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(57) Abstract: In some examples, the disclosure describes an implantable medical device comprising a plurality of electrodes, sensing
circuitry configured to sense a physiological electrical signal via the plurality of electrodes, and communication circuitry configured to
transmit and/or receive a transconductance communication signal via the plurality of electrodes, whetein at least one electrode of the
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plurality of electrodes comprises a lowercapacitance portion and a higher-capacitance portion.
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IMPLANTED ELECTRODE CORFIGURATION FOR PHYSIOLOGICAL
SENSING AND TISSUE CONDUCTANCE COMMUNICATION

TECHNICAL FIELD
{0001} The disclosure relates to mplantable medical devices and, in particular clectrode
configurations for wireless communication and wireless sensing by implantable medical

devices.

BACKGROUND
[0002] A wide variety of implantable medical devices (IMDs) that dehiver a therapy to or
monitor a8 physiologic or biological condition of a patient, or both, have been clinically
implanted or proposed for clinical implantation in patients. An IMD may deliver therapy
to and/or monitor a physiological or biclogical condition with respect to a variety of
organs, nerves, muscles or tissues of the patients, such as the heart, brain, stomach, spinal
cord, pelvic floor, or the like. The therapy provided by the IMD may include electrical
stimulation therapy, drug delivery therapy, or therapy to reduce or clinunate a condition or
svmptoms of the condition of the patient.
06433} The IMDP may wirelessly communicate with ancther implanted device or an
external device. An external device with which an IMD may communicate may be a
programming device or a monitoring device (¢.g., cither attached to the patient or
otherwise located near the patient). The information exchanged may be information
related to a condition of the patient, such as physiological signals measured by one or
more sensors, or information related to a therapy delivered to the patient. This
mtormation may be previously stored or real<time mformation. The IMD may also receive
mformation from the external device, such as configuration mformation that may be used
to configure a therapy to be provided to the patient. An IMD may commumcate with
another implanted device to control the operation of the other implanted device and/or to
receive physiological data sensed by the other implanted device.
{0004} In some examples, an IMD wirelessly communicates with an implanted or external
device via tissue conductance conmmunication {TCC). Dunng TCC, current is driven
through the tissue between two or more electrodes of the transmitting IMD {(or external

device). The current spreads through the thorax, producing a potential field. The
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recetving IMD {or external device) may detect the TCC signal by measuring the potential

difference between two or more of its electrodes.

SUMMARY
13005} In gencral, this disclosure 13 directed to techniques for improving the sensimg of
physiclogical electrical signals and the transmission and receipt of TCC signals via
clectrodes of an implantable medical device. For lower frequency phvsiological electrical
signals, the electrodes, or active portion of the electrodes, may be spaced apart for a longer
dipole and higher amplitudes. For higher frequency TCC signals, the surface area of the
electrodes, or active portion of the electrodes, may be expanded to reduce the impedance
of the clectrodes, thereby increasing the current capability. Additionally, i some
examples, the surface area of the electrodes, or active portion of the electrodes, may be
smaller for delivery of lower frequency electrical stimulation therapy.
00836} As one example, the disclosure 1s directed to an implantable medical device
comprising a plurality of electrodes, sensing circuitry configured to sense a physiological
electrical signal via the phurality of clectrodes, and communication circuitry configured to
transmit and/or receive a tissue conductance communication (TCC) signal via the plurality
of electrodes, wheren at least one electrode of the plurality of electrodes comprises a
lower-capacitance portion and a higher-capacitance portion.
{0007} In some examples, the disclosure 1s directed to a method for manufacturing an
implantable medical device, the method comprising forming a first material of an
electrode of the implantable medical device, depositing a mask on at least part of the first
material, depositing a second material on the mask and the first material to form a higher-
capacitance portion of the clectrode, and removing the mask from the first material to
expose a lower-capacitance portion of the electrode.
0008} In some examples, the disclosure is directed to a method for manofacturing an
implantable medical device, the method comprising: forming an electrode on the
implantable medical device; depositing a mask on a first portion of the electrode;
depositing a dielectric material on the mask and a second portion of the electrode; and
removing the mask from the first portion of the clectrode and leaving the diclectric
material on the sccond portion of the electrode, wherein the first portion of the electrode

has a higher capacitance than the second portion of the electrode.

]
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0009} In some examples, an tnplantable medical device comprises at [cast four
electrodes, sensing circuitry configured to sense a physiological electrical signal via a first
electrode and a second electrode of the at least four electrodes, communication circuitry
contfigured to transmit a transconductance communication signal via at least a third
electrode and a fourth electrode of the at least four clectrodes; and switching circuitry
configured to connect the first electrode and the second clectrode to the sensing circuitry,
and connect the at least four electrodes to the commumication circuitry. The implantable
medical device also comprises processing circuitry configured to control the switching
circuitry to connect the first electrode and the second electrode to the sensing circuitry to
sense the physiological electnical signal, and control the switching circuitry o connect at
least the third electrode and the fourth electrode to the commumnication circuitry to transmit
or receive tissue conductanee communication {TCC) signals.

{0010} As another example, the disclosure is directed to method for operating an
implantable medical device, the method comprising: controlling switching circuitry of the
implantable medical device to connect a first electrode and a second electrode to sensing
circuitry of the mmplantable medical device; sensing a physiological electrical signal via
the first electrode and the second electrode; controlling the switching circuitry to connect
at least a third electrode and a fourth electrode to communication circuitry of the
implantable medical device; transmitting tissue conductance communication (TCC)
signals via at lcast the third clectrode and the fourth clectrode; and receiving TCC signals
via at least the third electrode and the fourth electrode.

(0011} This summary is intended to provide an overview of the subject matter described n
this disclosure. It is not intended to provide an exclusive or exhaustive explanation of the
apparatus and methods described in detail within the accompanying drawings and
description below. The details of one or more aspects of the disclosure are set forth in the

accomparving drawings and the description below.

BRIEF DESCRIPTION OF DRAWINGS
0612} The details of one or more examples of this disclosure are set forth m the
accompanying drawings and the description below. Other features, objects, and
advantages of this disclosure will be apparent from the description and drawings, and from

the clawms.
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1001 3] FIG. 1A is a conceptual drawimg illustrating an example medical device system in
conjunction with a paticnt.

{0014} FIG. 1B 15 a conceptual drawing illustrating another example medical device
system in conjunction with a patient.

10015] FIG. 2 is atop-view conceptual diagram of an example configuration of ICM of
FIG 1A

{0016} F1G. 3 is a side-view conceptual diagram of an example configuration of an
implantable medical device mcluding two electrodes.

{0017 FIG. 4 is a side~view conceptual diagram of another example configuration of an
implantable medical device meluding two clecirodes.

[0018] FIG. 5 is a side-view conceptual diagran: of ancther example configuration of an
inplantable medical device including two electrodes.

0619} FIG. 6 1s a conceptual diagram ilustrating an example configuration of an
implantable medical lead ncluding an electrode and a tip electrode.

[0028] FIGS. 7A-7D are block diagrams illustrating an example technique for
manvfacturing an electrode includmg a higher-capacitance portion and a lower-
capacitance portion.

{00211 FIG. 8 1s a flowchart ittustrating an example technigue of manufacturing an
electrode including a higher-capacitance portion and a lower-capacitanee portion.

10622} FIGS. 9A-9E are block diagrams illustrating an example technique for
mamufacturing an clectrode using diclectric material.

(0623} FIG. 10 15 a flowchart illustrating an example technigue of manufacturing an
electrode using diclectric matenal.

[0024] FiG. 11 is a block diagram of an example contiguration of an tmplantable medical
device including two electrodes.

[0025] FIG. 12 15 a top-view diagram of an example configuration of an implantable
medical device including four clectrodes and an antenna.

{0026} FiG. 13 15 a block diagram llustrating an example configuration of an implantable
medical device includmg four electrodes.

[0027] FIG. 14 13 a flowchart illustrating an example techoigue of operating an

uvaplantable medical device meluding two clecirodes.
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10028} FIG. 15 13 a flowchart illustrating an example techoigue of operating an
uaplantable medical device meluding four clectrodes.

{80281 FIG. 16 15 a conceptual diagram of an implantable medical device mcluding a tip
electrode.

10036] FIGS. 17A-178 are conceptual diagrams of an implantable medical device
mcluding a tip electrode.

{0031} FIG. 18 15 a cross-section diagram of an example configuration of a distal portion
of an implantable medical device having a tip electrode.

0032} The drawings and the deseription provided herein tllustrate and describe various
examples of the inventive methods, devices, and systems of the present disclosure.
However, the methods, devices, and systems of the present disclosure are not limited to
the specific examples as illustrated and described herein, and other examples and
vanations of the methods, devices, and svstems of the present disclosure, as would be
understood by one of ordinary skill in the art, are contemplated as being within the scope

of the present application.

DETAILED DESCRIPTION
[0033] An implantable medical device (IMD) may transmit and receive signals at high
and low frequencics for communication, sensing physiological signals, and delivering
therapeutic signals. For example, the IMB may sense heart beat signals and transout
and/or receive tissue conductance communication (TCC) signals. For low-frequency
signals, such as sensing physiclogical signals, the IMD may mclade relatively smaller
surface area electrodes spaced at a relatively long dipole length, resulting in higher
araplitude of the low-frequency signals. For relatively high-frequency signals, such as
transmitting TCC signals, the IMD may include larger electrodes for a reduced load and
source impedance to enable higher current capability during TCC signal transmission and
higher received signal strength duning TCC signal reception as well as reduced power
consumption.
[0034] The IMD may include an electrode for receiving physiological electrical signals
and transmitiing and receiving TCC signals. The electrode may include a higher-
capacitance portion configured to transmit and receive both relatively lower-frequency and

relatively higher-frequency signals. The higher-capacitance portion of the electrode may
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provide a relatively lower impedance at both relatively lower frequencies and relatively
higher frequencics. The electrode may also include a relativelv lower-capacitance portion
configured to transmit and receive relatively higher-frequency signals. The lower-
capacitance portion of the electrode may provide a relatively higher impedance at
relatively lower frequencies and a relatively lower impedance at relatively higher
frequencies, such that the lower-capacitance portion of the electrode may vot significantly
atfect, ¢.g., parficipate in or be active during, the receipt of lower-frequency signals, ¢.g.,
phvsiological electrical signals, by the higher-capacitance portion of the electrode. For
purposes of this disclosure, low impedance or lower impedance may be defined as less
than one thousand ohms.

[0035] The techniques of this disclosure may allow for a relatively long dipole length
between the higher-capacitance portions of one or more electrodes, while mcreasing the
ctfective surface arca of the one or more clectrodes for higher-frequency signals. The
longer dipole length at relatively lower frequencics creates a higher transimpedance and
higher amplitude for low-frequency signals. The relatively larger surface area of the
electrode at igh frequencies effectively lowers the impedance seen by higher-frequency
signals, enabling higher current capability during TCC transmission and higher received
signal strength during TCC reception. Lower impedance may also reduce the power
consumption of the IMD when communicating via ligher frequencies. For purposes of
this disclosure, lower-frequency signals may include frequencies less than about one
hundred Hertz (Iz), and higher-frequency signals may include frequencies greater than
about fifty kiloHertz (kHz).

10036} FIG. 1A is a conceptual drawing illustrating an example medical device systom SA
mn conjunction with a patient ZA. In the illustrated example, medical device system 8A
includes an implantable medical device (IMD) 15, also referred to as implantable
momttoring device 13 or an inplantable hab device, in conmmanication with external
device 14A. Medical device svstem 8A also includes implantable pressure sensing device
12, also referred to as sensor device 12, For purposes of this description, knowledge of
cardiovascular anatomy is presumed and details are omitted execept to the extent necessary
or desirabic to explain the context of the technigues of this disclosure.

{0037} As shown in FIG. 1A, implantable sensor assembly 10, including sensor device 12,

may be tmplanted within pulmonary artery 6A of heart 4A. In some examples, sensor
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asserably 10 1s implanted within a left pulmonary artery, whereas in other examples,
sensor assernbly 10 is tmplanted within a right pulmonary artery. For the sake of clarity, a
fixation assembly tor sensor assembiy 10 is not depicted in FIG. 1A,
{0038} In the tllustrated example, IMD 15 is an insertable cardiac monitor (ICM) capable
of sensing and recording cardiac electrogram (EGM) signals from a position outside of
heart 4A via electrodes, and will be referred to as ICM 15 hereafter. In some examples,
ICM 15 includes or is coupled to one or more additional sensors, such as accelerometers,
that generate one or more signals that vary based on patient motion and/or posture, blood
flow, or respiration. ICM 15 may monttor a physiological parameter indicative of paticnt
state, such as posture, heart rate, activity level, heart rate, and/or respiration rate. ICM 13
may be implanted outside of the thorax of patient 2A,| e g, subcutancously or
submuscularly, such as the pectoral location illustrated in FIG. 1A, In some examples,
ICM 15 may take the form of a Reveal LINQ™ ICM, available from Medtronic ple, of
Dublin, freland.
0639} Sensor device 12 may be implanted, as one example, within a pulmonary artery of
patient 2A and may include pressure sensing circuitry configured 0 measure the
cardiovascular pressure of patient 2A. In some examples, sensor device 12 may be a part
of sensor assembly 10, H sensor device 12 determines that the current time i1s within a
predeternined window that may be stored i memory of sensor device 12, sensor device

2 may measure and transmit the cardiovascular pressure of patient 2A (o ICM 15 1o
some examples, sensor device 12 may autonomously store the pressure measurement data
and transmit the stored data to FCM 15 at some time after the time of measurement. In
some examples, sensor device 12 may include wireless communication circuitry
configured to receive a trigger signal from ICM 15 via TCC. The pressure sensing
circuitry of sensor device 12 may be configured to measure the cardiovascular pressure of
paticnt 2A in response to receiving the trigger signal. In either case, sensor device 12 may
be configured to transmit the measured pressure values to ICM 15 via TCC.
{0048} ICM 15 may transmit measurements and data acguired by ICM 15 or sensor device
12 to external device 14A. ICM 15 may also recetve signals from external device 14A. In
some examples, ICM 15 may communicate with extemal device 14A and sensor device 12

via RF signals and/or TCC.
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10041} External device 14A may be a computing device, e.g., used in a home, ambulatory,
clinic, or hospital sctting, to wirelessly communicate with ICM 15, External device 14A
may be coupled to a remote patient monitoring svstem, such as Carelink®, available from
Medtronic ple, of Dublin, Ireland. External device 14A may be, as examples, a
programmer, extermnal monitor, or consumer device, ¢.g., smart phone.

{0042} Extornal device 14A may be used to program commands or operating parameters
mto 1CM 13 for controlling its functioning, e.g., when configured as a programmer for
ICM 15, External device 14A niay be used to mterrogate ICM 15 to retricve data,
meluding device operational data as well as physiclogical data accumulated 1o IMD
memory. The interrogation may be automatic, e.g., according to a schedule, or in response
to a remote or local user command. Examples of communication techniques used by ICM
15 and external device 14A include TCC or RF telemetry, which may be an RF link
established via Bluctooth, Wik, or medical implant communication service (MICS).
{0043} F1G. 1B s a conceptual drawing illustrating another example medical device
svstem 8B in conjunction with a patient 2B. I the illustrated example, medical device
system 8B includes an IMD 17 coupled to a veotricular lead 20 and an atnial fead 21, IMD
17 1s an mmplantable cardioverter-defibrillator (1CH) capable of delivering pacing,
cardioversion and defibriflation therapy to the heart 4B of a patient 2B, and will be
referred to as ICD 17 hercafier.

{0044} Ventricular lead 20 and atrial lead 21 are clectrically coupled to ICD 17 and extend
into the patient's heart 4B, Ventricular lead 20 includes electrodes 22 and 42 shown
positioned on the lead in the patient's right ventricle (RV) for sensmg ventricular EGM
signals and pacing in the RV, Atnal lead 21 includes electrodes 26 and 44 positioned on
the lead in the patient's night atrium (RA) for sensing atrial EGM signals and pacing in the
RA . Electrodes 42 and 44 may also be configured as coil electrodes and used to deliver
cardioversion and defibrillation shocks. The term “anti-tachvarrhythmia shock”™ may be
used herein to refer to both cardioversion shocks and defibrillation shocks.

[0045) ICD 17 may use both ventricular lead 20 and atrial lead 21 to acquire cardiac
clectrogram (EGM) signals from patient 2B and to deliver therapy in response to the
acquired data. Medical device system 8B is shown as having a dual chamber ICD
configuration, hut other examples may include one or more additional lcads, suchas a

coronary sinus lead extending into the right atrum, through the coronary sinus and into a
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cardiac ven 1o position electrodes along the left ventricle (LV) for sensing LYV EGM
signals and delivering pacing pulses to the LY. In other examples, a medical device
svstem may be a single chamber svstem, or otherwise not include atrnial lead 21,

0047} Processimmg circuitry, sensing circunitry, and other circuitry configured for
performing the techniques described herein are housed within a sealed housing 16,
Housing 16 {or a portion thercof) may be conductive so as to serve as an electrode for
pacing ot sensing or as an active electrode during defibritlation. As such, housing 16 1s
also referred to herein as “housing electrode™ 16, Housmg 16 may include one or more
clectrodes with a higher-capacitance portion and a lower-capacitance portion. The higher-
capacitance portion and the lower-capacitance portion may be formed using two different
materials.

10048] 1CD 17 may transmit EGM signal data and cardiac rhythm episode data acquired
by ICD 17, as well as data regarding delivery of therapy by ICD 17, 1o an external device
148. External device 148 may be a computing device, e.g., used in a home, ambulatory,
climic, or hospital setting, to communicate with YCD 17 via wireless telemetry. External
device 14B may be coupled to a remote patient monitoring system, such as Carelink®,
available from Medtronic ple, of Dublin, Ircland. External device 14B may be, as
examples, a programmer, external monitor, or consumer device, e.g., smart phone.

13049] External device 14B may be used to program commands or operating parameters
into 1CD 17 for controlling 1ts functioning, e.g., when configured as a progranuner for
ICD 17, External device 14B may be used to interrogate ICD 17 to retrieve data,
mcluding device operational data as well as physiological data accumulated in IMD
memory. The interrogation may be automatic, €.g., according to a schedule, or in response
to a remote or local user command. Examples of communication technigues used by 1CD
7 and external device 14B include TCC and RF telemetry, which may be an RF link
established via Bloetooth, WiFi, or medical implant communication service (MICS),
{00506} In some examples, as tlustrated in FIG. 1B, medical device system 8B may also
include an intracardiac pacing device (IPD) 50. In the illusirated example, IPD 50 is
implanted m the left-ventricle of patient 2B, In some examples, one or more IPDs 50 may
additionally or alternatively be implanted within other chambers of heart 4B, or attached
to the beart epicardially, or in other anatomical arcas of interest such as the pulmonary

arfery.
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10051} IPD 50 is configured to sense electrical activity of heart 4B and deliver pacing
therapy, ¢.g ., bradycardia pacing therapy, cardiac resynchronization therapy (CRT), andi-
tachycardia pacing {(ATP) therapy, and/or post-shock pacing, to heart 4B, IPD 50 may be
attached to an mtertor wall of heart 4B via one or more fixation elements that penetrate the
tissue. These fixation elements may secure IPD 30 to the cardiac tissue and retain an
clectrode (e.g., a cathode or an anode) on the housing of IPD 30 in contact with the cardiac
fissue. In addition to delivering pacing pulses, IPD 50 may be capable sensing electrical
signals using the electrodes carried on the housing of IPD 50. These electrical signals may
be electrical signals generated by cardiac muscle and indicative of depolarizations and
repolanizations of heart 4B at various times during the cardiac cycie.

[0652] In some examples, ICD 17 and IPD 50 may both be configured to deliver pacing
therapy. In such examples, ICD 17 and IPD 50 may delivery pacing therapy to the right
and left ventricles of heart 4B, respectively, to provide CRT pacing. Additionally, ICD 17
and IPD 30 may both be configured to detect tachyarrhythmias, and deliver anti-
tachyarrhvthmia therapy.

[0053] 1CD 17 and IPD 50 may be configured to coordinate their cardiac rhythm detection
and treatment activities. In some examples, ICH 17 and 1PD 50 may engage in wircless
communication to facilitate such coordinated activity. The wireless commumication may
be via TCC, and may be one-way comununication in which one device is configured to
transmit communication messages and the other device is configured to receive those
messages, or two-way conwnunication in which each device 1s configured to tranamit and
rECelve COnBMunication messages.

10854} In some examples, medical device system 8B may include ong or more devices
depicted 1 FIG. 1B. Aliernatively or additionally, medical device system 8B may include
devices not depicted in FIG. 1B, For example, ICD 17 may be a subcutancous ICD or a
substernal FCD that has a subcutaneous lead or a lead with a distal end under the stermum.
{0055} In some examples, medical device system 8B may include a single device, such as
a pressure sensing device, an {CM, an IPD, and/or any other suitable device. The single
device may be configured to communication via TCC signals with an external device. In
some examples, medical device system 8B may include two IPDs configured to coordinate

the heart rate of patient 2B using dual chamber sensing and/or pacing.
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[0056] FIG. 2 is a top-view conceptual diagram of an example configuration of ICM 15 of
FIG. 1A, Inthe dlustrated example, ICM 15 includes two clectrodes 60A, 60B formed on
an insulafive cover 66 of the housing of ICM 15, and an antenna 68, which may be below
insulative cover 66 and within the housing. In some examples, FCM 15 may not include
insulative cover 66, such as if ECM 15 inchides metallic housing. ICM 15 may mclude
other components, including mternal components and/or external components, that are not
depicted m FIG. 2. Antenna 68 may be optional, and used for RF communication with
external device 14A.

{0057 When IMD 15 15 sensing relatively lower-frequency physiological electrical
signals, such as an electrical signal of the heart including an R-wave, higher-capacitance
portions 644, 64B of electrodes 60A, 60B may receive the physiclogical electrical signals.
Higher-capacitance portions 64A, 64B may present relatively lower impedance for
relatively lower-frequency signals. Higher-capacitance portions 64A, 648 may be
positioned at the distal ends of insulative cover 66 1o mcrease the dipole length 72 for
sensing physiclogical electrical signals, which may increase the amplitude of signals
sensed by higher-capacitance portions 64A, 64B. Signal amplitude may be approximately
proportional to the dipole length between the active portions of electrodes 504, 60B,
which m the case of lower-frequency signals 1s dipole length 72 between higher-
capacitance portions 644, 64B.

[0056] Higher-capacitance portions 644, 648 may include a relatively higher-capacitance
material such as titaniwm nitnde. Tanium-nitride can be deposited in a manner to form
threg-dimensional structures, effectively increasing the surface area of an glectrode. A
capacitor {known as a double-layer capacitor) is formed when the titamom-nitride is
placed i an ionic medium. In some examples, the increased surface arca results in higher
capacitance than for the bare metal. In some examples, each of higher-capacitance
portions 64A, 64B may have a capacitance per unit area of greater than approximately one
microfarad per square millimeter. In some examples, higher-capacitance portions 64 A,
641 may include a cutoff frequency of less than fifty mHz to allow for sensing of
relatively lower-frequency signals. Assuming a sarface area of eleven square millimeters
for higher-capacitance portions 64A, 648, a fifty-mHz signal may be attenuated by 1.4 dB

compared to a hypothetical electrode with mfinite capacitance per unit area.
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[0057] It may be desirable for higher-capacitance poriions 64A, 64B to include a
capacitance of less than three hundred nanofarads at five hundred mHz to allow an ECG
amplifier to drive a one megaohm wmpedance at frequencies down to five hundred mHz.
The ratio of capacitances between higher-capacitance portions 644, 648 and lower-
capacitance portions 62A, 628 may be larger than ten for a range of frequencies from five
hundred mHz to one hundred Hz to ensure that bigher-capacitance portions 64A, 64B
include much lower impedance than lower-capacitance portions 62A, 628 at these
frequencies. The capacitance of the lower-capacitance portions 62A, 62B may be higher
than ten nanofarads at one hundred kHz so that the impedance of lower-capacitance
portions 62A, 628 may be less than two hundred ohms at one hundred kHz.

[0058] When IMD 15 15 transmitting or receiving relatively higher-frequency signals, such
as TCC signals, higher-capacitance portions 64A, 64B and lower-capacitance portions
62A, 62B of clectrodes 60A, 60B may transout and receive the signals. Lower-
capacitance portions 624, 628 may include low impedance for relatively high-frequency
signals, such as TCC signals, which may include a frequency between about fifty klz and
two hundred kHz, as examples. Thus, higher-capacitance portions 64A, 64B may be
configured to sense physiological clectrical signals and transmit or receive TCC signals,
and lower-capacitance portions 62A, 628 may be configured to transmit or receive TCC
signals but generally not sense physiological elecirical signals. By using both higher-
capacitance portions 644, 648 and lower-capacitance portions 52A, 628 to transmit and
receive high-frequency signals, the effoctive surface area for higher-frequency signals may
be larger than the effective surface area for lower-frequency signals,

0059} In some examples, cach of lower-capacitance portions 62A, 62B may have a farger
percentage of the surface arca of electrodes 60A, 608 than cach of higher-capacitance
portions 644, 64B. In some examples, the surface arca of cach of lower-capacitance
portions 62A, 62B may be at least approsimately 30%, 100%, or 200% larger than the
surface arca of one of higher-capacitance portions 64A, 64B. Lower-capacitance portions
62A, 628 may include material such as titamum (1.¢., bare titanium}. A capaciior (known
as a double-laver capacitor) 1s formed when the bare titamium 1s placed in an 1onic
medium. Altematively, the titaniuim can be oxidized to form titamum dioxide, which acts
as the diclectric of the capacitor. Another method to form the lower-capacitance portions

62A, 621 is to depostt a thin layer of diclectric material on top of the bare metal. In some
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examples, lower-capacitance portions 62A, 62B may include titanium nitride with a
diclectric layer to reduce the capacitance. In some examples, the diclectric material may
also be deposited on a portion of one or both of higher-capacitance portions 644, 64B to
form a lower-capacitance portion 62A, 62B of an electrode 60GA, 60B.

100606} In some examples, lower-capacitance portions 62A, 628 may include a furst
conductive material, and higher-capacitance portions 62A, 628 may include a second
conductive matenial, where the first and second conductive materials are different
elements or compounds. One portion may include a titantum, and the other portion may
include a metallic material such as platinum, gold, copper, tin, and/or any other suitable
conductive material. An electrode may include platinum and a dielectric matenial covering
a portion of the platinum to create a higher-capacitance portion of the electrode. b some
examples of this disclosure that employ higher voltages for certain uses of an electrode, a
portion of an clectrode may include tantalum pentoxide that msulates at lower voltages.
{0661} Impedance of electrodes 60A, 608 may be proportional to the surface area of

clectrodes 60A, 60B, as shown i equation (1}

R =L (H

P =R =1L )
C=cA/d 3)
Xe= 1/’/275}”(? )

{0062} In equation (1), R represents the resistance, g represents the resistivity, L represents
the length of a resistive clement, and A represents the cross-sectional arca of the resistive
clement. In equation {2), £ represents the power dissipated in conducting a signal, and 7
represents the electrical current of the signal. In equation (3), ¢ 18 the dielectric constant of
the dielectric layer, 4 is the area of the capacitor, and 4 is the thickness of the dielectric.
By mcreasing the effective surtace area of electrodes 60A, 60B, lower-capacitance
portions 624, 628 may reduce the resistance and impedance, which may enable higher
current capability for TCC transmission and higher received signal strength for TCC
reception. [f the signal scurce impedance is relatively large, compared to the load
impedance within IMD 15, the received signal may be attenuated, causing a low signal to
noise ratio. The load impedance within IMD 135 may be low due to electromagnetic

interference suppression capacitors. Lower impedance may also reduce the power
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dissipation m electrodes 60A, 60B, as shown by equation (2). By increasing the thickness
of the dielectric, the capacitance n equation (3) may be reduced. In equation (4}, the
impedance or capacitive reactance Xc is mversely proportional to the frequency fand the
capacitance {. Thus, lower-capacitance portions 62A, 62B may include higher impedance
than higher-capacitance portions 644, 64B. [t may be desirable for the capacitive
reactance to be negligible compared to the resistance of electrodes 604, 60B.

0663} For sensing phyvsiological electrical signals, the length of the dipole between
clectrodes 60A, 60B may be important to the signal quality sensed by electrodes 60A,
60B. Dipole length 72 may represent the effective length between the center of mass of
higher-capacitance portion 64A and the center of mass of higher-capacitance portion 64B.
For higher-frequency signals such as TCC signals, dipole length 70 may represent the
effective length between the center of mass of electrode 60A and the center of mass of
clectrode 60B. As depicted i FIG. 2, dipole length 72 may be longer than dipole fength
70. In some examples, IMD 15 may include dipole length 70 of approximately thirty-four
millimeters, dipole length 72 of approximately forty millimeters, and width 74 of
approximately eight millimeters. The 5% reduction 1n dipole length for relatively higher-
frequency signals may be compensated by the much larger increase 1o surface area for the
higher-frequency signals.

10864} Although dipole length 70 may be important for communicating via high-
frequency signals, current capability and power consumption may be more important
considerations in some examples. Current capability may be important with lower-voliage
batteries becaunse high impedance may reduce the electrical current through electrodes
60A, 60B. Power consumption may decrease as the surface area of electiodes 60A, 60B is
mereased. Lower-capacitance portions 64A, 648 being active during transmission of
higher-frequency signals mav reduce power consumption of 1CM 15 by a much larger
percentage than power consumption is increased by the reselting redoction in dipole
iength 70 and the corresponding reduction in transimpedance.

[0065] Moreover, the impedance of the tissue surrounding IMD 15 may be important. For
example, bone and fat may have a relatively high resistance to electrical signals, while
muscle and blood may have a relatively low resistance to electrical signals. Ata
frequency of cight kHz, the median mmpedance of tissuc in patients may be about nine

hundred and forty ohms. W IMD 15 includes a battery voltage of two volts, dniving a TCC
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current of one or two milliamperes into the tissue may require relatively low impedance.
A higher impedance may prevent a two-volt battery from driving an adequate TCC
current. Thus, in some examples, a reduction in impedance for higher-frequency signals
may be desirable.

10066} In one example, each of lower-capacitance portions 62A. 628 may nclude a
surface arca of approximately fourteen square nullimeters, and cach of higher-capacitance
portions 64A, 648 may include a surface area of approxamately twentv-eight square
millimeters. The dipole length and transimpedance may decrease by fifteen percent for
transmission of higher-fregueney signals, but the impedance may also decrease by sixty-
six percent for the higher-frequency signals. Thus, the power efficiency in this example
may inprove by more than fifty percent:

Foia . Pola —~ Loy

= =
(Y%transimpedance)* x{%impedance) $.852x3 2.17

3
}YlE?VJ -

{0067} In some examples, msulative cover 66 and/or can 80 {FIG. 3) may act as an
clongate housing that contains processing circuitry, sensing circuitry, and/or
communication circuitry. Fach of higher-capacitance portions 644, 648 may be closer to
the distal ends of insulative cap 66 than each of lower-capacitance portions 62A, 62B.
Likewise, cach of lower-capacitance portions 62A, 628 may be closer to antenna 68 than
each of higher-capacitance portions 64A, 648,

{0068} FIG. 3 15 a conceptual, cross-sectional side-view diagram of the example
configuration of ICM 13 of FIG. 2, the cross-section taken along line A — A’ of FIG. 2.
FIG. 3 depicts cach of higher-capacitance portions 644, 64B as being formed or placed
above or on cach of lower-capacitance portions 62A, 62B, each of which may be formed
or placed above or on top of msulative cover 66, Although shown as a layer above lower-
capacitance portions 624, 62B, higher-capacitance portions 64A, 64B may, in some
examples, be formed by treating a portion of a surface of the lower-capacitance portions,
e.g., treating a portion of a surface of a bare titaniim electrode to form high-surface area
titanium-nitride, producing higher-capacitance portion 64.

[0069] ICM 15 as depicted in FIG. 3 may include a wafer-scale msulative cover 66
positioned over a can 80 to form the housing of the ICM. Circuitry of ICM 15, .2,
processing circuitry, sensing circuttry, and/or communication circuitry, may be formed on
msulative cover 66, ¢.g., using flip-chip technology. For example, circuitry may be

formed on a side of insulative cover 66, and insulative cover 66 may be flipped onto can
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80. When flipped and placed onio can 80, the circuitry may be positioned on the bottomn
stde of insulative cover 66 1 a gap 84 detined by can 80. The circuitry on insulative cover
66 may be clectnically connected to clectrodes 60A, 60B through vias 82A, 82B formed
through msulative cover 66. Insulative cover 66 may include additional vias not shown in
FIG 3. Insulative cover 66 may be formed of sapphire and/or any other suitable msulating
material. Can 80 may be formed from bare titanium or any other suitable material.

{0078} In some examples, imsulative cover 66 may be sapphire and have a thickness of
approsimately three hundred micrometers to six hundred micrometers. Can 80 may be
titantum and bave a thickness of approximately two hundred micrometers to five hundred
micrometers. Lower-capacitance portion 62A may be titanium and have a thickness of
approximately fifty micrometers to one hundred micrometers. Higher-capacitance portion
64A may be titanium pitride and have a thickness of approximately five hundred
nanometers to ten micrometers. Higher-capacitance portion 64A may be more
mechanically robust and have a higher capacitance for higher thicknesses. These materials
and dimensions are examples only, and other materials and other thicknesses are possible
for devices of this disclosure.

{0071} FiG. 4 is a conceptual side-view diagram of an IMD 81 including two clectrodes
60A and 86. Hlectrode 60A 1s described above with respect to FIGS. 2 and 3. IMD 81
may include dielectric material 90 deposited on can 80. Higher-capacitance portion 88 of
clectrode 86 may be formed or placed on can 80, Higher-capacitance portion 88 of
clectrode 86 may melude similar properties to higher-capacitance portions 64A and 64B.
These propertics may include capacitance, frequency response (amplitude as a function of
frequency ), ratios of surface area for higher- and lower-capacitance portions, and any
other propertics. In one example, can 80 is formed of bare titanium, and higher-
capacitance portion 88 is formed by treating a portion of the exposed portion of can 80 to
form a titantum-nitride higher-capacitance portion 833, In some examples, material 80 {ic.,
“the tub” or “the can”) may be connected to a terminal of sensing circuitry and
communication circuitry of IMB 81,

(0672} FIG. 5 is a conceptual side-view diagram of another example configuration of an
IMD 100 including two electrodes 110A, 1108, IMD 100 may include an clongate
housing including header 102 and can 104. Header 102 and/or can 104 may house the

processing circuitry, sensing circuitry, and/or communication circuitry of IMD 100
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0873} Header 102 may include inselating material such as plastic or anv other suitable
msulating material. Electrode 110A may include higher-capacitance portion 114A and
lower-capacitance portion 112A, and may be attached to header 102, Electrode 110A may
be electrically connected to sensing circuitry and communication circuitry within IMBP
1060. Higher-capacitance portions 114A and 1148 may include similar properties to
higher-capacitance portions 64A and 64B.

[0074] In some examples, can 104 may include conductive matenial such as bare titanium.
Dielectric material 106 may be formed on can 104, The area of can 104 may not be
covered with diclectric material 106 may operate as lower-capacitance portion 1128,
Higher-capacitance portion 1148 may be formed or placed on or over lower-capacitance
portion 112B. In some examples, can 104 may include a surface area of approximately
seventy square millimeters, while electrode 110A may include a surface arca of
approximately nine square millimeters. Lower-capacitance portions 112A and 1128 may
mclude similar properties to lower-capacitance portions 624 and 62B.

[0675] FIG. 6 is a conceptual diagram illustrating an example configuration of an
tmplantable medical lead 121 including electrodes 120A and 120B. Electrodes 120A and
120B mayv be used for sensing phvsiological clectrical signals, transmitting and/or
receiving TCC signals, and/or delivering therapeutic signals to a patient. Electrode 120A
may include lower-capacitance portion 122A and higher-capacitance portion 124A, and
clectrode 1208 may include lower-capacitance portion 122B and higher-capacitance
portion 124B. Electrodes 120A and 1208 may be connected to a lead body 126 which
may connect to an IMD or external device. Electrode 120B at distal end 128 of lead body
126 may mchede at least a portion formed as a fixation structure, ¢ g, belix, to fix lead 121
to the tissue of the heart and hold the lead in place, or distal end of lead 128 may otherwise
mclade a fixation structure.

0076} Higher-capacitance portions 124A and 124B may be configured to operate as an
clectrode for communication, sensing, and delivering therapy pulses. Lead 121 may be
configured to sense physiological signals and deliver therapeutic signals, ¢.g., pacing
pulses, through higher-capacitance portions 124A and 124B. In some examples, a longer
dipole mav be desirable, such that the can (not shown in FIG. 6) of a medical device may
be used as an electrode. Lead body 126 may be connected to the can of the medical

device. A medical device coupled to lead 121 may communicate using TCC through
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lower-capacitance portions 122A and 122B ligher-capacitance portions 124A and 124B of
electrodes 120A and 1208, or the lower capacitance and higher capacitance portions of
one of the electrodes 120 and the can. Electrode 120B may be similar to electrode 22 m
FI(z. 1B, and electrode 120A niay be a ring electrode, or a coil electrode sumlar to
electrode 42 in FIG. iB.

{0077} For defibrillation, electrode 120B (when configured as a coil electrode 42 (FIG.
1B)) and possibly the housing of IMD 17 1 FIG. 1B, may transmit a lower-frequency and
higher-voltage signal to the heart tissue. Defibrillation may melude relatively higher
voltages as compared to other pacing signals and therapy signals. The relatively higher
voltages of defibrillation may produce relatively higher electrical currents. A lower
defibrillation voltage may be desirable to reduce the need for high-voltage capacitors. A
larger clectrode surface arca may also be desirable for defibrillation to reduce the voltage
needed to generate an adequate current for defibrillation.

[0078] F1GS. TA-TD are conceptual diagrams of an example technigue for manufacturing
an glectrode 60 meluding a higher-capacitance portion 64 and a lower-capacitance portion
62. The method may begin with insulative cover 66. FIG. 7A depicts conductive material
141 formed on msulative cover 66. Conductive material 141 may include, as examples,
bare titanium or titanium dioxide.

[0679] FIG. 7B depicts mask 140 formed on part of conductive material 141, FIG. 7C
depicts another matenal 142 on mask 140 and conductive matenal 141, Mask 140 may
prevent matenal 142 from contacting some of conductive matenal 141, The portion of
material 142 that contacts conductive material 141 may form higher-capacitance portion
64. Material 142 may include an clement or compound, ¢ g, nitrogen, such that higher-
capacitance portion 64 may include a mixture or composition of material 142 and
conductive material 141, such as titanium nitnde. FIG. 7D depicts the removal of mask
140 and material 142 that was disposed on mask 140, exposing conductive material 141,
The exposed portion of conductive material {41 may become lower-capacitance portion
62. The process of FIGS. TA-7D may be repeated, or performed on two arcas of
msulative cover 66 substantially simultancously, to construct a second electrode 60, and
thereby construct two electrodes 60A, 60B, ¢ 2., as dhustrated m FIGS. 2 and 3.

[00806] FiG. 8 is a flowchart dlustrating an example technique 130 of manufacturing an

electrode mcluding a lmgher-capacitance portion 64 and a lower-capacitance portion 62,
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Technique 150 may be unplemented in the constraction of anv one of the mplantable
medical devices (IMDs) discussed above because cach one of the IMDs is configured to
include an electrode including a higher-capacitance portion and a lower-capacitance
portion. The technigue of FIG. 8 may be described in the context of electrode 60 of FIGS,
TA-TD.

{0081} The technique of FIG. 8 may include forming insulative cover 66, which may
include sapphire in some examples (132). Insulative cover 66 may mclude circuitry
attached to one side. The technique of FIG. 8 may also melude forming first material 141
on insulative cover 66 (154). First matenal 141 may include bare titanium or another
conductive material. The technique of FIG. 8 may also include depositing mask 140 on a
portion of first material 141 (156}, The techmqgue of FIG. & may also include depositing
second material 142 on first matenial 141 and mask 140 {158). Mask 140 may block
material 142 from contacting all of first material 141, The technique of FIG. 8 may also
include removing mask 140 and material 142 that 1s deposited on mask 140, leaving the
second material deposited on first matenial 141 as higher-capacitance portion 64A on
electrode 60A (160},

00821 FIGS. 9A-9D are block diagrams of a method of manufacturing an clectrode 170
using diclectric material 178, The method may begin with msulative cover 66. FIG. 9A
depicts conductive material 172 formed on insulative cover 66, Conductive material 172
may include, as exaraples, bare titanium or any other conductive material in some
examples. FIG. 9A depicts another matenal 174 formed on conductive material 172,
Material 174 may be formed by treating conductive material 172 with an element or
compound, e.g., nifrogen, on conductive matenial 172, such that titanium nitride or another
material forms with a higher capacitance.

{0083} FiG. 9B depicts mask 176 deposited on a portion of matenal 174, FIG. 9C depicts
diclectric material 178 deposited on material 174 and on mask 176, Mask 176 may block
dielectric material 178 from attaching to a portion of material 174, Dielectric maternial 178
may include any suitable dielectric maternial, such as parviene. FIG. 9D depicts the
removal of mask 176 and diclectnic material 178 that was attached to mask 176, exposing
material 174 to form 2 higher-capacitance portion. The portion of material 174 that is

covered by diclectric material 178 may operate as a lower-capacitance portion.
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10084} FIG. 10 13 2 flowchart lustrating an example technique 200 of manufacturing an
electrode using diclectric matenial.  Technigue 200 may be implemented by any one of the
implantable medical devices (IMDs) discussed above because each one of the IMDs is
configured to include at least one electrode.

10085} The technique of FIG. 10 mcludes forming conductive material 172 on insulative
material 66 (202). Conductive material 172 may include a conductive material with low
capacitance such as titantum or titanium oxide. The technique of FIG. 10 further includes
treating conductive material 172 with a second material, such as nitrogen, to form material
174 (204). The technique of FIG. 10 further includes placing mask 176 on a portion of
material 174 (206}, The technique of FIG. 10 further mcludes forming dielectric matenal
178 on mask 176 and matenal 174 (208). The technigue of FIG. 10 further includes
removing mask 176 and the portion of dielectric material 178 on mask 176 (210). The
remaining diclectric material 178 may lower the capacitance of the portion of material 174
that dielectric material 178 covers.

0086} The capacitance per unit area of matenals used for electrodes may be adpusted by
changing the surface finish of the electrode.  For examiple, the capacitance of a material
such as anodized titaniwm may be modified by controlling the thickness of an oxide layer.
The thickness of the oxide Jlaver may be controlled by changing the voltage, current, time,
and/or solution used in the anodizing process.

I0087] FiG. 11 15 a block diagram of an example configuration of an IMD 15 including
two clectrodes 60A, 60B. IMD 15 may mclude processing circuitry 220 for controlling
sensing circuitry 222, TCC circuitry 224, switching circuitry 226, memory 228, optional
REF cirewitry 230, and optional therapy generation circuitry 232, Switching circuitry 226
may include one or more swiiches, such as metal-oxide-semiconductor field-effect
transistors {MOSFETSs) or bipolar transistors. Processing circuttry 220 may control
switching circuitry 226 to connect cloctrodes 60A, 60B to sensing circuitry 222 to sense a
physiclogical electrical signal. IMD 15 may sense the physiological electrical signal,
which may have a relativelv lower frequency content through higher-capacitance portions
64A, 64B of electrodes 60A, 60B.

[0088] Morcover, processing circuitry 220 may control switching circuitry 226 to conmnect
electrodes 60A, 60B to TCC circuttry 224 to transmtit or recetve TCC signals. Because

TCC signals may have a relatively higher frequency content, ¢.g., than physiological
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signals or therapy signal. both bigher-capacitance portions 64A, 648 and lower-
capacitance portions 624, 62B of clecirodes 60A, 60B may be active during transnission
and receipt of TCC signals. In some examples, processing circuitrv 220 may control
switching circuitry 226 to connect cloctrodes 60A, 60B to therapy generation circuitry 232
to deliver a therapy pulse, such as a pacing pulse fo the heart. IMD 15 may deliver the
therapy pulse, which may have a relatively lower frequency countent, through higher-
capacitance portions 64A, 64B. Lower-capacitance portions 624 and 62B may be
configured to not dehver the therapy pulse because lower-capacitance portions 62A and
628 may have a relatively high mpedance for lower-frequency therapy pulses. Lower-
capacitance portions 62A and 62B may conduct lower-frequency therapy pulses, but the
amplitude of the current through lower-capacitarnce portions 62A and 62B may be much
lower than the amplitude of the current through higher-capacitance portions 64A, 64B. As
a result, the electrical current through higher-capacitance portions 644, 648 may be at
least approximately ten, twenty, or one hundred times higher than the clectrical current
through lower-capacitance portions 62A and 62B. Therapy generation circuitry 232
and/or processing circuitry 220 may control the frequency, amplitude, and other
characteristics of the therapy pulses. Therapy generation circuitry 232 may deliver the
therapy pulses to electrodes 60A, 60B when switching circuitry 226 connects therapy
generation circuitry 232 to electrodes 604, 60B.

10089] Processing circuttry 220 may control switching circuitry 226 by sending control
signals to the control termunals of one or more switches of switching circuttry 226, The
control signals may control whether the switches of switching circuitry 226 conduct
electricity between the load terminals of the switches. I switching circuitry 226 includes
MOSFET switches, the control tenminals may include gate ternunals, and the load
terminals may include drain terminals and source terminals.

[0696] F1G. 12 is a conceptual top-view diagram of an example configuration of an
implantable medical device 221 including four electrodes 2404, 2408, 242A, 2428 and an
antenna 68, IMD 221 may include switching circuitry configured to connect some or all
of clectrodes 2404, 2408, 242A, 2428 to sensing circuitry and/or communication
circuitry of IMD 221. The switching circuitry is configured to connect the sensing
circuitry to electrodes 242A, 2428, ¢.g., and not to TCC clectrodes 2404, 2408, o sensc a

physiclogical electrical signal through electrodes 2424, 242B.
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{0091} Dipole length 72 between the centers of electrodes 242A, 2428 may be longer than
dipole length 70 between the centers of the combination of electrodes 2404, 242 A and the
combination of electrodes 2408, 242B. Dipole length 72 may provide a larger
transimpedance and signal amplitade than dipole length 70 for sensing physiclogical
electrical signal. In some examples, all of electrodes 2404 2408, 2424, 2428 may
include the same material, such as titanium nitride. To increase the dipole length, the
processing cireuitry of IMD 221 may control the switching circuitry to switch off
clectrodes 240A, 2408 when sensing or transmitting low-frequency signals.

{0092} To increase the surface area for transmitting or receiving high-frequency signals,
the processing circuitry may control the switching civcuitry to switch on all of clectrodes
240A, 2408, 242 A 2428, with electrodes 240A and 242A acting as one effective
electrode, and electrodes 240B and 2428 acting as another effective electrode. The
communication circuitry may be configured to transmit or receive a TCC signal through
electrodes 240A and 2424, and electrodes 2408 and 2428,

(0693} In some examples, IMD 221 may include three electrodes for TCC and sensing.
The battery of IMD 221 may be positioned near a single electrode i place of electrodes
2404, 242A. The single electrode may be used for both TCC and sensing signals. A
three-electrode version of IMD 221 may include electrodes 2408 and 242B on an opposite
end from the single electrode to increase the dipole distance for sensing and lower the
impedance for TCC.

{0054 F1G. 13 15 a block diagram llustrating an example configuration of an implantable
medical device 221 including four electrodes 240A, 2408, 242A 2428, Switching
circuitry 226, as controlled by processing circuitry 220 may be configured to connect
clectrodes 2424, 2428 to sensing circuitry 222 to sense physiological electrical signals.
Switching circuitry 226 may include one or more swiiches, such as metal-oxide-
sennconductor ficld-effect transistors (MOSFETs} or bipolar transistors. Switching
cireuttry 226 may be configured to connect electrodes 2404, 2408, 242A, 2428 1o
transmit or receive TCC signals.

[0093] In some examples, processing cirewitry 220 may control switching cireuitry 226 to
connect electrodes 242 A, 2428 to therapy generation cirauitry 232 to deliver a therapy
pulsc, such as a pacing pulsc to the heart. In some examples, clecirodes 2424, 2428 may

have a higher capacitance than ¢lectrodes 240A, 2408, IMD 221 may deliver the therapy
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pulse, which may have a relatively lower frequency content, through electrodes 242A,
2428. Therapy generation circuitry 232 and/or processing circnitry 220 may control the
freguency, amplitude, and other charactenistics of the therapy pulses. Therapy generation
cireaitry 232 may deliver the therapy pulses to electrodes 2424, 242B when switching
circnitry 226 connects therapy generation circuitry 232 to electiodes 242A, 242B.

10056} Processing circuttry 220 may control switching circuitry 226 by sending control
signals to the control termunals of one or more switches of switching circuttry 226, The
control signals may control whether the switches of switching circuitry 226 conduct
clectricity between the load terminals of the switches. If switching circuitry 226 includes
MOSFET swiiches, the control terminals may include gate termunals, and the load
terminals may include drain terminals and source terminals,

16657} FIG. 14 is a flowchart tlustrating an example technique 240 of operating an
implantable medical device 15 including two electrodes 60A, 60B. If {MI3 15 is sensing
physiclogical signals (242}, IMD 13 may receive the physiological signals from higher-
capacitance portions 64A, 648 of clectrodes 60A, 60B (244, IfIMD 1513
communicating via TCC signals (246}, both lower-capacitance portions 624, 628 and
higher~capacitance portions 64A, 64B of clectrodes 60A, 60B may be active {248).
[0098] FiG. 15 15 a flowchart illustrating an example technique 260 of operating an
implantable medical device 221 including four electrodes 240A, 2408, 242A, 2428, If
MDD 221 1s sensing physiological signals (262}, switching circuitry 226 may switch off
clectrodes 2404, 2408 (264). Switching circuitry 226 may switch off electrodes 2404,
2408 by disconnecting electrodes 240A, 2408 from sensing circuitry 222 and connecting
clectrodes 2424, 2428 to sensing circwitry 222, Sensing circuitry 222 may receive a
phyvsiological signal from electrodes 2424, 2428 (266).

[0099] It IMD 221 is communicating via TCC signals (272), switching circuitry 226 may
switch on electrodes 2404, 2408, 242A, and 2428 (274}, IMD 221 may communicate via
TCC signals by receiving signals from a control module. Switching circuitry 226 may
switch on electrodes 2404, 240B, 242A, and 242B for communicating TCC signals by
connecting electrodes 2404, 242A and electrodes 2408, 242B to respective nodes {e.2.,
nput or output} of TCC communication circuitry 224, TCC commmunication circuitry 224

may transmit and/or receive TCC signals via the connected clectrodes 240A, 2408, 242A.,
Y 5
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2428 (276). In some examples, TCC communication circuitry 224 may transmit and/or
receive TCC signals via at Jeast electrodes 2404, 2408,

{3186 FIG. 16 15 a diagram of an implantable medical device 50 mcluding a tip ¢lectrode
290. IPD 50 may be configured to be implanted in the left ventncle of the heart of a
patient, as depicted in FIG. 1B, Agshown in FIG. 16, IPD 50 mchides case 280, cap 283,
clectrode 290, clectrode 282, fixation mechanisms 292, flange 284, and opening 286.
Together, case 280 and cap 288 may be considered the housing of IPD 50, In this manner,
case 280 may form a hernetical seal arcond the vanous electrical components, e g,
circuitry, within 1PD 50, Cap 288 may hold in place the tip clectrode assembly and the
tine assembly, as shown in FIG. 18, Case 280 may enclose substantially all of the
electrical components and create the bermetically sealed housing of IPD 50, Althoagh
IPD 50 1s generally described as including one or more ¢lectrodes, IPD 50 may tvpically
mnclude at least two clectrodes (e.g., electrodes 282 and 290} to deliver an electrical signal
{c.g., therapy such as cardiac pacing) and/or provide at least one sensing vector.

(0181} Electrodes 282 and 290 arg carried on case 280 and cap 288, respectively. In this
manner, electrodes 282 and 290 may be considered leadless electrodes. In the example of
FIG. 16, electrode 290 is disposed on the extenior surface of cap 288, Electrode 290 may
be a circular electrode positioned to contact cardiac tissue upon implantation. Electrode
282 may be a ring or cylindrical electrode disposed on the exterior surface of case 280,
Although not depicted in FIGS. 16-17B, clectrode 282 may include a higher-capacitance
portion and a lower-capacitance portion. Both case 280 and cap 288 may be electrically
msulating.

{3162} Electrode 290 may be used as a cathode and electrode 282 may be used as an
anode, or vice versa, for delivering cardiac pacing such as bradvcardia pacing, CRT, ATP,
or post-shock pacing. However, ¢lectrodes 282 and 290 may be used in any stimulation
cortfiguration. In addition, electrodes 282 and 290 mav be used to detect wtrinsic
clectrical signals from cardiac muscle. Tip clectrode 290 may be configured to contact
cardiac tissue such as an mterior wall of the lefi ventricle, the right ventricle, or the night
atrium. Tip electrode 290 may be configured to contact cardiac tissue epicardially or
intracardially.

(0163} Fixation mechanisms 292 may attach IPD 30 to cardiac tissue. Fixation

mechanisms 292 may be active fixation tines, screws, clamps, adhesive members, or any
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other mechanisms for attaching a device to tissue. As shown in the example of FIG. 16,
fixation mechanisms 292 may be constructed of a memory material, such as a shape
memory alloy (¢.g., nickel titanium), that retains a preformed shape. Durning implantation,
fixation mechanisms 292 may be flexed forward to pierce tissue and allowed to flex back
towards case 280. In this manner, fixation mechanisms 292 may be embedded within the
target tissuc.

[0104] Flange 294 may be provided on one end of case 280 o enable tethering or
extraction of IPD 50, For example, a suture or other device may be nserted around flange
294 and/or through opening 296 and attached to tissue. In this manner, tlange 294 may
provide a secondary attachment structure to tether or retain IPB 50 withan the heart if
fixation mechanisms 292 fail. Flange 294 and/or opening 296 may also be used to extract
IPD 50 once the IMD needs to be oxplanted {or removed) from the patient if such action is
deemed necessary.

[0105] IPD 50 15 one example of a pacmg device configured to include one or more
clectrodes according to this disclosure. However, other implantable medical devices may
be configured to include ong or more electrodes similar to those described with respect to
D 50, FIGS. 17A-17B are conceptual diagrams of an implantable medical device 50
melading a tip electrode 290. FIG. 17A depicts an example that 1s similar to 1PD 5010
FI1G. 16, while FIG. 17B depicts IPD 50 including conductive fayver 302 adjacent to tip
clectrode and thin msulating overcap 304 deposited over conductive layer 302, IPD 50 in
FIG. 17A may be a depiction of cap 288 and tip electrode 290 before conductive layer 302
and overcap 304 are added. Tip electrode 290 may have a relatively higher capacitance
than conductive layer 302 ag covered by insulating overcap 304, Consequently, tip
electrode 290 may act as a higher-capacitance portion for delivering or sensing lower
frequency signals, e.g., pacing signals or physiological signals, while the combination of
tip electrode 280 and conductive laver 302 as covered by insulating overcap 304 may
provide an mmcreased surface arca for transmission or receipt of high-frequency signals,
¢.g., TCC signals, but generally not conduct lower frequency signals. Morgover, material
may be applied to ¢lectrode 282 to create a lower-capacitance portion and a higher-
capacitance portion.

[0166] 1PD 50 may engage 1 one~-way of two-way communication with other devices,

such as IMD 15 or another IPD 50, 1PD 30 may receive commands and data trom IMD
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15, and IPD 50 may transmit data to IMD 15 or external device 14B. When IPD 50 is
transmitting signals, a farger electrode with lower impedance may be desirable to enable
higher current capabilities during TCC transmission and higher received signal strength
during TCC reception. In some examples, lower impedance may also reduce power
dissipation and consequently increase the battery life of IPD 50, Larger surface arga of an
clectrode may also reduce the likelithood that a TCC transmission from IPD 50 will
inadvertently cause tissue stimulation.

(01687} In some examples, tip electrode 290 may mclude a surface area of approxamately
two square mullimeters. In experiments using a simular tip electrode in several patients,
the impedance had a mean value of six hundred and eighteen ohms. To reduce the
effective impedance at high frequencies without significantly increasing the pacing current
at low frequencies, conductive fayer 302 may provide an inpedance n parallel with tip
clectrode 290, If the capacitance of conductive laver 302 is too high, the pacing current at
low frequencies may increase sigmficantly. If the capacitance of conductive layer 302 is
too low, conductive layer 302 may not adeguately reduce the impedance at high
frequencies.

0168} In some examples, the charge delivered to tip electrode 290 tor a pacing current
may be estimated at three hundred and ninety nanocoulumbs, based on a voliage of one
volt, an average mmpedance of six hundred and twenty chms, and a time period of two
hundred and forty microseconds. Adding conductive laver 302 with overcap 304 may
increase the pacing current. For an increase in the pacing current of ten percent, the
additional charge would be thirty-mine nanocoulumbs. Thus, an estimate of the maxinum
capacitance is forty nanofarads for some pacing devices. Ap estimate of the minimum
capacitance may be obtained using fifty kHz as a low-end frequency for TCC

communication and one thousand chms as a mgh-end impedance:

. 9 3onC ,
C = = ~ 40nF
max oy 1V
1 1
Coiy = = = 3nF
PUR O omfX.  2mf(S0KkHZ)(1k)

{3109} FIG. 18 is a cross-section diagram of an example configuration of a distal portion
of an implantable medical device having a tip clecirode 290. Tip electrode 290 may
melude a cylinder surrounding steroid eluting silicone plug 322, Metal cylinder 324 may

be posttioned underneath tip electrode 290. Metal cylinder 324 may include a flat base to
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hold silicone plug 322 in place, support tip clectrode 290, and provide a connection to
feedthrough pin 326. Insulating overcap 304 may mclude a sthicone rubber piece that
wraps around metal cyvlinder 324 to insulate the metallic pieces within IPD 50 from
external thuds. Insulating overcap 304 may be adhered to other components of IPD 50 by
a silicone medical adhesive.

0116} Insulating overcap 304 may mclude a surface area of cight square millimeters. In
some examples according to this disclosure, msulating overcap 304 mav be replaced by an
msulated metal piece with a similar surface area and a capacitance of approximately ten
nanofarads, e.g., conductive laver 302 covered by insulating overcap 304 as depicted in
FIG. 17B. In some examples, tip electrode 290 may include an impedance of one
thousand ohms, and overcap 304 may imclude an impedance of three hundred chms in
series with ten nanofarads. The combined impedance of tip clectrode 290 and overcap 304
may be three hundred and thirty ohms, two hundred and sixty ohms, and two hundred and
forty ohms at fifty kHz, one hundred kldz, and two hundred klHz, respectively. Thus,
overcap 304 may reduce impedance for high-frequency signals. However, the increase in
pacing current may be relatively low, such as five nanoamperes or two-and-one-half
percent.

{3111} To design overcap 304 and other components of 1PD 50 as a lower-capacitance
portion of tip electrode 290, several materials may be used. Titanium nitride or bare
titanium may provide a rclatively high capacitance. A ten-micrometer layer of parylene
for overcap 304 mav result in a capacitance of approximately twenty-one picofarads,
which may be too low for TCC signals. Anodized titanium may include a capacitance of
five nanofarads per square millimeter at cortain thicknesses, such as two hundred
nanometers.

{3112 Varous aspects of the technigues may be implemented within one or more
processors, including one or more microprocessors, DSPs, ASICs, FPGAs, or any other
equivalent integrated or discrete logic cirautry, as well as any combinations of such
components, embodied in programmers, such as physician or patient programmers,
electncal stimulators, or other devices. The term “processor” or “processing circuitry”
may generally refer to any of the foregomg logic circuitry, alone or in combmation with

other logic circuitry, or any other equivalent circuttry.
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{0113} In one or more examples, the functions described in this disclosure may be
uvaplemented in hardware, software, firmware, or anv combination thercof. If
implemented n software, the functions may be stored on, as one or more instructions or
code, a computer-readable medium and executed by a hardware-based processing unit,
Computer-readable media may include computer-readable storage media forming a
tangible, non-transitory medivm. Instructions may be executed by one or more processors,
such as one or more DSPs, ASICs, FPGAs, general purpose microprocessors, or other
equivalent imtegrated or discrete logic circuitry. Accordingly, the term “processor,” as
used herein may refer to one or more of any of the foregoing structure or any other
structure suitable for implementation of the techmques described herein.

{0114} In addition, in some aspects, the functionality described hergin may be provided
within dedicated hardware and/or scftware modules. Depiction of different features as
modules or units 1s intended to bighlight different functional aspects and does not
necessarily imply that such modules or units must be realized by separate hardware or
software components. Rather, fimetionality associated with one or more modales or wmits
may be performed by separate hardware or software components, or mtegrated within
common of separate hardware or software components. Also, the techniqucs could be
fully implemented in one or more circuits or logic elements.  The techmques of this
disclosure may be mmplemented in a wide variety of devices or apparatuses, including an
IMD, an extomal programmer, a combination of an IMD and external progranumer, an
integrated circuit (1C) or a set of 1Cs, and/or discrete electrical circuitry, residing in an
IMD and/or external programmer.

{0115} The following numbered examples demonstrate one or more aspects of the
disclosure.

[0116] Exampie I, An implantable medical device comprising a plurality of electrodes,
sensing circutry configured to sense a physiological electrical signal via the plurality of
clectrodes, and comumunication circuitry configured to transout and/or receive a tissue
conductance communication signal via the plurality of electrodes, wherein at least one
clectrode of the plurality of electrodes comprises a lower-capacitance portion and a
higher-capacitance portion.

[0117] Example 2. The implantable medical device of example 1, wherein the plurality

of electrodes comprises a first electrode including a first lower-capacitance portion and a
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first higher-capacitance portion; and a second electrode including a second lower-
capacitance portion and a second higher-capacitance portion.

{0118} Example 3.  The implantable medical device of examples 1-2 or any
combinations thereof, further comprising an elongate housing that contains the sensing
circuitry and the commumication circuitry. the elongate housing including a first end and
second end oppostte the first end, wherein the first electrode is positioned on the clongate
housing proximate the first end; the second electrode is positioned on the elongate housing
proximate the second end; the first higher-capacitance portion is closer to the first end than
the first lower-capacitance portion; and the second higher-capacitance portion is closer to
the second end than the second lower-capacitance poriion.

[0119] Example 4.  The implantable medical device of examples -3 or any
combinations thereof, further comprising an elongate housing and an antenna on or within
the elongate housing, wherein the antenna is disposed between the first clectrode and the
second electrode; the first lower-capacitance portion is positioned closer to the antenna
than the first higher-capacitance portion; and the second lower-capacitance portion is
positioned closer to the antenna than the second higher-capacitance portion.

[0120] Exanple 5. The implantable medical device of examples 1-4 or any
combinations thereof, wheremn a distance between a center of the first electrode and a
center of the second electrode is less than a distance between a center of the first lngher-
capacitance portion and a center of the second higher-capacitance portion.

{0121} Example 6. The implantable medical deviee of examples 1-5 or any
combinations thereof, wherein the lower-capacitance portion includes titaniam or titanium
dioxide; and the bigher-capacitance portion includes tifanium nitride.

[0122] Exanple 7. The implantable medical device of examples 1-6 or any
combinations thereof, wherem the lower-capacitance portion is configured to transnut or
receive TCC signals; and the higher-capacitance portion is configured to sense the
physiclogical electrical signal and transmit or receive TCC signals.

[0123] Example 8. The implantable medical deviee of examples 1-7 or any
combinations thereof, further comprising signal generation circuitry configured to deliver
a therapy pulse via the at least one electrode, wherein the higher-capacitance portion is
configured to deliver the therapy pulse and the lower-capacitance portion is configured to

not deliver the therapy pulse.
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{0124} Example 9.  The implantable medical device of examples 1-8 or any
combinations thercof, wherein the lower-capacitance portion is a larger percentage of a
surface area of the at least one electrode than the higher-capacitance portion.

[0125] Example 10. The mmplantable medical device of examples 1-9 or any
combmations thereof, wherein the lower-capacitance portion includes a capacitance of less
than approximately forty nanofarads and greater than approximately three nanofarads; and
the higher-capacitance portion includes a capacitance of greater than approximately two
hundred nanofarads.

[0126] Example 11, The implantable medical device of examples 1-10 or any
combinations thercof, further comprising a dielectric material at least partially covering
the lower-capacitance portion and/or the higher capacitance portion.

10127} Example 12, The mnplantable medical device of examples 1-11 or any
combinations thereof, wherein the physiological clectrical signal comprises an clectrical
signal of the heart.

(0128} Example 13, The implantable medical device of examples 1-12 or any
combinations thercof, wheremn the at least one electrode comprises tip electrode
configured to contact cardiac tissue.

{0129 Exampie 14. A method for manufacturing an implantable medical device, the
method comprising forming a first material of an electrode of the wnplantable medical
device; depositing a mask on at least part of the first material; depositing a second material
on the mask and the first matenal to form a higher-capacitance portion of the electrode;
and removing the mask from the first material to expose a lower-capacitance portion of the
electrode.

{0136} Example 15, The method of example 14, wherein the clectrode comprises a first
electrode, the method further comprising forming the first material of a second electrode
of the implantable medical device; depositing a second mask on the first material of the
second electrode; depositing the sccond matenal on the first material of the second
clectrode to form a higher-capacitance portion of the second electrode; and removing the
second mask from the first material of the second electrode to expose a lower-capacitance
portion of the second electrode.

[0131] Exanple 16, The method of examples 14-15 or any combinations thercof, further

comprising forming an clongate housing of the implantable medical device, wherein the
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clongate housing mciudes a first end and second end opposite the first end; the first
electrode is positioned on the clongate housing proximate the first end; the sccond
electrode 1s positioned on the elongate housing proximate the second end; the higher-
capacitance portion of the first electrode s closer to the first end than the lower-
capacitance portion of the first electrode; and the second higher-capacitance portion ig
closer to the second end than the second lower-capacitance portion,

[0132] Example 17, The method of examples 14-16 or any combinations thereof, further
comprising forming an elongate housing of the implantable medical device; and placing an
antenna on or within the elongate housing, wherein the antenna is disposed between the
first electrode and the second electrode; the lower-capacitance portion of the first electrode
is posttioned closer to the antenna than the higher-capacitance portion of the first
electrode; and the second lower-capacitance portion 1s positioned closer to the antenna
than the second higher-capacitance portion.

{0133} Exampie 18, The method of examples 14-17 or any combinations thereof,
wherein the lower-capacitance portion comprises titanium or titanium dioxide; and the
higher-capacitance portion comprises titanivm nitride.

[0134] Exanmple 19, The method of examples 14-18 or any combinations thercof,
wherein the lower-capacitance portion 1s a larger percentage of a surface area of the at
lcast one electrode than the higher-capacitance portion.

10135} Example 20.  The method of examples 14-19 or any combinations thereof,
wherein the lower-capacitance portion is configured to transmit or receive TC signals;
and the higher-capacitance portion is configured to sense the physiological electrical
signal and transmit or receive TCC signals.

[0136] Example 21, The method of examples 14-20 or any combinations thercof,
wherein the lower-capacitance portion mcludes a capacitance of less than approximately
forty nanofarads and greater than approximately three nanofarads; and the higher-
capacitance portion includes a capacitance of greater than approximately two hundred
nanofarads.

(0137} Example 22. A method for manufacturing an mmplantable medical device, the
method comprising forming an clectrode on the mmplantable medical device; depositing a
mask on a first portion of the electrode; depositing a diclectric material on the mask and a

second portion of the electrode; and removing the mask from the first portion of the
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electrode and leaving the dielectric material on the second portion of the electrade,
wherein the first portion of the electrode has a higher capacitance than the second portion
of the electrode.

[0138] Example 23.  An implantable medical device comprisimg at least four clectrodes;
sensing circuitry configured to sense a physiotogical electrical signal via a first electrode
and a second clectrode of the at least four electrodes; communication circuitry configured
1o transmit a fransconductance conmmunication signal via at least a third electrode and a
fourth electrode of the at least four electrodes; and switching circuitry configured to
connect the first clecirode and the second clectrode to the sensing circuiiry, and connect
the at least four electrodes to the communication circuitry; and processing circuitry
configured to control the switching circuttry to connect the first electrode and the seeond
electrode to the sensing circuitry to sense the physiological electrical signal, and control
the switching circuitry to connect at least the third clectrode and the fourth electrode to the
communication circuitry to transmit or receive TCC signals.

(0139} Example 24, The implantable medical device of example 23, further comprisimg
an clongate housing that contains the sensing circuitry and the communication circunitry,
the clongate housing including a first end and second end opposite the first end, wherein
the first electrode 1s positioned on the clongate housing proximate the first end; the second
electrode is positioned on the elongate housing proximate the second end; the first
clectrode is closer to the first end than the third electrode; and the second clectrode is
closer to the second end than the fourth electrode.

(0148} Example 25. The implantable medical device of examples 23-24 or any
combinations thereof, wherein a surface area of the first electrode is smaller than a surface
arca of the third clectrode; and a surface arca of the second clectrode is smallerthan a
surface area of the fourth electrode.

3141} Hxample 26. A method for operating an moplantable medical device, the method
comprising controlling switching circuttry of the implantable medical device to connect a
first electrode and a second electrode to sensing circuitry of the implantable medical
device; sensing a physiclogical electrical signal via the first electrode and the second
electrode; controfling the switching circuitry io connect at least a third elecirode and a
fourth electrode to communication circuitry of the implantable medical device;

transmitting TCC signals via at least the third electrode and the fourth elecirode; and
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receiving TCC signals via the at least two electrodes of the first electrode, the second
electrode. the third electrode, and the fourth electrode.

{0142 Example 27, The method of example 26, wherein the first electrode is positioned
on an elongate housmg of the implantable medical device proximate a first end of the
elongate housing; the second electrode is positioned on the elongate housing proximate 3
second end of the clongate housing; the first clectrode is closer to the first end than the
third electrode; and the second electrode 15 closer to the second end than the fourth
clectrode.

[0143] Example 28. The method of examples 26-27 or any combinations thereof,
wherein a surface area of the first electrode 1s smaller than a surface area of the third
electrode, and wherein a surface area of the second electrode is smaller than a surface arca
of the fourth electrode.

0144} Exampic 29. The method of cxamples 26-28 or any combinations thereof, further
comprising controlling the switching circuitry to connect the first electrode and the second
electrode to signal generation circuitry of the implantable medical device; and delivering a
therapy pulse via the first electrode and the second electrode.

{0145} Various aspects of this disclosure have been described. These and other aspects are

within the scope of the following claims.
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WHAT 15 CLAIMED I5:

I An mplantable medical device comprising:

a plurality of electrodes;

sensing circuitry configured to sense a physiological electnical signal via the
plurality of electrodes; and

communication circuttry configured to transmit and/or receive a transconductance
communication signal via the plurality of electrodes,

wherein at least one electrode of the plurality of electrodes comprises a lower-

capacitance portion and a higher-capacitance portion.

2. The tmplantable medical device of claim 1, wherein the plurality of electrodes
COMPTISes:

a first electrode mcluding a first lower-capacitance portion and a first higher-
capacitance portion; and

a second clectrode including a second lower-capacitance portion and a second

higher-capacitance portion.

3. The tmplantable medical device of claim 2, further comprising an clongate housing
that contains the sensing circuitry and the communication circuitry, the elongate housing
mcluding a first end and second end opposite the first end, wherein:

the first clectrode is positioned on the elongate housing proximate the first end;

the second electrode is positioned on the clongate housing proximate the second
end;

the first higher-capacitance portion s closer to the first end than the first lower-
capacitance portion; and

the second higher-capacitance portion 1s closer to the second end than the second

lower-capacitance portion.
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4. The implantable medical device of any of claims 2-3, further comprising an
clongate housing and an antenna on or within the elongate housing, wherein:

the antenna 1s disposed between the first electrode and the second electrode;

the first lower-capacitance portion 1s positioned closer to the antenna than the first
higher-capacitance portion; and

the second lower-capacitance portion is positioned closer to the antenna than the

second higher-capaciiance portion.

5 The implantable medical device of any of claims 2-3, whercin a distance between a
center of the first clectrode and a center of the second electrode s less than a distance
between a center of the first higher-capacitance portion and a center of the second higher-

capacitance portion.

b. The implantable medical device of any of claims 1-5, wherein:
the lower-capacitance portion inclades titannum or titanium dioxade; and

the higher-capacitance portion includes titanium nitride.

-~

The implantable medical device of any of claims 1-6, wherem:

the lower-capacitance portion is configured to transmit or receive fissue
conductance communication (TCC) signals; and

the higher-capacitance portion is configured to sense the physiological electrical

signal and transmit or recetve TCL signals,

8. The implantable medical device of claim 7, further comprising signal generation
circuitry configured to deliver a therapy pulse via the at least one electrode, wherein the
higher-capacitance portion 18 configured to deliver the therapy pulse and the lower-

capacitance portion is configured to not deliver the therapy pulse.

9. The implantable medical device of any of claims 1-8, wherein the lower-
capacitance portion is a larger percentage of a surface area of the at least one electrode

than the higher-capacitance portion.

(53
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10, The implantable medical device of any of claims 1-9, wheremn:

the lower-capacitance portion includes a capacitance of less than approximately
forty nanofarads and greater than approximately three nanofarads; and

the higher-capacitance portion includes a capacttance of greater than

approximately two hundred nanofarads.

11, The implantable medical device of any of claims 1-10, further comprising a
dielectric material at least partially covering at feast one of the lower-capacitance portion

or the higher capacitance portion.

12. The mplantable medical device of any of claims 1-11, wherein the physiclogical

clectrical signal comprises an electrical signal of the heart.

3. The implantable medical device of any of claims 1-12, wherein the at ieast one

electrode comprises a tip electrode configured to contact cardiac tissue.
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