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Abstract— In this paper, the effects of ventricular blood
volume change on the cardiac wireless channel modeling at 2.4
GHz are presented for future multi-node leadless capsule
pacemakers. Numerical electromagnetic simulations are
implemented in the anatomical model of human body and
experiments are done in a homogeneous liquid phantom. The
results show that the coupling between the capsule antennas
decreases with increasing blood volume, as the blood is a highly
attenuating medium. The received power varies by 3.1 dB for
the implant-to-implant link inside the heart and varies by 1.3
dB for the heart implant to sub-cutaneous implant, during the
diastole and systole cycle. The findings are useful to develop an
intra-body communication between leadless pacemakers
providing timing information for synchronized pacing in a
multi-chamber leadless pacemaker system.

I. INTRODUCTION

Leadless cardiac pacemaker is an innovative technology that
can be a replacement to the widely used pacemaker
technology with leads [1]. This can help to eliminate the
can-related infections and lead-related complications [2-4].
There are currently two commercially available leadless
pacing systems: the Nanostim leadless cardiac pacemaker
(LCP) device (St. Jude Medical, Sylmar, California) [5] and
the Micra Transcatheter pacing system (TPS) (Medtronic,
Minneapolis, Minnesota) [6]. Both these technologies offer
single-chamber stimulation but the technology providing
multi-chamber stimulations and cardiac resynchronization
will be an optimum solution [7]. Recent research introduces
the multi-nodal leadless pacemaker technology where each
unit will hereinafter be called capsules (see Fig. 1). All the
capsules will be equipped with radio-frequency (RF)
communication module to develop a sensor network. To
build the RF communication network, the in-body channel
models inside the heart and surrounding the heart need to be
clearly understood. To the best of our knowledge, very little
research has been done to characterize the in-body channel
models [8, 9]. Moreover, the channel models vary depending
on the position of the implant inside the body and with the
frequency of operation. The channel models also vary with
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the change in blood volume inside the chambers of the heart
during the cardiac cycle.

The body is a heterogeneous medium consisting of
frequency dependent lossy tissues having different
permittivity and conductivity. Tissues such as blood and
muscle having high water content causes more attenuation of
RF signals compared to fat or bone with low water content.
Our research focuses on the effects of ventricular blood
volume change during the cardiac cycle on the wireless
channel model for the cardiac implant to implant
communication, and cardiac implant to sub-cutaneous
implant communication using numerical simulations and
phantom experiments. The channel models are obtained at
Industrial, Scientific and Medical (ISM) band at 2.4 GHz.
The frequency selection is done because of easy
implementation of a wvery small antenna providing
reasonable radiation efficiency and matching, as reported by
us in [10]. In addition, the possibility of decreasing the
physical size of the antenna and the embedded electronics
provides us more space for a larger sized battery, thereby
increasing the lifetime of the pacemaker device.

The paper is organized as follows: Section Il, describes
the methods used in the study, fabrication of the components
and the experimental setup to study RF propagation from the
implants. Description of our experimental results is provided
in Section Ill. Finally, concluding remarks and future
directions are expressed in Section IV.
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Fig. 1 Schematic of a three-node leadless capsule pacemaker application
for cardiac resynchronization therapy. The capsules C1, C2 and C3 are
placed inside the chambers of the heart and they can communicate with the
subcutaneous implant S1. RA- right atrium, RV- right ventricle, LA- left

atrium, LV- left ventricle, C- capsules and S- subcutaneous implant.
Il. METHODOLOGY AND FABRICATION

During the heartbeats, the volume of the blood inside the
heart chambers constantly vary, between end-diastole when
the heart is dilated with maximum blood volume and end-
systole when the heart is contracted and contains minimum
volume. The blood is a highly dispersive medium due to the
high mineral content. The blood volume in the right
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ventricle varies approximately between 14 mL to 180 mL for
an adult heart between end-systole and end-diastole [11]. To
simulate how the variation of blood volume affects the
attenuation of signal, we designed an electromagnetic
simulation scenario.

The electromagnetic simulations are performed using a
3D electromagnetic simulation tool of CST- Microwave
Studio (https://www.cst.com/) [12]. The voxel data sets
mimicking the dielectric properties of human body tissues
are used for the calculations of Maxwell equations in the
complex medium. The anatomical dataset used in our
calculations is obtained from the Visible Human Project [13,
14] and the voxel model developed from it in CST is known
as HUGO model. The model is based on a dissected male
corpse sliced into several thousand layers, which are
sampled and interpolated together, creating a highly detailed
computational model. The import is performed via
an interface that allows different resolutions (Imm — 8mm)
and different material tissues to be selected. The resolution
of Imm by 1mm is used for the simulations in this study.
The high resolution is the requirement for accurate
computations, as the wavelength at 2.4 GHz in the biological
medium is short and we should apply small voxel sizes.

The model is very detailed and considers the dielectric
properties of each biological material separately. The
dielectric properties of individual types of human body
tissues are modeled to mimic the changes in the permittivity
and conductivity values with respect to frequency. The upper
torso of the HUGO model starting from the lower base of the
neck to the upper abdomen is used for simulation. The full-
body simulation is not done in the HUGO model since it is
computationally expensive and not required for the
estimation of the channel models inside- and close to the
heart.

A blood-containing sphere is placed inside the right
ventricle of the heart of the HUGO model and the diameter
of the sphere is varied in proportion to the ventricular blood
flow (see Fig. 2). The simulation is run for sphere radiuses
of 15, 20, 25 and 35 mm which accounts for 14, 33, 65 and
180 mL of blood respectively. Capsule C1 is placed in the
right ventricle, C2 in the left ventricle and S1 in the shoulder
subcutaneously. The capsules are modeled as simple dipole
antennas with a length of 5mm and a diameter of 2mm
enclosed on all sides in a vacuum tube of width 1 mm. The
vacuum gap of 1 mm is provided on all sides to prevent the
direct contact of the antenna with the body tissues. The
length of 5mm is a rational size for the antenna, whereas the
rest of the space of the capsule will be occupied by other
components. For the capsule to be implanted transvenously
using current catheters, the length of the capsule is limited to
10mm for the multi-node pacemaker technology. The size
of required antennas and battery restricts available space for
sensors and actuators to be incorporated in such device,
which often necessitates a trade-off between bandwidth for
transmission, data rates, power requirements and the size of
the device. The simulations are performed to investigate the
change in the received signal power at 2.4 GHz during the
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Fig 2. Capsules are placed in the right ventricle (C1), left ventricle (C2) and
shoulder (S1). A sphere containing blood is placed in the right ventricle
whose volume is changed to simulate the different ventricular blood
volumes during the cardiac cycle

cardiac cycle.

The dipole antennas are always oriented along the z-axis
which is in the coronal plane of the human body. The
normalization of the S-parameters is done to remove the
mismatch effects of the transmitter antenna (Tx) and
receiver antenna (Rx) and to find the coupling between the
antennas [15]. The normalization of the power received by
Rx from Tx is calculated using,

S211 =—oul___ (6)
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where |S,1lnorm IS the normalized power received, S,; is
the power received before normalization, S;; & S,, are the
return losses of the Tx and Rx, respectively.

The Tx mismatch is removed using,
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where [S;14|n0rm IS the normalized return loss of the Tx and
[S11] is the return loss before normalization.

The results from the mathematical simulation of the
cardiac implant to sub-cutaneous implant communication are
validated by an in-vitro experiment in a phantom solution.
Our phantom model is a 39.2% homogeneous sucrose
solution that mimics the permittivity and conductivity of
human heart at 2.4 GHz [16]. The liquid phantom is stored
in a plastic container of size 24x30x30 cm?.

The transmitter capsule (Tx) is placed inside the liquid
phantom by attaching to a plastic rod. The transmitter
capsule consists of mainly three components: printed circuit
board (PCB), antenna and battery (see Fig. 3a). The capsule
is enclosed in an air-tight plastic container to prevent any
leakage of external fluids inside the capsule during the
experiments which can damage the antenna and the
electronics. Moreover, it prevents the leakage of conducting
charges from the antenna and also reduces the sensitivity of
the entire distribution of current to the electrical properties
of the ambient medium. The antenna is 1 mm radius
meander-shaped with a resonant frequency of 2.4 GHz
which is matched at that frequency. The PCB has a voltage-
controlled oscillator (VCO) IC (HMC385LP4E) operating at
3 V and generating a sinusoidal signal at 2.4 GHz. The
output power is +4.5 dBm. The received power is
normalized to obtain the coupling between Tx and Rx



Fig. 3. (a) The schematic of the capsule and the photograph of the
transmitter implant capsule containing the PCB, battery and meander
antenna b) sub-cutaneous implant patch antenna

antennas. The battery has a capacity of 160 mAh supplying a
constant voltage of 3V to the VCO.

The receiver capsule (Rx) contains a wide-band patch
antenna of dimensions 3 cm x 3 cm having a return loss of -
11 dB at 2.4 GHz (see Fig. 3b). The antenna is encapsulated
using plastic covering to prevent direct contact with tissues.
It is connected to the spectrum analyzer to record the
received signal power.

Tx and Rx capsules are placed inside the phantom
solution at the distance of 9 cm (see Fig. 4a). The received
power at Rx is recorded using a spectrum analyzer. A thin
rubber balloon is filled with fresh liquid blood of a pig. The
balloon takes the shape of a sphere having a diameter of 4
cm. The balloon is then placed in the center between the Tx
and Rx capsules (see Fig. 4b). The Rx received power is
recorded in the presence of the sphere containing blood. The
process is repeated by pouring more blood in the balloon to
have the diameter of the sphere as 5cm and 6 cm
respectively. Multiple readings are taken at all the steps to
obtain an average of the received power to minimize the
chances of human errors. The received power is then
normalized to obtain the coupling between Tx and Rx
antennas.

Balloon with blood

(b)

Fig. 4 Heart phantom solution with a) transmitter and receiver capsules
placed inside it b) sphere containing blood placed between the transmitter
and receiver capsule.

I1l. MEASUREMENT RESULTS AND DISCUSSIONS

The coupling between the capsule antennas changes with
the change in blood volume. The simulation results show
that a coupling of -81.8 dB, -82.7 dB, -83.1dB and -84.9 dB
between the C1 and C2 capsules at 2.4 GHz when the sphere
contains 14 mL, 33 mL, 65 mL and 180 mL of blood
respectively (see Fig. 5a). So, the coupling varies by 3.1 dB
between the diastole and systole of heart. The coupling

between C1 and S1 capsules at 2.4 GHz are -127.6 dB, -
127.9 dB, -128.7 dB and -128.9 dB when the sphere contains
14 mL, 33 mL, 65 mL and 180 mL of blood respectively
(see Fig. 5b). So, the coupling between the heart implant and
the subcutaneous implant varies by 1.3 dB between the
diastole and systole of heart. The variation of coupling with
the change in ventricular blood volume is more significant in
communication between heart implants than heart to sub-
cutaneous implant. This is because the sub-cutaneous
implant is located at a greater distance from the heart
implant and most of the signal passes through tissues which
have less attenuation than blood. Moreover, the blood
volume is varied in only one chamber of the heart whereas in
real scenarios, the blood volume would vary in all the
chambers of the heart combined with cardiac movements.
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Fig. 5 Coupling in dB between the transmitter and receiver antennas in
frequency range of 2.39 GHz to 2.41 GHz in the HUGO model. a) The
transmitter capsule C1 is placed in the right ventricle close to the apex and
receiver capsule C2 is placed in the left ventricle b) The transmitter capsule
C1is placed in the right ventricle close to the apex and receiver capsule S1
is placed in the shoulder subcutaneously

The phantom experimental setup is prepared to compare
the simulation results with the phantom results. The coupling
between Tx and Rx of -71.5 dB, -76 dB and -79.5 dB is
recorded at 2.4 GHz when the balloon contains 31 mL, 67
mL and 121 mL of blood respectively (see Table I). The
coupling decreases by 4 dB, 6 dB and 10 dB with the
introduction of 31 mL, 67 mL and 121 mL of blood
respectively. Thus, the phantom results confirm the
simulation results that the coupling decreases with the
increases in blood volume as blood is a highly attenuating
medium. The most efficient communication period will be
during the end-systole due to lower attenuation of signal in
that time-period. The signal attenuation difference of 10 dB
between the end-systole and end-diastole is quite significant
in case of in-body communication system.



TABLE | COUPLING IN DB BETWEEN THE TRANSMITTER AND
RECEIVER ANTENNAS AT 2.4 GHZ PLACED IN THE PHANTOM
SOLUTION WITHOUT THE PRESENCE OF BLOOD AND BY
VARYING THE BLOOD VOLUME INSIDE THE BALLOON

Distance Diameter of Coupling Coupling Difference
between balloon (cm) without with blood (dB)
antenna / Blood blood (dB)
volume (dB)
(mL)

9cm 4/31 -72 -76 4

9cm 5/67 -74.5 -80.5 6

9cm 6/121 -74 -84 10

The objective of the study is not exactly to correlate the
simulation results with the phantom experiment results but to
validate the hypothesis that the coupling between the
implants decreases with increase in ventricular blood volume.
Both the numerical simulations and phantom experiments
proves it which is quite encouraging. This will help us to find
out the appropriate timing of the transmission of signals
between the implants. The results cannot be directly
correlated due to different contributing factors. The
simulation considers an ideal environment whereas the
experimental setup involves interference from surrounding
environment. An ideal dipole antenna is used for the
numerical simulations whereas in case of the phantom
experiments, a meander-shaped antenna of different length is
used for the heart implant and a patch antenna for the receiver
implant to collect the received signal. The sphere containing
blood is used for the simulation whereas the balloon
containing blood is not exactly spherical. The balloon has a
bulge towards the bottom due to the weight of the blood
inside. The phantom experiment is done by attaching the
antennas to plastic rods and placing it in the phantom
solution, so the results are slightly influenced by small human
errors. The numerical simulation is performed in a
heterogeneous human voxel model with biological tissues
having different dielectric properties whereas the phantom
solution is a homogeneous one having the average dielectric
properties of the human heart. The other contributing factors
are impedance mismatch of the antennas, antenna rotation,
polarization mismatch and misalignment of the antenna in the
phantom model.

IVV. CONCLUSION AND FUTURE WORK

The effects of ventricular blood volume change on the in-
body channel model are presented in this paper for the
development of multi-chamber leadless pacemaker
technology. The phantom experiments are in good agreement
with the computer simulation results supporting the
hypothesis that the coupling between the implants decreases
with increase in ventricular blood volume. We have also
stated that the most efficient communication period will be
during the end-systole due to lower attenuation of signal in
that time-period. The future work would involve performing
experiments on living animals. The simulation results provide
a rational basis for animal experiments, help better planning
and possibly reduce the number of such experiments. The
animal experiment would provide more realistic results as the
signals will be subjected to time-varying shadowing,
reflection, and diffraction effects due to the heart movements
during the cardiac cycle. The simulations and the phantom
experiments are static scenarios where the antennas are fixed
at a distance whereas the dynamic scenario in the living

animal experiment would cause movements of the capsule
resulting in different distances between them at different
stages of the cardiac cycle. Thus, further experiments would
facilitate in the design of a complete prototype of the multi-
node leadless capsule pacemaker technology.
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