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Abstract—In this study, we explore the use of stents as radi-
ating structures to support transcutaneous wireless telemetry
for data transfer of internal measurements from within the cir-
culatory system. The implant location is chosen for the specific
application of heart failure detection by monitoring internal
pressure measurements of the pulmonary artery. The radiative
properties of the single stent are quantified in free space within
an anechoic chamber and compared with measurements taken
while implanted in a live porcine subject. The in vivo studies of
our 2.4-GHz stent-based transmitter, implanted at a depth of
3.5 cm within the chest, showed a 32–35-dB power reduction at a
receive distance of 10 cm for both co- and cross-polarizations. The
approximate far-field -plane antenna pattern is quantified at a
distance of 50 cm both in free space within an anechoic chamber
and while implanted within a porcine chest. These results are
used to explore the accuracy of a high-fidelity simulation model
developed using Ansoft’s High Frequency Structural Simulator
and components of their Human Body Model to provide a model
that is validated with empirical data. This study provides insight
into the effects of tissue on high-frequency electromagnetic tran-
scutaneous transmission and develops a high-fidelity model that
can be used for further design and optimization.

Index Terms—Biomedical applications of electromagnetic
(EM) radiation, biomedical monitoring, biomedical telemetry,
implantable biomedical devices.

I. INTRODUCTION

H EART failure affects approximately 2% of the adult pop-
ulation in developed countries and 6%–10% of people

over the age of 65 [1]–[5]. During the first year after diagnosis,
mortality rates of 30%–40% have been published, and after
five years, this percentage increases to 60%–70% [5]–[7]. The
burden imposed by advanced heart failure is compounded by
frequent hospitalizations due to congestive or low-output symp-
toms, renal and respiratory dysfunction, anemia, arrhythmia,
and other systemic complications.

Manuscript received January 31, 2009; revised June 23, 2009. First published
September 18, 2009; current version published October 14, 2009. This work was
supported in part by SOLX Inc.

E. Y. Chow is with the Brain Computer Interface Laboratory, Weldon School
of Biomedical Engineering, School of Electrical and Computer Engineering,
Purdue University, West Lafayette, IN 47907 USA (e-mail: eychow@purdue.
edu).

Y. Ouyang and W. J. Chappell are with the IDEAS Microwave Labo-
ratory, School of Electrical and Computer Engineering, Purdue University,
West Lafayette, IN 47907 USA (e-mail: ouyangy@purdue.edu; chappell@
purdue.edu).

B. Beier and P. P. Irazoqui are with the Brain Computer Interface Laboratory,
Weldon School of Biomedical Engineering, Purdue University, West Lafayette,
IN 47907 USA (e-mail: bbeier@purdue.edu, pip@purdue.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2009.2029954

Fig. 1. Conceptual drawing of stent-based platform for implantable electronics
implanted in a branch of the pulmonary artery.

A stent-based monitoring device implanted in the pulmonary
artery, as shown in Fig. 1, can be used to provide internal mea-
surements of pulmonary diastolic pressure, as well as other mea-
sures of cardiac health such as oxygenation, flow, and blood
chemistry. It is generally accepted that pulmonary wedge pres-
sure, together with cardiac output data, is the single most useful
parameter for diagnosing and characterizing heart failure [8].
Pulmonary wedge pressure can be obtained from the pulmonary
diastolic pressure because the difference between the two is
small and generally fixed for each patient [9]. Catheterization of
the right heart is routinely used in coronary and intensive care
units to obtain the pulmonary pressures and cardiac output data
in patients with severe heart failure and other complex heart dis-
eases [10], [11]. Application of the technique to diagnose and
guide treatment of heart failure patients at the bedside has been
very limited due to the invasive nature of the technique and lack
of a portable pulmonary pressure monitoring device [12].

This paper focuses on the evaluation of a stent-based antenna
used to form a wireless data-link between an implant deep within
the chest and the external environment. This novel prototype car-
diac sensing platform utilizes a stent-based package that can be
implanted with a simple minimally invasive outpatient procedure
that does not occlude or obstruct blood flow after implantation.
Integration of a miniature cardiac sensor and wireless transmitter
with a Food and Drug Administration (FDA) approved medical
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stent,whichactsasboth thepackagesubstrateandradiatingstruc-
ture is introduced in [13] and [14]. The concept of using a stent
to form a wireless link is shown by Takahata et al. in [15], where
an antenna is carefully micromachined. This antenna has a sim-
ilar form factor to a stent and is designed to allow for balloon de-
ployment methods. The benefit of a stent or stent-like device is
that it provides efficient data transfer from a device that canbe im-
planted in nearly any vessel or body conduit. From the pulmonary
artery, this device can take direct measurements of pulmonary di-
astolic pressure allowing for early diagnosis of heart failure [8].

A variety of implantable antennas have been explored in recent
literature for numerous medical applications [16]–[18]. Spiral
serpentine microstrip antennas are explored in [19] on a shoulder
model derived from the University of Utah man model [20] and
in [21] on skin mimicking gels. A planar inverted F-antenna
integrated with an artificial pacemaker is measured in a muscle
equivalent phantom in [22]. The “stentenna” developed in [15]
and [23] is carefully micromachined to create a helical-like coil
used as an inductor in an LC tank that can be passively interro-
gated. Testing of this stent-like antenna is done in air and a
nonconductive liquid [23]. Although implantable antennas have
been used extensively in biomedical devices, little work has
been done to characterize their performance in vivo [24]–[27].

An active system is targeted in this study to allow for the
transmission of amplified, filtered, and digitized data, which
improves signal integrity and reduces noise immunity. Active
implants also allow for the ability to individually address
multiple implants and store data into on-chip memory. Current
passive devices offer a simple and robust solution, but suffer
from relatively poor signal-to-noise ratio, vulnerability to pa-
tient misuse, and limited functionality [28]–[30]. Active cardiac
pressure monitors have been explored by companies and re-
search groups, but are currently rather large due to components
including a relatively large battery, which prevents the ability
for placement directly into the pulmonary artery [31]–[33].

In this study, we quantify the radiative capabilities of com-
mercially available stents, provided by Cook Medical, Bloom-
ington, IN, through simulations and in vivo studies. We also
develop a simulation model which integrates components from
Ansoft Corporation’s “Human Body Model” along with addi-
tional tissue types and layers allowing for evaluation of the elec-
tromagnetic (EM) effects of implantation. The in vivo data is
compared with the simulation model to validate the accuracy of
the model. This study aims toward developing and validating an
accurate simulation model that can be used, as a substitute for
costly in vivo trials, in further iterative design optimizations.

II. DESIGN AND ASSEMBLY

To validate the use of stents for this application, we exam-
ined a range of stent designs and settled on two popular me-
chanical structures corresponding to two different common de-
livery mechanisms. The first is the Formula 418 Balloon-Ex-
pandable Biliary Stent, and the second is a Zilver 635 Vascular
Self-Expanding Stent, both provided by Cook Medical. Trans-
mitter prototypes are assembled by integrating these two stent
types with MAXIM Integrated Products voltage-controlled os-
cillators. The stents are first expanded to their final implanta-
tion size of 30 mm in length and 5–6 mm in diameter, shown

Fig. 2. (a) Zilver 635 Vascular Self-Expanding Stent arranged in a monopole-
like configuration. (b) Conceptual nonfunctional prototype integrated with a
MEMS capacitive sensor a application-specific integrated circuit (ASIC) with
onboard transmitter, wireless powering, and sensor interface circuits.

in Fig. 2(a), using balloon catheters for the Formula 418 Bal-
loon-Expandable Biliary Stents and a removable sleeve for the
Zilver 635 Vascular Self-Expanding Stents. The stents are then
integrated with a 3-dBm output, 2.4-GHz voltage-controlled
oscillator (MAX2750) onto an FR-4 substrate along with ex-
ternal wires for supplying power. The integrated circuit (IC),
traces, and exposed sections of wire are covered with a silicone
sealant, while the stents themselves are left bare and are in direct
contact with the tissue during and after implantation. External
wires are used instead of a battery to ensure a reliable power
supply to the transmitter, as well as to avoid the effects of having
a large conductive object in the vicinity of the stent-based an-
tenna. A section of anechoic wedge foam is used to cover the
wires in order to help minimize their radiation. A grounding
shield for the wires was not used because this implementation
would present an unrepresentative large ground for the antenna
and potentially enlarge the path through the incision site. The
external powering wires still affect the measurement results of
the stent-based antenna. These effects are studied through High
Frequency Structure Simulator (HFSS) simulation comparisons
of the stent-based antenna with and without wires. The simu-
lations explored wire lengths varying from 0 to 50 cm and two
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wire orientations, parallel and perpendicular to the stent. For
the range of wire lengths, the worst case results still show a rel-
atively small gain variation of 2.8 to 2.3 dB for the parallel
wire and 3.6 to 1.8 dB for the perpendicular wire.

The wires and printed circuit board (PCB) are used only
for prototyping and the final device, as shown in Fig. 2(b),
will have a wireless powering scheme with neither wires, nor
a PCB. This scheme will also use the stent as the antenna
to receive an upper megahertz to gigahertz frequency EM
powering wave. Remote powering via EM propagation offers
significant advantages over inductive powering techniques
commonly seen in biomedical applications [34]. Inductive
power requires precise alignment and relatively close distances
between the external and implanted coils to achieve usable
efficiencies [35]. RF powering utilizing EM propagation results
in more orientation immunity and greater operating distances,
which is desirable for use in a clinical environment [36]. As
demonstrated in [36]–[39], the high-frequency power received
by the antenna can be fed through an RF rectifier to generate
the dc supply for the rest of the system. Although 2.4 GHz is
chosen for data transfer, a lower frequency is likely desired
for wireless powering to reduce the tissue absorption, which
increases the efficiency of the power transfer and reduces
the specific absorption rate (SAR) of the body. The IEEE
C95.1 standard specified by the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) states that for
frequencies between 10 MHz–10 GHz, the 6-min average SAR
must be below 0.08 W kg [40]. A lower frequency results in
a lower absorption factor allowing for an increase in wireless
power while maintaining a SAR that meets the guidelines.

The assembled prototype devices, with an expanded stent
and voltage-controlled oscillator, measure 35 mm in length and
5–6 mm in diameter. The prototypes are sufficient for evaluating
the amount of signal loss from transmission through the body,
as well as the EM feasibility of our stent-based wireless sensing
platform.

Higher microwave frequencies are advantageous due to the
size constraints of the implant resulting in a miniature antenna,
as well as the higher bandwidth availability [41]. The choice of
operating frequencies is limited to the available bands allocated
by the Federal Communications Committee (FCC), and there-
fore, precise optimization of operation frequency is unnecessary
due to the large discretization of the available options. Bands
of interest include the industrial, scientific, and medical (ISM)
bands at 900 MHz, 2.4 GHz, and 5.8 GHz and the medical im-
plant communications service (MICS) band at 400 MHz [42],
[43]. An operating frequency is chosen by a comparison of the
tissue- induced power loss (PL) with the efficiency of the stent
radiator.

As a first-order approximation of the transcutaneous effects,
a derivation of the attenuation of a wave through homogeneous
muscle is performed [44]. The skin depth as a function of fre-
quency and tissue dielectric properties is derived from the wave
equation as

(1)

Fig. 3. Plot showing the calculated percentage of power transfer through
3.5 cm of muscle and antenna efficiency of the stents accounting for radiation
and impedance mismatch efficiencies. Note that the PL percentage values
are multiplied by a factor of ten in order to visualize the trend when plotted
alongside the antenna efficiencies. Vertical dashed lines are placed at the
900-MHz and 2.4-GHz ISM bands and 400-MHz MICS band.

which is then used to calculate the power attenuation factor (AF)
given by

(2)

This calculation will only account for the EM absorption of the
tissue and does not account for the multiple dielectric bound-
aries that the propagating wave will encounter. To evaluate the
boundary conditions, we first consider a single tissue–air inter-
face and calculate the reflection and transmission components
at the interface. Since the tissue wave impedance is significantly
less than that of the air, the transmission wave power will be re-
duced from that of the incident wave. The effect of the boundary
conditions is calculated from a ratio of transmission power to
incident power. Combining the boundary condition effects with
the AF results in an overall PL factor given by

(3)

Using the dielectric properties of human muscle at 2.4 GHz
measured in [45]–[47], the single interface results in a 60% re-
duction in power. The overall PL incorporating the absorption
of a 3.5-cm tissue section calculated from the attenuation coeffi-
cient, results in a 98% (17.42 dB) reduction in power. This sim-
plified loss calculation only accounts for a single interface and
neglects transmission through heterogeneous media and mul-
tiple boundary conditions, but provides an approximation of
the PL trends for the coarse optimization needed to select the
band of operation. Previously published dielectric properties of
human muscle are used to calculate the tissue-induced power
attenuation due to a 3.5-cm section of muscle for various fre-
quencies from 100 MHz to 7 GHz, which is plotted in Fig. 3
[45]–[47]. Note that the plot of this percentage is multiplied by
a factor of ten in order to visualize the trend when plotted along-
side the antenna efficiency.

It is well known that electrically large antennas will radiate
more efficiently [48]. Stents provide the availability of a large
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structure inside of the body, which does not obstruct blood flow
or interfere with other bodily functions, and therefore, is a nat-
ural choice as a radiator. Unfortunately, the complex metal pat-
tern of the stent increases the difficulty of the analysis, making
the structure distinct from traditional analytical expressions for
wire antennas requiring some laboratory measurements to sup-
plement calculations. The impedance mismatch factor of the
stent as a radiator is determined by measuring the reflection co-
efficient with a network analyzer [48]. The stent is assembled
as an antenna above a well-defined ground plane to isolate the
stray fields from the measurement cables. The connection to the
stent is fed through the ground plane and then attached using a
subminiature A (SMA) cable to port 1 of a network analyzer,
which is then used to measure the reflection coefficient across
frequencies. The bandwidth of the stent-based antenna, deter-
mined from this measured reflection coefficient, is 555 MHz.
Radiation efficiency of our stent-based antenna is then calcu-
lated across frequencies using Wheeler and Chu’s efficiency for-
mulas [49]–[51]. The product of the impedance mismatch factor
and the radiation efficiency provides the overall efficiency of the
stent-based antenna, which is plotted versus frequency in Fig. 3
[48]. Out of the available frequency bands for biomedical appli-
cations, 2.4 GHz provides an optimal solution after considering
the tradeoffs between the PL through the tissue and the desire
for a relatively efficient antenna, and is the chosen operating fre-
quency used throughout this study.

III. HIGH-FREQUENCY SIMULATION MODELS OF

IMPLANTED STENT-BASED ANTENNAS

Simulation models are used to gain a better understanding
of the surrounding biological environment and its effect on the
radiating abilities of the stent, and provide a means for design
and optimization of the wireless link. This study explores the
actual level of modeling required to provide a reasonably accu-
rate representation of an in vivo environment. The entire Ansoft
human body model, which consists of a tremendous amount of
different tissues and geometrical details, may not be necessary
or even accurate. The high complexity of the model requires
long simulation times and results in questionable convergence
and accuracy.

In this study, we develop a simplified version of the whole
body model by focusing on the upper chest region and iso-
lating major biological features while later providing compar-
isons with measurements from in vivo studies. The simplified
model, shown in Fig. 4(a), incorporates the lungs, parts of the
respiratory tract, heart, and major veins and arteries from An-
soft’s Human Body Model. The organs and other biological
models consist of measured frequency-dependent tissue prop-
erties [45]–[47]. A custom three-layer tissue model is used to
represent the remaining chest volume and takes on a cylindrical
shape with a minimum radius of 130 mm, a maximum radius of
170 mm, and a height of 200 mm, which closely approximates
the size of a human torso region [52]. In a human, the thick-
nesses of skin, fat, and muscle vary with location; however, we
chose to implement a uniform elliptical model for the layers to
provide a location-independent approximation of the implant’s
environment. The outermost layer of the cylindrical model is
a 1-mm-thick layer of skin followed by a 3-mm section of fat,

Fig. 4. (a) Model of the chest incorporating organs, major vessels, and other
biological tissue types from Ansoft’s Human Body Model along with a custom
three-layer cylindrical tissue section. The stent-based transmitter is positioned
in the lung representing the location of a pulmonary arterial branch. (b) Sim-
ulated surface current of the stent-based transmitter its radiation pattern while
implanted in the pulmonary arterial region in the chest model.

which models the epidermis, dermis, and subcutaneous tissue
layers [53], [54]. The skin, fat, and muscle layers are set to the
appropriate dielectric properties found in [45]–[47].
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To model both the Formula 418 and Zilver 635 stents, a
hollow stainless-steel cylinder is used with a length of 30 mm,
a diameter of 5 mm, and a thickness of 150 m. Since the
fine structural features of an actual stent have sub-wavelength
dimensions at 2.4 GHz, a simplified model is sufficient to
characterize the radiation property of the stent-based antenna
while significantly reducing simulation complexity and time.
A voltage excitation is applied between the end of the stent
antenna and a small conductive ground designated as the
transmitter IC, as shown in Fig. 4(b). This ground plane is
5 mm 5 mm in area and 1 mm in thickness and is used
to model the ground reference of the voltage-controlled os-
cillator (MAX2750). The stent-based antenna in free space
is simulated to have a realized gain of 1.8 dBi and an om-
nidirectional radiation pattern in the azimuth plane. Due to
limitations imposed by assembly and the surgical technique,
the designed stent-based antenna has an asymmetric structure
when compared to a traditional dipole. Therefore, there is a lot
of current crowding on the small ground plane, which reduces
the achievable gain of the antenna.

The stent-based transmitter model is then integrated with our
simplified human torso model to simulate the radiative proper-
ties of the device after implantation. The stent is placed in the
left lung, which corresponds to the location of the pulmonary
arterial branches, and positioned 3.5 cm from the surface of
the chest. In an initial simulation, the stent is filled with an
air dielectric and the resulting realized gain is 17.5 dB. The
decibel difference between this implanted realized gain and
the 1.8-dBi value in free space is 15.7 dB and represents
the tissue-induced PL. This value is similar to the 17.42-dB
loss calculated in the analytical analysis above with differences
attributed to the simplifications of the mathematical model. The
stent is then filled with a blood dielectric to represent the true
clinical setting and the realized gain in this case is simulated to
be 29.9 dB, which results in a 28.1-dB power reduction. The
simulated realized gain radiation pattern is plotted in Fig. 4(b).
Although the dielectric properties of the tissue used in this
model represents empirical data, the simulation accuracy is
still in question. In Sections IV–VI, this simulated PL will be
validated with in vivo studies and the -plane cross section
of the simulated antenna pattern will be plotted in comparison
with the measured data.

Simulation results of the total PL incorporating tissue effects,
including absorption and boundary conditions, impedance mis-
matches, and antenna efficiency is shown in Fig. 4(c) as a func-
tion of frequency. The coarse analytical frequency optimization
shown in Fig. 3 provides reasonably consistent results with the
more detailed simulation. These simulation results also show
2.4 GHz as a reasonably optimal ISM band for this implantable
application.

IV. MEASUREMENTS AND In Vivo SURGERIES

The free-space performance of the stent-based transmitter
prototypes are first characterized inside an anechoic chamber.
An 8-dBi horn antenna is placed on a stand inside the anechoic
chamber and fed through a 1.96-dB loss SMA cable that runs
out of the chamber where it connects to a spectrum analyzer.
The stent-based transmitter is placed on a stand directly in front

of the horn antenna and the powering wires are connected to a
power supply. The distance between the receive horn antenna
and the stent-based transmitter is set to 10 cm, which is a rough
approximation of the practical distance a clinician or patient
would hold the external receiving device when data collection
from the implant is desired. The received power for the device
is then measured for both co- and cross-polarizations. The
received powers at a free-space distance of 10 cm from both
Formula 418 and Zilver 635 based transmitters are practically
the same and a 9-dB power reduction is seen when the orienta-
tion is changed from co-polarization to cross-polarization.

Antenna pattern measurements are then taken by rotating the
stent-based transmitter such that the stationary receive horn an-
tenna is directed at different points on the -plane of the stent. It
should be noted that the powering wire is bent backwards a few
inches under the stent, which affects this antenna pattern. The
effect is more significant on measurements taken from the back-
side of the stent-based transmitter. Therefore, a roughly omni-
directional pattern is seen in the front side of the device, while
the backside deviates from this ideal pattern. The results from
these measurements are later used to compare with implanted
data.

Motivated by the radiating ability of the prototype in simu-
lations and free space, the potential clinical value of the stent-
based platform is validated with in vivo studies to verify that the
prototype is capable of forming a wireless link once implanted
in the pulmonary artery of a living body. In vivo studies are per-
formed on several American Yorkshire pigs ranging in weight
from 35 to 40 kg. The surgical procedure follows the Institu-
tional Animal Care and Use Committee (IACUC) approved pro-
tocol (No. 08–019). Anesthesia is induced with a combination of
Telazol (250-mg tiletamine and 250-mg zolazepam), ketamine
(250 xmg), and xylazine (250 mg) intramuscularly. Anesthesia
is maintained with inhalation anesthetics composed of Isoflu-
rane (1.5%–4.0% oxygen) administered from a machine with a
vaporizer and waste gas ventilation system. Throughout the pro-
cedure, muscle tone, reflexes, respiration, temperature, electro-
cardiogram (ECG), and blood pressure are carefully monitored.

Although there are obvious geometrical differences between
porcine and human species, there are enough similarities to jus-
tify the use of a swine for approximating a human. According
to [46], there may actually be a greater variation of tissue prop-
erties between two humans than between porcine and human
species. Pigs are often used for their anatomical similarities ac-
cording to [55] and [56] and while geometrical differences exist,
the swine still provides a reasonable approximation in terms of
dimensions and size [57].

For in vivo studies, our surgical and experimental setup,
shown in Fig. 5, consists of the porcine test subject, horn an-
tenna, spectrum analyzer, and power supplies. The implantation
of our device in the porcine chest cavity begins with an incision
about 2 cm in length in the neck region of the swine. Trough
a blunt dissection method, the inner tissue layers are then sep-
arated dorsally to a depth of 3.5 cm and caudally towards the
rib cage. After reaching the rib cage, the prototype is inserted
through the incision and placed just outside of the rib cage at a
depth of 3.5 cm from the surface of the chest, as shown in the
Fig. 6 radiograph. Once the device is implanted in the porcine
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Fig. 5. Experimental setup showing the porcine test subject and implant loca-
tion along with measurement equipment.

Fig. 6. Radiograph of in vivo study showing stent-based transmitter implanted
3.5 cm beneath the chest surface positioned in the upper left side of the porcine
chest just outside of the rib cage.

chest, sutures are placed to close the muscle and skin layers
over the implant. Anechoic wedge foam is used to cover the
external powering wires. An 8-dBi horn antenna is then placed
in front of (ventral to) the chest wall and fed into a spectrum
analyzer to measure the power transmitted through the chest
from the implant. A distance of 10 cm is chosen to provide an
approximation of the practical distance a clinician or patient
would hold the external receiving device when data collection
from the implant is desired. Data is taken for both cross- and
co-polarization. The antenna pattern in the -plane for an
implanted setting is also quantified over 180 , at 30 intervals,
across the spinal cord axes on the ventral hemisphere of the
porcine body. For a sufficiently thorough dataset, three porcine
surgeries are performed, measurements are repeated numerous
times, and multiple data sets are recorded and compared.

TABLE I
POWER RECEIVED FROM THE IMPLANTABLE STENT-BASED TRANSMITTER

V. RESULTS

The in vivo measurements, tabulated in Table I along with
the free space and simulation results, validate the ability to
wirelessly transmit out of the body from within the chest.
The implanted transmitter has an output power of 3 dBm
and the received power values are measured with the horn
antenna positioned ventral to the chest at a distance of 10 cm
from the implant. The Zilver 635 vascular self-expanding stent
and Formula 418 balloon-expandable biliary stent had similar
performance in both free space and an implanted setting. A
comparison of polarizations shows a 6–10-dB reduction when
changing from co- to cross-polarized. The PL due to the tissue
is determined by comparing the implanted measurements with
those done in free space within an anechoic chamber. The For-
mula 418 stent-based transmitter shows about 32.4–33.3 dB of
PL after implantation. The Zilver 635 stent-based device shows
about 31.5–34.6 dB of power reduction. The receive power at
10 cm for the different polarizations is tabulated in Table I.
This transmit distance is representative of measurements done
by a clinician near the chest of the patient. As the transmit
distance is increased to 1 m, the data represents an approximate
far-field pattern and the fall off beyond this point is described
by Friis transmission equation [44]. The implanted co-polarized
received power at 1 m for the Formula 418 and Zilver 635 stents
are measured to be 74.3 and 76.8 dBm, respectively.

Antenna pattern measurements for the stent-based device
across the -plane are taken in both free space and implanted
settings and are plotted alongside the simulation results in
Fig. 7. An anechoic chamber is used for the free-space case
and the radiation pattern is quantified across the -plane.
During the in vivo experiments, measurements are only taken
across 180 around the ventral hemisphere of the porcine
body because of difficulties in accessing the dorsal side of the
swine due to restrictions imposed by the surgical environment.
For the antenna pattern measurements, the receive antenna is
positioned 50 cm from the implant to represent the far-field
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Fig. 7. Antenna patterns from simulations and measurements in free space and
implanted settings of the stent-based transmitters with the: (a) Formula 418 bil-
iary stent and (b) Zilver 635 self-expanding stent. Laterally left of the porcine
body is designated as 0 , directly ventral to the chest wall is 90 , and laterally
right is 180 .

antenna pattern. The received power data are recorded at 30
increments across the -plane in the ventral hemisphere for
both the Formula 418 and Zilver 635 stent-based implants and
are shown in the polar plots of Fig. 7. Directly lateral to the left
side of the porcine body is designated as 0 , ventral to the chest
is 90 , and lateral to the right side is 180 . The plots show the
receive power levels in decibels after being normalized to the
maximum power, which is seen when the receive antenna is
positioned directly ventral to the chest.

VI. DISCUSSION

This measured PL, ranging from 31.5 to 34.6 dB, differs by a
few decibels from the simulated results of 28 dB. The differences
are attributed to multiple factors. As shown in simulation and
measurements, the implanted stent-based antenna has ripples
in its radiation pattern, and thus, the measured power received
could be several decibels lower than the maximum power deliv-
ered to that location. The simulation environment will always
capture the maximum gain, but in an experimental setting, the
actual power transfer measured could be a few decibels lower.

Another factor for the variation stems from the approximations
of the simulation model. Although the model itself is detailed, it
does not capture some of the aspects such as the porous structure
of the lung and the rib cage. Furthermore, as explained above,
there are slight morphological differences between a swine chest
and that of a human. A third factor is the external wires used in
the measurements which, as discussed above, is simulated to
produce a 3.6–2.3-dB variation depending on wire placement
and orientation. The feasibility of measuring the maximum
power transfer, the simplifications of the simulation model, and
the powering wires are factors that contribute to the several
decibel differences between our model and measurements.

For both the in vivo measurements and in simulations, the
gain decreases as we angle away from the 90 orientation. The
resulting antenna pattern for both device types after implanta-
tion has a narrower main beam-width than the more omnidirec-
tional-like pattern observed in free-space measurements taken
in the anechoic chamber. This deviation is expected because
as the receive antenna travels toward either side of the porcine
body, the direct line-of-sight path of the implanted transmitter
travels through greater overall tissue thicknesses, as well as ad-
ditional tissue sections and layers. This maximum power reduc-
tion is about 10 dB for the various angles across the ventral
hemisphere of porcine body. The measured antenna patterns are
similar to those seen in simulations and the differences can be at-
tributed to various effects including multipath, anatomical, and
geometrical differences between porcine and human species and
simulation approximations. The results also quantify the power
transfer for two polarizations and various angles and show that a
co-polarized orientation positioned directly ventral to the chest
is the most optimal placement to maximize power transfer, and
thus, signal reception. This information is valuable as it provides
the optimal placement and orientation of the external receive an-
tenna for the stent-based implant in a clinical setting.

The measured power received values of 74–77 dBm at a
distance of 1 m can be picked up by an external receiver to form
a wireless data link. The ZigBee standard, which targets low
power, low data rate, and short-range telemetry applications
similar to that of this study, specifies a 91-dBm minimum
sensitivity [58], [59]. At a distance of 1 m, and implanted
3.5 cm in the chest of a live porcine subject, the 3-dBm
transmitter provides well above the minimum detectable signal
specified by the standard. As a result, future iterations of the
transmitter can reduce the output power by about 15 dB, down
to 18 dBm, to lower the overall power consumption of the
implant. The power can be further reduced if a range of less
than 1 m is required in the clinical setting.

Simulation results match up reasonably well with in vivo data
predicting PL values to within a few decibels and producing rel-
atively similar antenna patterns, which suggests that our level
of modeling may be sufficient. The development of this repre-
sentative model allows for future iterative designs. The charac-
teristics of the stent itself, including dimensions, material, and
placement, are set by clinical and surgical requirements, and
thus, the optimization must come from impedance matching and
transmitter design. The validated simulation model developed in
this study provides a method for further fine-tuning and precise
optimization.
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Fig. 8. Conceptual image and drawing of final LCP packaged system integrated
with a stent. The antenna feed is achieved using a conductive ring that connects
a ring on the LCP package with that on the stent.

The final packaging of the system will comprise of a liquid
crystal polymer (LCP) material used to hermetically seal the
electronics. The biocompatibility and chemical inertness of
LCP is verified in [60]–[62] and its ability for micromachining
makes this material promising as a substrate and package for
the electronics. The hermeticity of LCP is also verified in [63]
through ASTM-E 595-3 out-gassing tests and Method 1014,
MIL-STD-883 gross leak and fine leak tests [64], [65]. A
conceptual image and drawing of the final assembled system
is shown in Fig. 8. The electronics are packaged in an LCP
substrate consisting of the interconnects and antenna feed.
Through a series of conductive rings, the antenna is fed out of
the LCP package and connected to the stent.

The Formula 418 balloon-expandable and Zilver 635 self-ex-
pandable stents have comparable antenna performance; how-
ever, from a surgical perspective, the self-expandable stents are
more desirable. Deployment of balloon-expandable stents re-
quires relatively high pressures to ensure complete expansion.
Self-expandable stents, composed of a nitinol shape memory
alloy, achieves full expansion slowly after removal of a sur-
rounding sleeve resulting in minimal stresses on the packaged
electronics.

VII. CONCLUSION

This study has shown and quantified transcutaneous data
and power transfer at 2.4 GHz from a stent-based transmitter
implanted within the chest cavity through simulation models
and in vivo studies. Two stent types, balloon expandable and
self-expandable, are used to develop implantable transmitter
prototypes whose technology may be used as a platform for
internal cardiac monitoring. Furthermore, we develop a simula-
tion model that integrates a custom three-layer cylindrical torso
model with the primary organs in the chest and other biological
features from Ansoft’s Human Body Model. The efficacy of the
simulations are evaluated and validated through in vivo mea-
surements, which show that the model provides a reasonable
prediction of the radiation pattern and tissue-induced PL that is
accurate to within a few decibels.
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