors connected to the pace-
maker body by a lead extending from the pacemaker body’s
location outside of the heart to a temperature sensor located
within the patient’s heart. These devices typically include
temperature sensors that are disposed directly in the blood
stream of the patient.

SUMMARY OF THE DISCLOSURE

A semiconductor temperature sensor is provided, compris-
ing at least one bipolar transistor configured to generate a
complimentary-to-absolute-temperature ~ (CTAT)  signal
derived from a base-emitter voltage of the at least one bipolar
transistor, first and second proportional-to-absolute-tempera-
ture (PTAT) signals derived from the at least one bipolar
transistor, the first PTAT signal being equal to the CTAT
signal at a first temperature, the second PTAT signal being
equal to the CTAT signal at a second temperature, and an
analog-to-digital converter (ADC) configured to covert the
CTAT signal and the first and second PTAT signals into a
digital temperature output signal, and a controller configured
to scale the digital temperature output signal to represent a
preferred temperature scale.

In some embodiments, the preferred temperature scale
comprises a Celsius scale. In other embodiments, the pre-
ferred temperature scale comprises a Fahrenheit scale. In
another embodiment, the preferred temperature scale com-
prises a Kelvin scale.
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In some embodiments, the first and second PTAT signals
are derived from a single bipolar transistor to which first and
second bias currents are successively applied.

In one embodiment, the at least one bipolar transistor com-
prises a first bipolar transistor and a second bipolar transistor,
wherein the first and second PTAT signals are derived from a
difference in base-emitter voltages between the first and sec-
ond bipolar transistors.

In another embodiment, the ADC comprises a charge-bal-
ancing ADC. In some embodiments, the charge-balancing
ADC is configured to balance a charge accumulated propor-
tional to the CTAT signal by negative feedback with a charge
proportional to the first or second PTAT signals. In another
embodiment, an intermediate signal in the charge-balancing
ADC is configured to determine which of the first or second
PTAT signals is used in the negative feedback path, such that
a charge provided by the negative feedback path equals a
charge provided by the CTAT signal. In another embodiment,
an average value of the intermediate signal is equal to a
relative value of the CTAT signal with respect to the first and
second PTAT signals.

A method of measuring temperature with a semiconductor
temperature sensor is also provided, comprising deriving a
complimentary-to-absolute-temperature (CTAT) signal from
abase-emitter voltage of at least one bipolar transistor, deriv-
ing first and second proportional-to-absolute-temperature
(PTAT) signals from the at least one bipolar transistor,
wherein the first PTAT signal is approximately equal to the
CTAT signal at a first temperature, wherein the second PTAT
signal is approximately equal to the CTAT signal at a second
temperature, converting the CTAT signal and the first and
second PTAT signals into a digital temperature output signal
with an analog-to-digital converter (ADC), and scaling the
digital temperature output signal to represent a preferred tem-
perature scale.

In some embodiments, the method further comprises cali-
brating the semiconductor temperature sensor at a first tem-
perature to establish an initial temperature error.

In another embodiment, the method further comprises cor-
recting a bias current used to generate the CTAT signal to
bring an initial temperature error within range of the ADC.

A leadless cardiac pacemaker is provided, comprising a
hermetic housing configured to be implanted in a chamber of
a human heart, a power source disposed in the housing, at
least two electrodes supported by the housing, a semiconduc-
tor temperature sensor disposed in the housing, comprising,
at least one bipolar transistor configured to generate a com-
plimentary-to-absolute-temperature (CTAT) signal derived
from a base-emitter voltage of at least one bipolar transistor,
and first and second proportional-to-absolute-temperature
(PTAT) signals derived from the at least one bipolar transistor,
the first PTAT signal being equal to the CTAT signal at a first
temperature, the second PTAT signal being equal to the CTAT
signal ata second temperature, an analog-to-digital converter
(ADC) configured to covert the CTAT signal and the first and
second PTAT signals into a digital temperature output signal,
a controller disposed in the housing and configured to deliver
energy from the power source to the electrodes to stimulate
the heart based on the digital temperature output signal from
the semiconductor temperature sensor.

In some embodiments, the pacemaker further comprises a
fixation helix adapted to attach the hermetic housing to the
heart.

In another embodiment, the semiconductor temperature
sensor is not bonded to the housing.

A leadless cardiac pacemaker is provided, comprising a
hermetic housing configured to be implanted in a chamber of
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a human heart, a switched-bias power source disposed in the
housing, at least two electrodes supported by the housing, a
semiconductor temperature sensor comprising at least one
bipolar transistor configured to generate a complimentary-to-
absolute-temperature (CTAT) signal derived from a base-
emitter voltage of at least one bipolar transistor, and first and
second proportional-to-absolute-temperature (PTAT) signals
derived from the at least one bipolar transistor, the first PTAT
signal being generated by operating the at least one bipolar
transistor at a first pair of current densities, the second PTAT
signal being generated by operating the at least one bipolar
transistor at a second pair of current densities, wherein a first
ratio of the first pair of current densities differs from a second
ratio of the second pair of current densities, an analog-to-
digital converter (ADC) configured to covert the CTAT signal
and the first and second PTAT signals into a digital tempera-
ture output signal, and a controller disposed in the housing
and configured to deliver energy from the power source to the
electrodes to stimulate the heart based upon the digital tem-
perature output signal from the semiconductor temperature
sensor.

In some embodiments, the pacemaker further comprises a
fixation helix adapted to attach the hermetic housing to the
heart.

In another embodiment, the semiconductor temperature
sensor is not bonded to the housing.

A leadless cardiac pacemaker is provided, comprising a
hermetic housing configured to be disposed in achamber of a
human heart, a power source disposed in the housing, at least
two electrodes supported by the housing, a semiconductor
temperature sensor disposed in the housing, the semiconduc-
tor temperature sensor being configured to sense temperature
information within a predetermined range of less than 20
degrees C., and a controller disposed in the housing and
configured to deliver energy from the power source to the
electrodes to stimulate the heart based upon temperature
information from the temperature sensor.

In one embodiment, the semiconductor temperature sensor
is configured to sense temperature information within a pre-
determined range of less than 10 degrees C.

In another embodiment, the semiconductor temperature
sensor is configured to sense temperature information within
a predetermined range of 36 to 42 degrees C.

In an additional embodiment, the controller comprises an
ASIC and the semiconductor temperature sensor is incorpo-
rated into the ASIC.

In some embodiments, the semiconductor temperature
sensor is configured to sense the temperature of blood sur-
rounding the leadless cardiac pacemaker.

In one embodiment, the semiconductor temperature sensor
is not bonded to the housing.

In some embodiments, the semiconductor temperature
sensor includes a low-resolution analog-to-digital converter
adapted to consume less than 100 nA of current at greater than
0.1 temperature samples per second.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with par-
ticularity in the claims that follow. A better understanding of
the features and advantages of the present invention will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings of which:

FIG. 1 shows a leadless cardiac pacemaker including a
temperature sensor.
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FIG. 2 illustrates a temperature sensor disposed within a
hermetic housing of a leadless cardiac pacemaker.

FIG. 3 illustrates a semiconductor temperature sensor inte-
grated into an ASIC in a leadless cardiac pacemaker.

FIG. 4 illustrates another embodiment of a semiconductor
temperature sensor integrated into an ASIC in a leadless
cardiac pacemaker.

FIGS. 5A and 5B illustrate one embodiment of a leadless
cardiac pacemaker with a thermistors temperature sensor.

FIG. 6 is one embodiment of a thermal circuit for use in a
leadless cardiac pacemaker.

FIG. 7 illustrates a thermal model based on the thermal
circuit of FIG. 6.

FIG. 8 illustrates a thermal model based on one embodi-
ment of the temperature sensor of FIGS. 5A-5B.

FIG. 9 illustrates a thermal model based on another
embodiment of the temperature sensor of FIGS. 5A-5B.

FIG. 10 illustrates a thermal model based on yet another
embodiment the temperature sensor of FIGS. SA-5B.

FIG. 11 illustrates a thermal model based on one embodi-
ment of the temperature sensor of FIGS. 5A-5B.

FIG. 12 illustrates a thermal model based on another
embodiment of the temperature sensor of FIGS. 5A-5B.

FIG. 13 is another embodiment of a thermal circuit for use
in a leadless cardiac pacemaker.

FIG. 14 illustrates a thermal model based on the thermal
circuit of FIG. 13.

FIG. 15 illustrates one embodiment of a semiconductor
temperature sensor.

FIG. 16 shows a temperature range of coverage for the
sensor of FIG. 15.

FIG. 17 shows a narrow-range semiconductor temperature
Sensor.

FIG. 18 shows a temperature range of coverage for the
sensor of FIG. 17.

FIG. 19 shows another embodiment of a semiconductor
temperature sensor.

FIG. 20 shows a semiconductor temperature sensor with a
charge-balancing scheme.

FIG. 21 shows a non-linearity for a simulated implemen-
tation of one embodiment of a semiconductor temperature
sensor.

FIG. 22 illustrates errors found in one embodiment of a
semiconductor temperature sensor.

FIG. 23 shows an example of the simulated residual error
after such a course trim of the bias current is performed in
combination with a digital offset correction.

DETAILED DESCRIPTION

This disclosure relates to a rate responsive leadless cardiac
pacemaker or other leadless biostimulator. The leadless bio-
stimulator can be implanted within a chamber of the patient’s
heart. The rate responsive leadless biostimulator can employ
a temperature sensor, such as a digital output sensor having
bipolar transistors, that is supported by the biostimulator
housing. The leadless biostimulator of this disclosure can use
the measured temperature to adjust the rate of its electrical
stimulation signals.

In some embodiments, the leadless biostimulator may
include a hermetic housing disposed in a chamber of a human
heart, a battery disposed in the housing, at least two electrodes
supported by the housing, a temperature sensor supported by
the housing and a controller disposed in the housing. The
controller can be adapted to sense intracardiac information
using the two electrodes and to deliver stimulation energy
from the battery to the electrode using temperature informa-
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tion from the temperature sensor. The temperature sensor
may be supported by the leadless biostimulator housing in
any manner consistent with the thermal time constant require-
ments of the system. The temperature sensor may be a ther-
mistor or a semiconductor temperature sensor incorporated
into the controller.

In order to use central venous temperature as the metabolic
parameter for a rate response algorithm, the leadless bio-
stimulator must be able to sense and respond to changes in
central venous temperatures within a clinically significant
period oftime, such as less than 30 seconds. Since the leadless
biostimulator will be disposed in contact with the patient’s
blood within the patient’s heart, the biostimulator design
must provide a heat conduction path from the blood to the
temperature sensing element whose time constant is suffi-
ciently small to allow the sensor to reach its final value within
the chosen clinically significant time. Thus, for example, if
the desired clinically significant time is 30 seconds, the ther-
mal time constant of the temperature sensing components
might be chosen to be 10 seconds.

FIG. 1 shows a leadless cardiac pacemaker or leadless
biostimulator 1. Biostimulator 1 can include a housing 6
having a header section 2 made from an electrically insulating
material and extending from hermetic can sections 3 and 4
made from, e.g., titanium. Can section 3 can be electrically
insulated, and can section 4 may not insulated so that it can
serve as an electrode. An electronics compartment within the
can sections 3 and 4 can contain the electronic components
necessary for operation of the biostimulator, including a bat-
tery and a controller. A helical fixation device 5 can extend
through a passage in can 3 into and through header 2 as
shown. In some embodiments, the fixation device 5 can com-
prise an electrode, and in other embodiments a distal elec-
trode can be separate from the helical fixation device.

In the embodiment of FIG. 1, a thermistor 7 can be dis-
posed in header 2. The thermistors can include at least two
thermistors leads for electrically connecting the thermistors 7
to the controller of the leadless biostimulator. In this embodi-
ment, at least one of the thermistor leads can extend through
a feedthrough in can section 3 to a controller within the can.
The other thermistor lead may be electrically connected to the
can, or can alternatively pass through a feedthrough into the
interior of the can. In this embodiment, thermistor 7 can be in
contact with an interior surface of header 2 and thus can be in
thermal contact with blood surrounding the biostimulator
through header 2.

The controller inside housing 6 can be adapted to sense
intracardiac information using electrodes 4 and 5 and to
deliver stimulation energy from the battery to electrodes on
the leadless biostimulator using temperature information
from the thermistor 7. In some embodiments, the rate of
stimulation provided by a pacemaker may need to be adjusted
to match the level of the patient’s physical activity or tem-
perature. For example, the temperature information can deter-
mine the temperature of the patient and adjust the rate of
stimulation to account for temperature variations due to fever
Or exercise.

In the embodiment of FIG. 2, the temperature sensor can be
a thermistor 126 disposed within a hermetic can 100 of the
housing. The hermetic can 100 can correspond, for example,
to can sections 3 and 4 from FIG. 1. As shown in this cross-
sectional view, thermistor 126 can be bonded so as to be
thermally connected to an inside surface of hermetic can 100,
and the thermistors can connect to ASIC controller 120 via
leads 128 and ASIC substrate 124. Thus, thermistor 126 can
be configured to sense the temperature of blood surrounding
the biostimulator through housing 100. Other elements
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within hermetic can 100 include the ASIC substrate 124,
other electronic components 122, and a battery (not shown).
At least two electrodes can be supported by the housing as in
the embodiment of FIG. 1. In some embodiments, the ASIC
controller 120 can be adapted to sense intracardiac informa-
tion using the electrodes and to deliver stimulation energy
from the battery to one of the electrodes using temperature
information from the thermistor 126.

In theembodiment of FIG. 3, the temperature sensor can be
a semiconductor temperature sensor integrated into ASIC
substrate 124. A thermally conductive pad 125 can extend
from the temperature sensor in ASIC substrate 124 to an
interior surface of hermetic can 100. Thus, the temperature
sensor can sense the temperature of blood surrounding the
biostimulator through hermetic can 100 with conductive pad
125. As in the embodiment of FIG. 2, at least two electrodes
can be supported by thehousing. The ASIC controller 120 can
be adapted to sense intracardiac information using the elec-
trodes and to deliver stimulation energy from the battery to
one of the electrodes using temperature information from the
integrated temperature sensor.

The embodiment of FIG. 4 is similar to that of FIG. 3, but
omits the thermally conductive pad. The ASIC controller 120
and substrate 124 can therefore be floating in, and not bonded
to the hermetic can 100. Thus, the temperature sensor inte-
grated into ASIC controller 120 canbe configured to sense the
temperature of blood surrounding the biostimulator via the
thermal resistance between the ASIC controller 120 and the
hermetic can 100. Similarly, in this embodiment, the ASIC
controller 120 can be adapted to sense intracardiac informa-
tion using the electrodes and to deliver stimulation energy
from the battery to one of the electrodes using temperature
information from the integrated temperature sensor.

In some embodiments, the semiconductor temperature
sensor of FIGS. 3-4 is a digital output sensor having bipolar
transistors. The digital output sensor makes use of the tem-
perature-dependent forward voltage of a bipolar transistor.

Example 1

Tests were conducted to see how thermal response times
compared among some of these embodiments. FIGS. 5A and
5B show a first prototype assembly having a housing 200
made from a tube capped off at ends 202 and 204 with sili-
cone. The tube can be an 8 mm stainless steel tube, for
example. A thermistor 206 was encapsulated with cyanoacry-
late to bond it to the inside of housing 200 within the silicone
at end 204. Silicone grease was applied between the ther-
mistor and the housing wall contact point. Wires 208 extend-
ing from thermistor 206 were insulated. The cavity 210 within
housing 200 was filled with water. Housing 200 had a 7 mm
diameter and 25.5 mm length. The silicone at end 204
extended 6.5 mm into housing 200.

Two beakers were filled with 500 ml of distilled water and
immersed a thermistor in each beaker to monitor temperature.
The second beaker was then placed on a hot plate/stirrer and
the temperature was adjusted approximately 10° C. higher
than the first beaker. The stirrer ran to agitate the solution. The
prototype assembly was immersed in the first beaker for at
least 5 minutes and transferred the prototype assembly to the
second beaker in less than 1 second. The temperature was
recorded from all three sensors (one on each beaker and one
on the prototype assembly) for a sample rate greater or equal
to 1 second/sample for at least 1 minute after transferring the
prototype assembly to the second beaker. It was verified that
the temperature in the second beaker does not change by more
than 5% during the course of the procedure.
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The measured temperatures were compared with a thermal
model based on the thermal circuit shown in FIG. 6. The
results are shown in FIG. 7. The model time constants are
derived by minimizing the RMS error in Tm(t)-Tt(t) over all
time. For each experiment the derived time constants are
given. In this case the thermal time constant between the bath
and thermistor was determined to be 4.3 seconds.

Let: t=time since immersion in bath; Th=bath temperature;
Te=start temperature; Tm(t)=thermistor temperature, mea-
sured; Tt(t)=thermistor temperature, simulated; Te(t)=adhe-
sive+silicone temperature, simulated; tht=bath-to-thermistor
time constant; the=bath-to-adhesive+silicone time constant;
tte=thermistor-to-adhesive+silicone time constant.

Then:

Th=Te(t) .t
— =P The
Th-Te
Te() = Th~ (Th=Tc) & T
Th—Ti(tl) Ti(1l) - Te(rl
Tr(12) - Ti(11) = ) - nel) - Teel) (2 -11)
ht Tte
Example 2

Another test was conducted using a prototype similar to
that of FIGS. 5A-5B but using much less cyanoacrylate adhe-
sive to bond the thermistor to the can. The same test protocol
was used as in Example 1. The results are shown in FIG. 8.
The thermal time constant between the bath and thermistor
was determined to be 3.0 seconds.

Example 3

A test was conducted using the test protocol of Example 1
with a prototype similar to that of FIGS. 5A-5B but filled with
air instead of water. The results are shown in FIG. 9. The
thermal time constant between the bath and thermistor was
determined to be 4.0 seconds and therefore the thermal mass
of the battery is not expected to greatly change these results.

Example 4

A test was conducted using the test protocol of Example 1
with aprototype similar to that of FIGS. 5A-5B but with an air
gap between the silicone plug and the adhesive/thermistor,
and using only a very small amount of cyanoacrylate adhesive
to bond the thermistor to the can. The results are shown in
FIG. 10. The thermal time constant between the bath and
thermistor was determined to be 3.4 seconds.

Example 5

A test was conducted using the test protocol of Example 1
with a prototype similar to that of FIGS. 5A-5B but with the
thermistor floating in, not bonded to, the can and with the can
filled with air instead of water. The results are shown in FIG.
11. The thermal time constant between the bath and ther-
mistor was also determined to be 5.5 seconds.

Exaniple 6

A test was conducted using the test protocol of Example 1
with a prototype similar to that of FIGS. 5A-5B but with the
thermistor floating in the can, with the insulated wires leading
from the thermistor contained within a straw to further insu-
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late the wires from the bath temperature, and with the can
filled with air instead of water. The results are shown in FIG.
12. The thermal time constant between the bath and ther-
mistor was determined to be 11.8 seconds.

Example 7

A test was conducted using the test protocol of Example 1
with a prototype similar to that of FIGS. 5A-5B but with the
thermistor bonded to a semiconductor chip within the can.
The chip dimensions were 4 mmx5 mmx20 mils. The semi-
conductor/thermistor assembly was wrapped in one layer of
polyimide tape, and the thermistor wires were thermally insu-
lated from the bath using a straw. The can was filled with air,
not with water. In this simulation, the model was altered to
allow the semiconductor chip (simulating an ASIC) to gain
heat from the bath at a first time constant, the thermistor to
gain heat from the ASIC at a second time constant, and the
thermistor to lose heat to the wires at a third time constant.
The thermal model is shown in FIG. 13. The results of this test
are shown in FIG. 14. The bath to ASIC time constant was
determined to be 12.9 seconds. This test suggests that the
thermal time constant between an integrated AISC thermal
sensor with no specific thermal connection between the can
and ASIC provides acceptable thermal results within the
housing of a leadless cardiac pacemaker.

In some embodiments, the temperature sensor may be a
thermistor, a semiconductor temperature sensot, or part of an
ASIC containing the controller. The sensed temperature can
be used by the leadless stimulator control circuitry to adjust a
rate of electrical stimulation provided by the biostimulator to
the patient’s heart.

The temperature sensor may sense temperate in a range
between 36° C. to 42° C. The low end of the temperature
range allows for normal body temperature (37° C.), less cir-
cadian variations and less a dip in temperature due to exercise.
The high end of the temperature range allows for normal body
temperature, plus fever, plus the increase in temperature due
to exercise. The resolution may be about 0.023° C. This
represents better than %4” of the smallest anticipated dip
amplitude during exercise (0.15° C.).

Semiconductor Temperature Sensor

One example of a semiconductor “smart” temperature sen-
sors is shown in FIG. 15 as bipolar transistor temperature
sensor 1500. Temperature sensor 1500 includes three bipolar
transistors 1502a, 15025, 1502¢ each connected to a current
source. The bipolar transistors can be, for example, fabricated
using CMOS integrated circuit (IC) technology. The tempera-
ture sensor can further include amplifier 1504 and analog-to-
digital converter (ADC) 1506.

Most smart temperature sensors make use of the tempera-
ture-dependent forward voltage of a bipolar transistor, which
contains two essential ingredients: the thermal voltage kT/q
(where k is Boltzmann’s constant, T, is the absolute tempera-
ture, and q is the charge of an electron) and the silicon band-
gap voltage V. The thermal voltage can be used to generate
a voltage V., that is proportional to absolute temperature
(PTAT), while the bandgap voltage is the basis for generating
atemperature-independent reference voltage V... In a semi-
conductor smart temperature sensor, a number of bipolar
transistors can be combined with precision interface circuitry
in an analog front-end to extract these voltages. A digital
representation of the ratio of these voltages p can then be
determined by an ADC.
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This ratio is a measure of the chip’s temperature. It can be
scaled to a digital output D, , that represents temperature on
any preferred scale, such as the Celsius scale.

Referring to FIG. 15, the PTAT voltage is generated from
the difference in base-emitter voltage AV, between two
bipolar transistors 1502a and 15025 biased at different cur-
rent densities. If the ratio p of the bias currents and the ratio r
of the emitter areas of the transistors are well-defined, this
difference is accurately PTAT. It is, however, quite small
(0.1-0.25 mV/K) and therefore is usually amplified by a factor
o with amplifier 1504 to get a useful voltage Vpzp The
factor a. is chosen such that the decrease of V ; with increas-
ing temperature is cancelled by the increase of Vg7 The
reference voltage is based on the absolute base-emitter volt-
age V. of bipolar transistor 1502¢, rather than on a differ-
ence. This voltage is complimentary to absolute temperature
(CTAT). Extrapolated to OK, it equals the silicon bandgap
voltage of about 1.2V. From there, it decreases by about 2
mV/K. To compensate for this decrease, a voltage a AV 5,
is added to it, resulting in a voltage V. that is essentially
temperature-independent. Since V.- is nominally equal to
the silicon bandgap voltage, such a reference is referred to as
a bandgap reference.

A digital representation of the ratio of V7, -and V., can
then be determined by an analog-to-digital converter 1506,
varying from O to 1 over an extrapolated temperature range of
approximately 600° C. For traditional digital output tempera-
ture sensors, the ratio  is used as a measure of the chip’s
temperature. It can then be scaled to a digital output word D,
that represents temperature on a preferred scale, such as a
Celsius scale.

A drawback to using the traditional digital output tempera-
ture sensor to sense changes in body temperature, however, is
that the full scale of its output 1 covers a temperature range of
about 600° C., as shown in FIG. 16, while the biomedical
temperature range of interest is much smaller. This large
temperature range, in turn, means that a much higher resolu-
tion ADC is required to obtain a given temperature-sensing
resolution than if the full scale would correspond to the bio-
medical range. This, in turn, translates into large power con-
sumption by the sensor. For example, if the desired resolution
were one tenth of a degree Celsius, then the ADC would be
required to resolve 6000 steps, requiring approximately a
13-bit ADC. With a full scale that corresponds, for instance,
to the range of 36° C. to 42° C., in contrast, only 60 steps
would have to be resolved, requiring approximately a 6-bit
ADC, which would be less complex and would consume
significantly less power than the 13-bit ADC required by a
conventional sensor.

Rather than digitizing a PTAT voltage with respect to a
temperature-independent reference voltage (as in FIGS.
15-16), a narrow-range temperature sensor 1700 as shown in
FIG. 17 can be configured to digitize a CTAT voltage with
respect to two suitably chosen PTAT reference levels, AV,
and AV,.,. The ADC then produces a ratiometric output that
equals:

AVpgy - Ve /@

Hner = A Vaer - AV

(Equation 2)
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Referring to FIGS. 17-18, the sensitivity of first reference
voltage, AV, can be chosen such that its curve intersects
with an attenuated V. curve at the lower bound of the tem-
perature range (for example, at 36° C.). This can be done
choosing an appropriate current-density ratio for the transis-
tors that generate AV,.,. Likewise, the sensitivity of the
second reference voltage, AV ., can be chosen such that it
intersects with the attenuated V . curve at the upper bound of
the temperature range (for example, at 42° C.). The appropri-
ate current-density ratio to be chosen can depend on the factor
with which V. is attenuated. In one embodiment, current
density ratios between 1:5and 1:6 and an attenuation factor of
12 can lead to a temperature range of approximately 14° C.
These parameters can be chosen to help accommodate fabri-
cation tolerances. It should be understood that other combi-
nations of ratios and attenuation factors can also be used. The
V 5 and two reference voltages can then be used to determine
anew ratio, L.,

The ratio ,,, can be used as a measure of the chip’s
temperature. As shown in FIG. 18, the ratio 1, is zero at the
temperature where V. /a is equal to AV, which corre-
sponds to the lower bound of the temperature range of inter-
est. Further, the ratio equals one at the temperature where
V /o equals AV g, which corresponds to the upper bound
of the temperature range. In between, 1,,,, is an approxi-
mately linear function of temperature. As shown in FIG. 17,
the 1,,,,, can then be scaled to a digital output D, that repre-
sents temperature on a preferred scale, such as a Celsius scale.

With this arrangement at the input of the ADC 1706 in FIG.
17, the temperature sensor can be designed to sense tempera-
ture over a narrow temperature range instead of a range of
approximately 600° C., as in the conventional arrangement
shown in FIGS. 15-16. For example, in FIG. 17, a narrow
temperature range of approximately 6° C. (from 36° C. to 42°
C.) maps onto the range of the ADC. Thus, the ADC’s reso-
lution requirement can be relaxed by about two orders of
magnitude, which in many ADC implementations translates
into significant reduction of power consumption.

Thus, the semiconductor temperature sensor 1700 in FIG.
17 can be used with the pacemakers described herein to
digitize a signal complementary to absolute temperature
(CTAT) with respect to two reference signals that are propor-
tional to absolute temperature (PTAT) to sense temperature
over a narrow, predetermined temperature range. This is in
contrast to a traditional sensor that digitizes a PTAT voltage
with respect to a temperature-independent reference voltage.

In contrast to traditional digital output sensors, the semi-
conductor temperature sensor used with the leadless cardiac
pacemakers described herein can be designed to read tem-
peratures along small, predetermined temperature ranges cor-
responding to temperatures found in the human body. Thus,
for example, the temperature sensor can be configured to read
temperatures between 36° C. to 42° C., which corresponds
approximately to human body temperatures. The low end of
the temperature range allows for normal body temperature
(37° C.), less circadian variations and less a dip in tempera-
ture that can be caused by exercise. The high end of the
temperature range allows for normal body temperature, plus
fever, plus the increase in temperature due to exercise. Uti-
lizing temperature sensors with a small, predetermined tem-
perature sensing range lowers the resolution requirement of
the ADC, and therefore lowers power consumption by the
Sensor.

Advantageously, by having a lower temperature range rela-
tiveto a traditional temperature sensor, the temperature-sens-
ing resolution of the system can be increased for an ADC with
a given resolution, and/or the power consumption can be
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decreased by employing a lower-resolution ADC. For
example, the resolution of the temperature sensor can be
between 0.005° C. and 0.01° C., such as approximately
0.025° C. or 0.023° C. This resolution represents better than
5™ of the smallest anticipated dip amplitude during exercise
(0.15° C.). Further, the temperature sensor can consume less
than 100 nA of current at greater than 0.1 temperature
samples per second, such as approximately 50 nA at 0.2
samples per second.

A specific implementation of a temperature sensor 1900 is
shown in FIG. 19. The temperature sensor of FIG. 19 includes
a charge-balancing ADC 1902, such as a first-order delta-
sigma modulator. Under control of a clock signal clk, the
modulator produces a bitstream output bs, which is a
sequence of zeros and ones of which the average value equals
the ,,,,, given by Equation 2. The difference between V g/
and either AV, or AVg., is integrated, depending on
whether the bitstream output bs of the modulator equals 0 or
1, respectively. The polarity of the output of the integrator is
detected every clock cycle by a comparator, the output of
which is the bitstream. The feedback in this modulator is
organized in such a way that the integrator’s output is driven
towards zero. As a result, the integrator’s output is bounded,
which means that, on average, the input of the integrator must
be zero, as shown in equation 3:

Va0 (Muen AV 2t (1= er, AV 1) =0 (Equation 3)

where 1,.,, is the fraction of time in which the bitstream is
one. Solving for p,,,,, results in the desired function given by
Equation 2. A simple counter that counts the number of ones
in the bitstream can be used to produce a multi-bit binary
output proportional to ... With appropriate scaling, this
output can be translated into a temperature reading in any
desired format, such as degrees Celsius.

Advantageously, by using the charge-balancing ADC
shown in FIG. 19, only one summation node is required,
which can be implemented by successive integration of V.
and AV . If the integrator is implemented using switched-
capacitor techniques, the factor o can be implemented by
scaled sampling capacitors. This leads to a simpler and poten-
tially more accurate implementation than an implementation
based on multiple summation nodes. Further, the charge-
balancing scheme shown in FIG. 19 requires fewer cycles to
get the desired temperature reading than a conventional
charge-balancing scheme implementing a conventional tem-
perature sensor. Fewer cycles in turn reduces the power
required to run the temperature sensor.

Although FIG. 19 is described with reference to a first-
order delta-sigma modulator, other ADCs that operate based
on charge-balancing can be used, including higher-order
delta-sigma converters, duty-cycle modulators, period modu-
lators, and frequency modulators.

Another specific embodiment of a temperature sensor hav-
ing a charge-balancing scheme with feedback in the bias-
current ratio is shown in FIG. 20 as temperature sensor 2000.
The two AV . voltages, only one of which is needed at a time,
are generated by a single pair of substrate bipolar transistors
2002a and 20026 with an emitter-area ratio r: 1 (r=1).
Depending on the bitstream bs, these transistors are biased at
a 1: p bias-current ratio (bs=1) ora 1: (p+q) bias-current ratio
(bs=0). This leads to a difference in base-emitter voltages
AV given by:
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nkT . (Equation 4)
AVpgl = TIn(r-(p +q)) if bs=0

AVgg =

nkT i
AVppy = Tln(r-p) if bs=1

Rather than scaling V. by a factor of 1/a, as described with
reference to FIG. 17, AV can be amplified by a factor of o
for simplicity. In one embodiment based on switched-capaci-
tor techniques, the scale factor o can be implemented by
means of ratioed sampling capacitors. By an appropriate
choice of the current ratios p and q and the scale factor o, the
lower and upper bounds of the temperature range can be
adjusted.

Although FIG. 20 shows three bipolar transistors to gener-
ate Vg and AV 5, the same can be achieved with two or even
only one bipolar transistor, as different bias currents can be
successively applied to the same transistor.

An alternative approach to the feedback arrangement of
FIG. 20 would be to use a fixed bias-current ration 1: p and to
switch the scale factor o between two values o, and a,
depending on the bitstream. However, by using the bias-
current-ratio feedback arrangement shown in FIG. 20,
smaller ratios p and q than the equivalent ratios o, and o, are
advantageously produced. Such smaller ratios are easier to
implement accurately on a chip, in the sense that the associ-
ated components (current sources and capacitors, respec-
tively) are easier to lay-out in a way that ensures good match-
ing.

Equation 2 is a non-linear function of temperature. FIG. 21
shows the systematic non-linearity fora simulated implemen-
tation of a temperature sensor as described herein. When the
temperature range of interest is sufficiently narrow, the non-
linearity is typically negligible and need not be compensated
for. If necessary, a simple quadratic correction in the digital
domain can be applied.

Similar to any temperature sensor based on bipolar tran-
sistors, the temperature sensor described herein will be sen-
sitive to production tolerances on the characteristics of these
devices, in particular on their saturation current, and to toler-
ances on the bias currents in the circuit. These currents can
typically vary by several tens of percent, resulting in errors of
several degrees, as shown in FIG. 22.

The resulting variation of the output of the sensor can be
corrected for by a simple digital offset correction. Based on a
calibration at a suitably chosen temperature, e.g. 37° C., the
initial error can be determined and store in non-volatile
memory. After this calibration step, this stored correction
value will be subtracted from subsequent measurements.

In some embodiments, the errors due to process tolerances
can be so large that they saturate the ADC output within the
temperature range of interest, which makes compensation
with a digital offset difficult. To prevent such errors, a course
adjustment of the bias current used for generating V 5 can be
included (i.e., current source I, in FIG. 20). Typically, only a
few trim steps are sufficient to guarantee that the remaining
errors within the temperature range of interest can be cor-
rected digitally. FIG. 23 shows an example of the simulated
residual error after such a course trim of the bias current is
performed in combination with a digital offset correction.

For all of the temperature sensors described herein, the
sensed temperature can be used by the leadless stimulator
control circuitry to adjust a rate of electrical stimulation pro-
vided by the biostimulator to the patient’s heart.

Specific methods, devices, and materials may be described
in this application, but any methods and materials similar or
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equivalent to those described herein can be used in the prac-
tice of the present invention. While embodiments of the
invention have been described in some detail and by way of
exemplary illustrations, such illustration is for purposes of
clarity of understanding only, and is not intended to be lim-
iting. Various terms have been used in the description to
convey an understanding of the invention; it will be under-
stood that the meaning of these various terms extends to
common linguistic or grammatical variations or forms
thereof. It will also be understood that when terminology
referring to devices, equipment, or drugs that have been
referred to by trade names, brand names, or common names,
that these terms or names are provided as contemporary
examples, and the invention is not limited by such literal
scope. Terminology that is introduced at a later date that may
be reasonably understood as a derivative of a contemporary
term or designating of a hierarchal subset embraced by a
contemporary term will be understood as having been
described by the now contemporary terminology. Further,
while some theoretical considerations have been advanced in
furtherance of providing an understanding of the invention,
the claims to the invention are not bound by such theory.
Moreover, any one or more features of any embodiment of the
invention can be combined with any one or more other fea-
tures of any other embodiment of the invention, without
departing from the scope of the invention. Still further, it
should be understood that the invention is not limited to the
embodiments that have been set forth for purposes of exem-
plification, but is to be defined only by a fair reading of claims
that are appended to the patent application, including the full
range of equivalency to which each element thereof is
entitled.

What is claimed is:

1. A leadless cardiac pacemaker comprising:

a hermetic housing configured to be implanted in a cham-
ber of a human heart;

a power source disposed in the housing;

at least two electrodes supported by the housing;

a semiconductor temperature sensor disposed in the hous-
ing, comprising:

at least one bipolar transistor configured to receive current
from the power supply and based thereon generate base-
emitter voltages that are used to derive a complimentary-
to-absolute-temperature (CTAT) signal and firstand sec-
ond  proportional-to-absolute-temperature ~ (PTAT)
signals, the first PTAT signal being equal to the CTAT
signal at a first temperature, the second PTAT signal
being equal to the CTAT signal at a second different
temperature;

an analog-to-digital converter (ADC) configured to covert
the CTAT signal and the first and second PTAT signals
into a digital temperature output signal;

a controller disposed in the housing and configured to
deliver energy from the power source to the electrodes to
stimulate the heart based on the digital temperature out-
put signal from the semiconductor temperature sensor.

2. The leadless cardiac pacemaker of claim 1 further com-

prising a fixation helix adapted to attach the hermetic housing
to the heart.
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3. The leadless cardiac pacemaker of claim 1 wherein the
semiconductor temperature sensor is not bonded to the hous-
ing.

4. The leadless cardiac pacemaker of claim 1, wherein the
atleast onebipolar transistor includes first and second bipolar
transistors biased to different first and second current densi-
ties.

5. The leadless cardiac pacemaker of claim 1, wherein the
atleast one bipolar transistor includes first and second bipolar
transistors that have corresponding first and second base-
emitter voltages, respectively, the first PTAP signal generated
from a difference between the first and second base emitter
voltages at the first temperature.

6. A leadless cardiac pacemaker comprising:

a hermetic housing configured to be implanted in a cham-

ber of a human heart;

a switched-bias power source disposed in the housing;

at least two electrodes supported by the housing;

a semiconductor temperature sensor comprising:

at least one bipolar transistor configured to receive current

the supply and based thereon generate base-emitter volt-
ages that are used to derive a complimentary-to-abso-
lute-temperature (CTAT) signal and first and second
proportional-to-absolute-temperature (PTAT) signals,
the first PTAT signal being generated by operating the at
least one bipolar transistor at a first pair of current den-
sities, the second different PTAT signal being generated
by operating the at least one bipolar transistor at a second
pair of current densities, wherein a first ratio of the first
pair of current densities differs from asecondratio of the
second pair of current densities;

an analog-to-digital converter (ADC) configured to covert

the CTAT signal and the first and second PTAT signals

into a digital temperature output signal; and

a controller disposed in the housing and configured to
deliver energy from the power source to the electrodes
to stimulate the heart based upon the digital tempera-
ture output signal from the semiconductor tempera-
ture sensor.

7. The leadless cardiac pacemaker of claim 6 further com-
prising a fixation helix adapted to attach the hermetic housing
to the heart.

8. The leadless cardiac pacemaker of claim 6 wherein the
semiconductor temperature sensor is not bonded to the hous-
ing.

9. The leadless cardiac pacemaker of claim 6, wherein the
atleast onebipolar transistor includes first and second bipolar
transistors biased to different first and second current densi-
ties.

10. The leadless cardiac pacemaker of claim 6 wherein the
atleast one bipolar transistor includes first and second bipolar
transistors that have corresponding first and second base-
emitter voltages, respectively, the first PTAP signal generated
from a difference between the first and second base emitter
voltages at the first temperature.
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