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Abstract—Radio frequency(RF)-based wireless power transfer
(WPT) method is highly desirable to power deep-body medical
implants such as cardiac pacemakers. Antenna is one of the
essential components of such system, however, it poses signifi-
cant design challenges for deep-body applications and must be
modeled and characterized correctly to achieve the required
performance. In this paper, design and validation of a novel
wide-band numerical model (WBNM) is proposed for deeply
implantable antennas and to enable RF-powered leadless pacing.
In particular, we acquired a wide-band tissue simulating liquid
(TSL) and fully characterized it using a dielectric probe. Based on
the measured properties of the TSL, the design and numerical
characterization of the WBNM was performed using a hybrid
simulation method, i.e., by employing the finite element method
and method of moment. The proposed WBNM was validated
experimentally as well as analytically using a reference microstrip
antenna. The good agreement between simulated, measured, and
analytical results validated the proposed model. Furthermore, the
application of this model and the TSL was demonstrated by the
design, development, manufacture, and measurement of a novel
metamaterial-based conformal antenna at 2.4 GHz. Moreover,
good agreement was found between the simulated and measured
results of the proposed conformal antenna. It is evident from the
results that the proposed numerical model can be used to design
deeply implantable antennas for any frequency, ranging from 800
MHz to 5800 MHz. Finally, the proposed miniature conformal
antenna and its successful integration with a leadless pacemaker
model present a great potential for future RF-powered leadless
pacemakers and other deep-body medical implants.

Index Terms—Tissue simulating model, numerical model,
leadless pacemakers, implantable antennas, implantable medical
devices, energy harvesting, deep-body implants.

I. INTRODUCTION

IRELESS powering and recharging of implantable

medical devices (IMDs) such as pacemakers is not
new [1]-[3], but is lately receiving significant attention [4]-
[7]. Research in wireless power transfer (WPT) for biomed-
ical applications, in particular, is considered very important
because wireless power is almost a requirement for the IMDs
for the reasons of effectiveness, longevity, and more impor-
tantly safety. For example, in conventional pacemakers, the
transvenous leads and batteries are the biggest problems [8].
The leads may clog the vein and result in pneumothorax,
tricuspid valve insufficiency, and infection. Furthermore, the
battery has lifetime issues and when depleted, it has to be
replaced through a surgical procedure, which is costly and
painful for the patient. Moreover, recent statistics have shown
that every 14! patient having a pacemaker device in the chest
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will develop an infection in the pacemaker pocket and among
these cases, every 57 ie., 20% will result in dealth [9].

To overcome these complications, limitations, and side
effects of the conventional pacemakers, researchers have been
investigating various modalities to achieve wireless or leadless
pacing. Some of the common methods include inductive cou-
pling, magnetic resonance, ultrasonic, radio frequency waves,
and even solar power [8], [10]-[12]. Recent developments
in the quest for a practical leadless pacemaker include the
successful development of Micra TPS (transcatheter pacing
system) and Nanostim by Medtronic [13] and St. Jude Med-
ical [14], respectively. However, such devices have a total
market of 10-15% because they are single chamber only
and hence impractical for multi-site pacing. The need for a
similar leadless pacemaker with multi-site pacing capability
is critical to address the unmet clinical needs of heart failure
patients needing cardiac resynchronization therapy (CRT) [15].
However, the development of such a device is challenging and
remains an open problem.

In our previous work [4], we proposed a novel radio
frequency(RF)-based leadless pacemaker and demonstrated
leadless pacing by performing in vivo experiments using ovine
models. The idea reported and demonstrated in [4] is only
a proof of concept and hence needs further development as
well as improvements toward its practicality. Moreover, the
challenging task in the realization of a RF-based wireless
system is the design and development of the implantable
antenna, which has to be modeled correctly in an environment
that correctly emulates the human body [16]. Likewise, the
complex lossy nature of the human body and its frequency
dependent properties make this task even more challenging. In
literature, various tissue simulation models have been proposed
[17], [18], but they are either narrow band or frequency
specific.

We present a wide-band numerical model (WBNM) using
a hybrid simulation technique for time-effective simulations
covering the frequency range from 800 MHz to 5800 MHz.
In particular, the contributions of this paper are as follows:

1) Design and development of a WBNM and its valida-
tion using a reference microstrip patch antenna for the
development of deeply implantable antennas.

2) Validation of the proposed numerical model by design-
ing and testing a novel metamaterial-based conformal
implantable antenna for leadless pacing.
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3) Finally, integration of the proposed antenna design with
the commercially available leadless pacemaker model
to realize and validate the possibility for future RF-
powered leadless pacemaker.

In this paper, a full-wave 3D simulation tool, ANSYS
High Frequency Structure Simulator (HFSS), was used to
design, develop, and validate a WBNM. Employing a reference
microstrip patch antenna, the numerical model was validated
experimentally as well as analytically. The proposed numerical
model was based on a human body tissue simulating liquid
(TSL) acquired from SPEAG (Schmid & Partner Engineering
AG, Switzerland) [19]. To the best of authors’ knowledge,
there is no similar wide-band numerical model for the design
and optimization of deeply implantable antennas that is re-
ported before. The characterization of the TSL was achieved
by measuring its electrical properties using a dielectric probe.
The application of this WBNM was also demonstrated by
designing a novel conformal antenna at 2.4 GHz. Furthermore,
the feasibility of the integration of these proposed antenna
with a leadless pacemaker model, similar to Nanostim [14]
has been demonstrated. Manufactured on a flexible 10 mil
thick Rogers substrate, the implantable antenna prototype was
conformed on a 3D printed mock-up leadless pacemaker and
measured in TSL. Results of the measurements agree well
with the simulations. The compact and cylindrical design of
manufactured prototype antenna and its integration with a
miniaturized pacemaker model make this method feasible for
the leadless pacing applications.

This paper is organized as follows: In Section II, related
work on deeply implantable antennas, proposed for wireless
powering, is discussed. Relevant details on work related to the
dielectric properties and numerical modeling of human body
as well as the challenges and limitations of the experimental
human body phantoms are also presented in the same section.
Section III is dedicated to the investigation of SPEAG’s human
body tissue simulating liquid and its characterization and
results. In Section IV, the design, development, and validation
of a wide-band numerical tissue model is discussed by em-
ploying a reference microstrip patch antenna. Moreover, the
application of the developed numerical model is demonstrated
in Section V, which includes the development, manufacturing,
and measurements of a deeply implantable conformal antenna
for integration with a leadless pacemaker. Finally, discussion
is presented in Section VI while the conclusion and proposed
future work is summarized in Section VIIL

II. RELATED WORK

Every RF-based implantable medical device (IMD) includes
at least one implantable antenna, which is usually integrated
with additional circuitry whose complexity depends upon the
nature of the application of that IMD. Also, every part of
a RF-based IMD has its own importance and role in the
overall functioning and application, however, the performance
of the implantable antenna is critical without which the device
may not even function. This highlights the importance of a
correct modeling method for the design and development of
an implantable antenna, which mainly includes, (a) a human
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Fig. 1: Different examples of digital human body phantoms,
with 2mm resolution, available in ANSYS HFSS: (a) A
human head (brain highlighted), (b) a human left hand (bones
highlighted), and (b) a full human body phantom of 35 years
old male (heart highlighted).

body tissue simulation model, and (b) measurements using an
experimental human body phantom.

A. Deeply Implantable Antennas for Wireless Powering

There is a plethora of work reported on wearable and
implantable antennas for biomedical telemetry related ap-
plications [18], [20] but not much is available on deeply
implantable antennas, especially for far-field wireless power
transfer (WPT) applications. As mentioned in [21], one of
the main obstacles for wireless powering of implantable de-
vices is the attenuation of power density experienced by the
propagation of the EM (electromagnetic) waves in the lossy
human body. Furthermore, IEEE recommended limits for safe
power density and SAR (specific absorption rate) have to be
considered for safety, as reported in [21], [22].

Various antennas have been reported for WPT at shallow
depths or subcutaneous applications [23]-[26], however, works
on implantable antennas for WPT in deep-body tissue applica-
tions is very scarce in the literature. Some patents filed in the
area of WPT for endoscopic capsules using magnetic coupling
of coils are summarized in [27]. Furthermore, a midfield
wireless powering method using coils was also proposed for
deep-tissue microimplants [28]. A wireless neural recording
device using an implantable antenna at a depth of 12 mm
inside a phantom has recently been reported in [29]. In [30], a
RF-based wireless biomedical system with an on-chip antenna
and CMOS diodes are proposed for Glaucoma intraocular and
cardiovascular pressure monitoring. In [4], a planar rectenna-
based leadless pacemaker was demonstrated in ovine models
at 1.2 GHz. Literature survey on WPT revealed that previous
work has been progressive, however, the practicability of
miniaturized and conformal deeply implantable antennas on
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Fig. 2: Various examples of phantom geometries used in
numerical methods for the design and development of im-
plantable antennas. (a) A spherical multi-layer head model,
(b) a muscle equivalent phantom, and (c) a 3-layer model
representing skin, fat, and muscle of the human body.

commercially available pacemakers has not been addressed in
the literature.

B. Dielectric Properties and Numerical Modeling of the Hu-
man Body

A summary of literature on the dielectric properties and
various methods of human body tissue modeling is described
in [31], [32]. Implanted antennas are completely embedded
inside the human body, which consists of time-varying lossy
dielectric materials (including skin, fat and muscle etc.). It
is hence critical that besides the modeling and optimization
of the antennas, special consideration has to be given to the
human body modeling in the available simulation tools. Some
advanced 3D EM solvers for the design and development of
implantable antennas and other RF based-biomedical devices
and systems include: (1) ANSYS High Frequency Structure
Simulator (HFSS), which is based on the finite element method
(FEM) [33]; (2) Computer Simulation Technology (CST) Stu-
dio Suite, which provides access to multiple electromagnetic
(EM) simulation solvers which use methods such as the finite
element method (FEM) the finite integration technique (FIT),
and the transmission line matrix method (TLM) [34]; and (3)
ZWT-SPEAG’s Sim4Life, which uses finite-difference time-
domain (FDTD) method [35].

Based on the capabilities of CST and HFSS, researchers
have been designing their own anatomical numerical models
of human body tissues and have also employed digital human
body phantoms readily available in these tools [17], [36]. It
is noted that the selection of these tools has mostly been
dependent upon the availability and personal preference rather
than the performance, as both have similar characteristics.
Nevertheless, the computational cost (processing power of the
machine and the time etc.) is all dependent upon the model
and structure of the antenna and also on the complexity of the
tissue.

There are various ways in which these numerical simu-
lations can be employed for the design of the implantable
antennas. Anatomical human tissue models may provide better
and more realistic results but the associated cost and the com-
putational time is higher. Examples of some digital phantoms
with high resolution of the human body in HFSS is shown in

Fig. 1. Different geometries, uniform and nonuniform models
can be designed with a single or multilayer configurations,
as presented in the examples illustrated in Fig.2. In [17], it
is shown that similar results can be achieved while using a
multilayer canonical model as compared to a realistic human
chest model. Also, the performance of another implantable
patch antenna, designed in [16], showed similar agreement
when results of using a three-layer spherical model were
compared against the study repeated using an anatomical
model of the human head.

The multilayer canonical models are proven to provide
an acceptable model for the human body. When consider-
ing a detailed design modeling of the human body, each
biological tissue is assigned specific properties including the
relative permittivity e,, conductivity o and mass density p
values. These properties (e,, o) are frequency dependent, the
frequency dependency of which is taken into consideration
by employing various algorithms based on the Cole-Cole
models [37] or Debye models [38]. An extensive detail of
the dielectric properties of the human body tissues at a range
of radio frequency and microwave frequencies is available in
the literature [39], [40].

C. Challenges and Limitations of Experimental Human Body
Phantoms

Following the design, optimization, and fabrication of an
implantable antenna, correct measurements of its perfor-
mance parameters are very important. The performance of
implantable antennas can be measured in various kinds of
phantoms, which emulates the correct dielectric properties of
the human body. These phantoms provide a practical platform
for testing of the implantable antennas and the process depends
on the type of phantom being used. A fabricated prototype is
either fully immersed, inserted or carefully placed inside the
phantom and then results are taken using a calibrated network
analyzer. To fully validate a model, it is recommended to create
an identical scenario to the one used in the numerical tool and
also consider the overall application.

The main challenge with these phantoms is the overall
formulation. The final phantom should be free of any air
bubbles and also during preparation, the mixture has to be
carefully stirred while being heated and also, the ingredients
have to be added at certain temperatures during the process.
Furthermore, most of these phantoms are very narrow band
and a little imperfection in the preparation process can be
unfavorable.

The ingredients of the phantom recipes mainly include DI
(Deionized) water, salt, sugar, gelatine, soap, and oil. It is
shown that increasing the sugar concentration decreases ¢,,
while also contributes towards a slight decrease in o. Also,
adding more salt to the solution causes a significant increase in
o, while the ¢, decreases [37]. Overall, the available phantoms
can be categorized into three types, i.e., liquid, semisolid, and
solid phantoms [41].

Liquid phantoms are easy to prepare and, depending on
applications, can be contained in a variety of container shapes.
However, these phantoms have to be carefully selected as they
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can often influence the overall properties. Liquid phantoms
have relatively shorter shelf life and in addition, only cover
frequency up to 6 GHz [19], [16]. Whereas, solid phantoms
(gel phantoms) can be used to manufacture a layered het-
erogeneous phantom and are preferred for their long-term
stability and ease of use. Gel phantoms have been proposed
for frequency range from 500 MHz to 20 GHz [42], [44],
[45], [53]. On the other hand, solid phantoms as compared
to semi-solid phantoms (liquid and gel phantoms) have a
longer shelf life, but are available up to 6 GHz. Moreover,
these phantoms are very expensive to manufacture and require
complex manufacturing processes [46]-[48].

A brief overview on the available simulation models ac-
quired from the experimental human body phantoms demon-
strated that no standard procedure has been adopted to numer-
ically validate a deeply implantable antenna in human body
tissues’ numerical model. Moreoever, complete human body
phantoms available in 3D EM solvers add huge computa-
tional complexities and require a relatively large simulation
time. Therefore, a procedure of validation and development
of a wide-band simulation model, to emulate the human
body tissue, can provide flexibility and adaptability to the
designer to work efficiently and progressively in designing
deeply implantable antennas, while reducing the computational
complexities using the proposed hybrid simulation technique
in HFSS.

III. SPEAG’S HUMAN BoODY TISSUE SIMULATING
LiQuip (TSL)

In order to design, develop, and optimize a human body
tissue simulating liquid (TSL) in a numerical tool, such as
HFESS, a commercially available wide-band tissue simulating
model (phantom), acquired from SPEAG (Schmid & Partner
Engineering AG, Switzerland) [49] was selected in this work.
The rationale behind this choice was to select a standard TSL,
and also to minimize the limitations and complexities of the
available phantoms, as mentioned in the previous section.

The category of simulating liquid acquired for this work
was human body TSL and its product and batch numbers
were ‘SM AAM U16 BD’ and ‘160218-1’, respectively. The
recommended frequency range for this specific TSL was from
800 MHz - 5800 MHz. It is worth mentioning that SPEAG’s
TSL is mainly used for SAR (specific absorption rate) mea-
surements in MRI (magnetic resonance imaging) applications
and that the authors could not find its use for implantable
antennas in the available literature. The numerical model of a
wide-band tissue simulating liquid is the first proposed model
reported on a standard commercially available TSL.

A. Characterization of Body Tissue Simulating Liquid (TSL)

SPEAG, the manufacturer of TSL, provided the dielectric
properties of the given TSL, which were measured using a
DAK 3.5 dielectric kit [50]. However, to propose a numerical
model, the dielectric properties of TSL were first validated
using a calibrated Keysight’s N1501A Dielectric Probe Kit
and then compared with the TSL data sheet [49]. The dielec-
tric properties included relative permittivity-real /., relative
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Fig. 3: A picture of the complete calibration setup of the
Keysight N1501A, high temperature dielectric probe kit (inset
shows the probe inserted in water at 22 °C).

TSL sample

Ntwork Analyzer

Fig. 4: A picture of the experiment setup used for measuring
the dielectric properties of the SPEAG’s human body tis-
sue simulating liquid (TSL). Dimensions are in cm: R=15,
S=6.5and T=1.2.

permittivity-complex ¢!/, conductivity o and loss tangent tan 4.
The N1500A materials measurement suite was first installed
on the ESO71C vector network analyzer (VNA) and then the
high temperature probe was connected to the VNA using a
coaxial probe to perform the measurements. It is important to
note that prior to perform any measurements, the VNA as well
as the dielectric probe was fully calibrated. Deionized water
was used for calibration, as shown in the calibration setup
in Fig.3. The actual measurement procedure is summarized
as follows: (a) Select the range of frequencies and the type of
sweep that you want to perform. (b) Calibrate the entire system
by using three known standards, i.e., air, a short circuit, and
water (deionized). (c) Insert the probe into a sample of the
TSL and take the required measurements. In this work, each
property (g, 0, etc.) is measured separately and one at a time.

Following the calibration procedure, the measurement setup,
specifically the coaxial cable and the high temperature probe,
should not be moved or else calibration may get affected.
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Fig. 5: Comparison of the measured properties of SPEAG’s
TSL with the data sheet. (a) Real part of the relative permit-
tivity e/, (b) complex part of the relative permittivity !, (c)
loss tangent tan d, and (d) conductivity o.

In this method, a metallic scissor jack was used to support
the container (containing the sample of TSL) which provided
additional stability to the measurement setup. To minimize the
effect of the metallic scissor jack on the actual measurements,
a 10 cm thick Styrofoam block (e,=1.03) was inserted
between the scissor jack and the measuring sample. The
properties of the SPEAG’s human body TSL were measured
using the above stated method and the experiment setup is
shown in Fig. 4.

The quantities directly measured by the calibrated dielectric
probe were, (a) real part of the relative permittivity /. (b) com-
plex part of the relative permittivity e/, (c) loss tangent tan d,
and (d) Cole-Cole diagram. The conductivity (S/m) of the TSL
however, was computed using the following expression:

(S/m), D

where f is the frequency in Hz, ¢!/ is the complex permit-
tivity measured by the probe at a specific frequency f and ¢,
is the free space permittivity (¢, = 8.85412 x 10~'2F/m).

o =2rfele,

B. Comparison of Measured Dielectric Properties with Data
Sheet

The measured dielectric properties of the TSL were com-
pared with the values provided in the data sheet and showed
good agreement, as shown in Fig.5. The agreement between
the data sheet and measured values of the TSL properties con-
firmed the validity of the reported properties of the TSL. This
further validates the SPEAG’s TSL phantom suitability for
implantable antenna measurements for a range of frequencies,
i.e., 800 MHz to 5800 MHz.

IV. DESIGN, DEVELOPMENT, AND CHARACTERIZATION OF
THE NUMERICAL MODEL

ANSYS’s High Frequency Structure Simulator (HFSS), ver-
sion 17.1, was used to design and develop the numerical model
for the implantable antennas. A step-by-step procedure with a

(o)
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validate the
numerical model

design a reference
antenna in this model

4’i v

save the
simulation
results

design the
geometry

l

assign the measured
freq. dependent properties

microstrip patch antenna

fabricate & measure design equations
the antenna in TSL l

v

comparison of
results (simulations
& measurements)

analytical results

design
validation

—No

all results
agree

Numerical model
validated

Fig. 6: A flowchart showing important steps performed in the
design, development, and validation of the numerical model
for deeply implantable antennas.

Yes «—No

brief description of each process is presented in Fig. 6. In the
first phase, specific geometry of the model was designed after
the selection of phantom type discussed in Section II. Then,
the designed model was assigned measured frequency depen-
dent properties using Cole-Cole models or Debye models. In
the second phase, the designed geometry with the assigned
frequency dependent properties was validated and compared
with the measured dielectric properties of the commercially
available phantom type, i.e., tissue simulating liquid. Once
the numerical model was validated, a reference antenna was
designed in the numerical model and simulation results were
analyzed. In the third phase, antenna was fabricated and tested
in the TSL which was mimicked in the simulations. In parallel,
same reference antenna’s characteristics were computed ana-
Iytically using design equations. Following the agreement of
the simulated, measured, and analytical results, the numerical
model was declared validated.

With regards to the selection of the phantom type in HFSS,
we created an exact replica of the experiment setup designed
and manufactured for the measurement of the implantable an-
tenna prototype. This consisted of a cubical Plexiglas container
measuring approximately 30 cm on each side and filled with
SPEAG’s TSL (up to 8.0 cm = 7.0 liters). The dielectric
properties, i.e., the relative permittivity ¢, and conductivity
o assigned to the Plexiglas container were 3.4 and 0, re-
spectively. For the TSL however, the measured frequency
dependent properties (from 800 MHz - 5800 MHz) were
assigned. To satisfy the boundary conditions in HFSS, this
setup was enclosed in a radiation box, which was kept at a
distance of \,/4 away from the structure (\, being the free
space wavelength). A 3D sketch of this model is shown in
Fig.7.
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Fig. 7: An illustration of the geometry (with complete dimen-
sions) of the experimental setup of the TSL modeled in HFSS.

Fig. 8: A 5.0 GHz reference microstrip patch antenna. (a) a
3D antenna model (Dimensions are as follows (all in mm):
L=13.38, W=18.24, L;=W,=22, h=1.52, d=1.3, f=14,
r=4, u=5), and (b) a picture of the manufactured prototype
reference patch antenna.

A. Designing a Reference Microstrip Patch Antenna

In order to fully validate the proposed model developed
for the implantable antennas, it was important to complete
the characterization and testing of the proposed model using
a reference antenna. Therefore, a reference microstrip patch
antenna was designed in HFSS for air. A patch antenna
was selected because its a low profile antenna, easy and
inexpensive to manufacture, and more importantly can be
validated using the equations given in [51]. Reviewing the
range of the frequency dependent properties of the given TSL,
5.0 GHz was selected as the resonant frequency for the design
of this reference patch antenna (RPA). The aim was to design
a microstrip RPA that would resonate at a higher frequency
in air or free space, and then model and measure the same
prototype in the TSL to observe a frequency shift. It was
therefore envisioned that for the same reference antenna, when
tested in SPEAG’s human body TSL (being a lossy medium),
a lower resonant frequency would be achieved.

B. Prototype Fabrication and Measurements in Air

A patch antenna with an inset microstrip feed line (matched
to 50€2) was designed, simulated, and optimized using a
full-wave 3D electromagnetic solver, ANSYS HFSS. This

dB Gain

[—Simulated in ajir
—Measured in ajr

[S14] (dB)

%5 26 47 48 49

5 51 52 53 54 55
f(GHz)
(a) (b)
Fig. 9: Performance of the reference patch antenna: (a) Com-
parison of the simulated and measured reflection coefficients
(|S11] in dB), and (b) a simulated 3D radiation plot showing

total gain (in dB).

antenna was designed and fabricated on a 1.52mm thick
Rogers TMM4 substrate, having a relative permittivity &,
of 4.5, loss tangent tand of 0.002, and copper lamination
thickness of 17.5 um. A complete 3D model with details of the
geometry and a picture of the antenna prototype are shown in
Fig. 8 (a) and (b). Following the fabrication of the antenna, the
whole prototype was insulated with a thin layer (approximately
0.01 gm) of conformal coating. The antenna was insulated
because eventually it had to be tested in the TSL (which
is conductive) and effects on the resonant frequency in both
cases, air and the TSL were of interest.

The reflection coefficients (|S11| in dB) of the manufactured
prototype antenna were measured in a calibrated anechoic
chamber and results were compared with the simulation.
Fig.9 (a) shows good agreement between the simulated and
measured results. The simulated 3D radiation plot showing a
total gain of 5.8 dB is shown in Fig.9 (b).

C. Hybrid Numerical Modeling Method in HFSS

Following the successful design and measurement of the
RPA in air, the same antenna (without any modification) was
inserted, as a 3D component, into the TSL inside the Plexiglas
container in the numerical model created in HFSS, as shown in
Fig. 7. Because of the larger electrical size of the setup and to
save both the computational time and cost, an integral equation
solver (Domain Decomposition) in a hybrid simulation type
was employed for this complex case.

Specifically, the configuration of hybrid simulation was
performed as follows: First, the RPA was enclosed in a small
box, measuring 8 mm X 14 mm x 20 mm, and was assigned
the measured frequency dependent properties of the TSL.
The walls of this box were kept Arsz/10 away from each
corner of the antenna model (Argy being the wavelength
in TSL). This small box was then subtracted from the TSL
(filled in the Plexiglas), with a clone object tool selected. The
TSL outside the small box was then defined as a dielectric
cavity. This process essentially divided the whole TSL into
two regions, one with the antenna enclosed in a smaller box
and the second with the TSL outside the small box. The main
reason for this segregation was to enable HFSS to solve the
antenna including the smaller box using the finite element
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Fig. 10: Comparison of the simulated and measured results.
(a) Comparison of measured and simulated |S;1| in TSL, (b)
Comparison of results taken in air and TSL showing frequency
shift.

method (FEM) and the remaining geometry (including the
TSL) using the method of moment (MoM). This process
enabled the efficient use of resources and saved simulation
time significantly. All the simulations were performed under
a high performance computing (HPC) license on a powerful
machine, having two processors (Intel Xeon(R) CPU E5-2699
v3 2.30 GHz) with 16 cores each and 192 GB of dedicated
RAM.

D. Comparison and Validation of the Results in Tissue Simu-
lating Liquid

Results obtained from the HFSS simulations were then
compared with the measurements performed in the TSL. As
shown in Fig. 10, results agreed well with each other and as
expected, the resonant frequency of the RPA got shifted from
5.0 GHz, in air, to a lower resonance, i.e., 1.5 GHz when
inserted in TSL. This was further validated using the equations
given in [52].

The wavelength in air for the given case is computed as,

2)

c
e
Then, by using the given values, the guided wavelength of
RPA in air is,

)\air =

Aair = 28.28 mm. 3)

The actual radiating length (L) of the RPA is 13.38 mm, hence
the electrical length of the RPA w.r.t. the guided wavelength
can be computed as,

Lyir = 0.473 Agir = 0.5 Agir- “)

Similarly, the above steps are repeated for the RPA when
radiating in the TSL. It is observed the resonant frequency
of the RPA in TSL is 1.56 GHz, and the measured relative
permittivity €, of the TSL at 1.56 GHz is 55.2 and relative
permittivity of RPA substrate is 4.5. The guided wavelength
of the RPA in TSL with ¢,75;, = 59.7 is hence given by,

C
A = . 5
TSL NG )
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Fig. 11: (a) St. Jude’s Nanostim leadless pacemaker (NLP)
positioned in the right ventricle (RV). (b) Details of the various
components of the NLP. (c) Proposed modifications to the NLP
showing two different orientations of the conformal antenna
wrapped around the circumference of the NLP.

Then by using the given values, the wavelength in the TSL
is,
)\TSL = 24.88 mm. (6)

The actual radiating length (L) of the RPA is 13.38 mm, hence
the electrical length of the RPA w.r.t. the wavelength in TSL
can be computed as;

LTSL =0.53 )\TSL ~ 0.50 >\TSLo (7)
This implies that,
L =Ly = Lrsy =0.50 Agir = 0.50 Apsr. )

It is hence shown that the resonant frequency of this RPA
is the function of its length, which is consistent both in air,
and also in the tissue simulating liquid. Moreover, for the
given relative permittivity €, of 4.5 and resonant frequency of
5.0 GHz, the length L and width W of the RPA, computed
using the microstrip patch antenna equations [52], resulted
in the dimensions of 13.64 mm and 18.08 mm, respectively.
Compared to the measured values (L & W) of 13.38 mm
and 18.24 mm, the percentage error was found to be 1.9%
and 0.9 %, respectively. This further validates the accuracy
of the numerical model created in HFSS, for the design and
optimization of the implantable antennas.

V. APPLICATIONS OF THE DEVELOPED NUMERICAL
MODEL

Following the characterisation and validation of the pro-
posed numerical model for deeply implantable antennas, we
employ the developed numerical model for the development of
an antenna for practical application, i.e, a RF-powered leadless
pacemaker.

A. Design Concept of a Novel Leadless Pacemaker

As mentioned in Section I, the main goal of developing
a wide-band numerical model was to provide a platform for
the design and development of deeply implantable antennas,
especially for leadless pacing. To devise a more practical
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leadless system, a novel metamaterial-based conformal im-
plantable antenna for integration with a pacemaker design,
similar to Nanostim [14], is proposed. The design concept of
this system is illustrated in Fig. 11(a)-(d).

It is also envisioned that the integration of a conformal
implantable antenna with the commercially available casing
of a device similar to Nanostim, as shown in Fig. 11 (b),
will be a more practical and realizable solution for leadless
pacing. The conformal antenna wrapped around the cylindrical
pacemaker will receive the power from the incoming RF
waves (transmitted from outside to inside the body) and
then provide this power to the circuitry enclosed inside the
cylinder (device) for energy harvesting and eventually pacing
the myocardium. With no battery requirements, this proposed
leadless pacemaker model can be a good candidate for future
RF harvesting leadless pacing applications.

B. A complimentary split-ring resonator (CSRR)—loaded
deeply implantable conformal antenna

To achieve a novel deeply implantable conformal antenna
for leadless pacing, a resonant type metamaterial technique,
i.e., a complimentary split-ring resonator (CSRR) has been
used in this work. This technique provided the flexibility to
achieve the required resonance frequency, and also helped in
achieving a compact design with relatively good performance.
The resonance frequency for this antenna was decided to be
2.45 GHz, which is an available open band in the industrial,
scientific and medical (ISM) radio bands.

The proposed numerical model, developed in Section IV-A,
was employed for the design and development of this con-
formal deeply implantable antenna. A 10mil thick Rogers
6010LM substrate, having a dielectric constant €, of 10.2 was
selected for this application. This substrate was selected due
to its flexibility and high dielectric constant, which helped
in achieving a conformal and compact design. A dummy
cylindrical pacemaker measuring 20 mm in length and 6 mm in
diameter was first created in HFSS and then the implantable
antenna was conformed around this cylinder. With 17.5 ym
of copper thickness on each side of the substrate, the overall
thickness of the antenna was 0.289 mm. When the antenna
was wrapped around the circumference of the cylinder, the
total diameter of this model increased to 6.578 mm. A detailed
geometry with dimensions of the implantable antenna and the
dummy pacemaker is shown in Fig. 12 (a-c).

The dummy cylindrical shaped pacemaker was designed
in Solidworks, and manufactured using a desktop 3D printer
(MakerBot Replicator). Also, the antenna was fabricated using
the LPKF S63 Protomat milling machine and then tightly
wrapped around the 3D printed pacemaker model using a
clear adhesive. A 502 SMA connector was connected to the
conformal antenna prototype for testing purposes, as shown in
Fig. 12(d). The manufactured prototype was conformal coated
for insulation purposes before immersing it 5 cm deep inside
the tissue simulating liquid for performance measurements.
This measurement setup, showing a Keysight ES071 network
analyzer and a Plexiglas container filled with TSL is shown
in Fig. 13. A comparison of simulated and measured matching

Radiating plane of
the antenna

Pacemaker’s
VN cylinder
S -

(inner body)
Arrows indicating the

7
X S
direction of wrapping v
v (@ ()

Antenna model
O—SD printed cylinder
(dummy pacemaker)

Fig. 12: (a) The geometry details of the CSRR unit cell.
(b) A 3D model of the CSRR loaded conformal antenna
with complete model of the pacemaker (dummy). (c) A
picture of the manufactured prototype. All dimensions are in
mm: u=5.7, L=14.28, W=17.28, p=14, r=10.8, g=0.75,
s=2.0, n=52, k=20, d=6.5, ¢c=04, b=0.6, R; =6.0, and
Ry =6.578.

z

Antenna
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@
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Coaxial cable
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Fig. 13: A picture of the experiment setup showing CSRR-
loaded conformal antenna being measured in the TSL.
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1 1.5

2 f(GH2?>
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Fig. 14: Performance of the CSRR loaded conformal antenna.
(a) Comparison of the simulated and measured reflection
coefficients (|S11| in dB). (b) A 3D plot showing the total
gain.

performance has shown a good agreement, as shown in Fig. 14.
The measured 10 dB return loss bandwidth was found be
approximately 300 MHz. Although the measurements were
performed in a fully calibrated anechoic chamber, a small
frequency shift in the measurements was observed, which was
attributed to the fabrication and manufacturing imperfections
of the prototype.
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VI. DISCUSSION

In literature, researchers have been using cube or cylindrical
layered model for emulating human body tissues, as summa-
rized in Section II. However, the previously reported models
are narrow band and designers face computational complexi-
ties while designing deeply implantable antennas. Therefore,
the main emphasis of this work is on the development and
validation of a wide-band tissue numerical model for deeply
implantable antennas. A microstrip patch antenna owing to its
simple structure and shape flexibility attribute was selected
to validate the proposed WBNM. However, this platform can
certainly be used for other biomedical applications involving
the design of deeply implantable antennas. For designing an
implantable antenna for a tissue, the designer would first need
to validate a numerical model using the flowchart shown in
Fig. 6 having dielectric properties of that specific tissue where
the implant would reside. Also, using this developed wide band
model and proposed hybrid technique discussed in Section IV,
designer can easily simulate and validate deeply implantable
antennas for the future wireless pacing or similar applications.

Following the validation of the numerical model, a confor-
mal antenna integrated with a dummy pacemaker further em-
phasized the realizability of the proposed wide band numerical
method and its applicability in designing leadless pacemakers.
The design concept of the proposed system was adapted from
Nanostim and was favored due to its less invasive delivery
method using femoral artery. It is important to note that the
overall size of our proposed leadless pacemaker, with the
conformal antenna included, is smaller than Nanostim, i.e, a
total volume of 0.68 cm?® compared to 1cm?.

Furthermore, the numerical model was proposed to mimic
human body tissue for cardiac implantation. The proposed
numerical model has a limitation as it cannot be used to model
and characterize antennas implanted close to the boundaries
between two tissues because of different dielectric properties
of the tissues. On the other hand, for a deeply implantable
antenna in a tissue, the far-field region of the antenna would
be much less as compared to free space far-field [52] because
of lossy nature [39] of the human tissue. Thus, surrounding
tissues would not effect the characteristics of the implant
antenna and proposed numerical model can be employed to
design deeply implantable antennas in tissue.

The long term goal of this study is to develop a multi-
site and leadless pacing system, which will be capable of
addressing the unmet clinical needs of the CRT patients.
One potential method of achieving leadless CRT, using six
leadless pacemakers implanted at the (1) right atrium, (2) left
atrium, (3) right ventricle, (4) left ventricle, (5) right ventricle
apex, and (6) left ventricle apex, of a human heart model
is shown in Fig. 15 (a). Furthermore, a wearable transmitter
with a conformal transmitting antenna array is depicted in
Fig. 15 (b). The developed numerical model and the proposed
hybrid simulation technique can be used to develop six leadless
pacemakers in heart and then designing a wearable transmit ar-
ray on the skin tissue for wireless power transfer applications.

N
. N

Wearable ~n

transmitter Transmitting
-

antenna array

(b)

Fig. 15: An conceptual illustration envisioning the implanta-
tion of (a) multiple leadless pacemakers at (1) right atrium,
(2) left atrium, (3) right ventricle, (4) left ventricle, (5) right
ventricle apex, and (6) left ventricle apex, and (b) a wearable
transmitter with a conformal transmitting antenna array.

VII. CONCLUSIONS

In this paper, a novel wide-band tissue simulation model
has been designed and developed for deeply implantable
antennas. More specifically, it is shown that a commercially
available tissue simulating liquid (TSL) can be used to de-
sign a wide-band numerical model. This model was further
validated experimentally and analytically using a reference
microstrip patch antenna. The application of this numerical
model was demonstrated by the design and development of
a metamaterial-based deeply implantable conformal antenna.
Furthermore, integration of the proposed antenna with a model
of a leadless pacemaker was presented as a solution to
tackle the multi-site pacing needs for patients requiring CRT.
Moreover, it was shown that adopted hybrid technique in the
proposed numerical model can reduce computational cost as
compared to the human phantoms. Overall, the simulated and
measured results of the characterization of TSL, reference
microstrip patch antenna, and the proposed conformal antenna,
were found to be in good agreement with each other. Overall,
the validation procedure of WBNM proposed in this work has
a great potential to help designers in modeling any human
tissue model for deeply implanatable biomedical sensors and
antennas.
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