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Abstract: This study focuses on using wireless power transfer (WPT) technology based on magnetic
resonant coupling (MRC) to supply electric power to an endoscopic capsule to be used for the direct
feeding of specific functions or for battery charging. One of the main limitations of the diffusion
of endoscopic capsules is the limited autonomy of the internal battery. The aim of the paper is to
present an innovative system to wirelessly power capsules using inductive coupling. Here, a new
transmitting coil architecture is proposed to allow the wireless charging of the capsule equipped with
a monoaxial receiving coil for any possible geometric position and orientation. The new wearable
transmitting coil consists of four rectangular coils with independent excitations, and it is capable of
producing a magnetic field in any direction. The obtained results in terms of electrical performance of
the proposed WPT system and in terms of in situ electromagnetic physical quantities are compared
with the basic restrictions of electromagnetic field (EMF) safety guidelines. The results obtained are
very promising, as the proposed WPT configuration can transfer at least 250 mW in a capsule that
travels along the entire gastrointestinal tract.

Keywords: endoscopic capsule; coil design; deep implant; electromagnetic field (EMF) safety; inductive
coupling; magnetic resonant coupling (MRC); numerical dosimetry; wireless power transfer (WPT)

1. Introduction

Wireless power transfer (WPT) systems are used for the transmission of electrical
energy without the use of any galvanic connection. There are several technologies that
can be used for WPT, mainly classified into near-field and far-field WPT systems. The
latter are used for the transmission of energy over long distances and are mainly based on
radio frequency (RF), microwave (MW) or laser technologies, while in the near-field WPT,
power is transferred by magnetic fields using inductive coupling (IC), which is also called
magnetic coupling (MC), or by electric fields using capacitive coupling (CC). These two
couplings can also operate under resonant conditions to improve the electrical performance;
in this case, they are called magnetic resonant coupling (MRC) [1-4] and capacitive resonant
coupling (CRC).

Nowadays, the most diffused technology for short-range power transmissions is the
MRC, since it permits very good electrical performance and has a limited number of safety
problems. There are several applications of this technology [5,6], including the wireless
power supply of biomedical devices such as endoscopic capsules. Endoscopic capsules
are small, swallowable devices that can contain a camera, sensors and actuators, and are
used for diagnosis and therapy of the gastrointestinal tract [7-11]. Electronic capsules
require a power source to operate, which is generally an integrated battery. However, the
internal battery is often not large enough to allow all possible electronic or electrically
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driven operations. Therefore, some capsule functions are often disabled to save energy. A
potential solution to this issue is the use of the WPT-MRC technology.

An important feature of using WPT-MRC technology for endoscopic capsules is the
safety and reliability of power transmission [12-35]. Unlike other WPT methods, such as
laser-based power transmission, WPT-MRC does not use ionizing radiation, which can
be harmful to the body. In addition, WPT-MRC is not affected by environmental factors,
such as humidity or temperature, which can affect the performance of other wireless power
transfer methods.

In a typical WPT-MRC system, two coils are used, a transmitting coil and a receiving
coil, to transfer power according to Faraday’s law of induction. By using compensation
capacitors, the coils are designed to resonate at the same frequency, enabling efficient
energy transfer. When the transmitting coil is powered with an alternating current (AC),
a magnetic field is created. This time-varying magnetic field induces an AC voltage
in the receiver coil, which is rectified to power the endoscopic capsule. In the typical
architecture, the transmitting coil is placed on the patient’s skin, while the receiving coil
is placed in the capsule. The distance between the coils is variable and depends on the
instantaneous position of the endoscopic capsule during its travel through the entire length
of the intestines and on the anatomical conformation of the patient’s body. These distances
can be very different, from about 2 cm to more than 10 cm. Such a significant distance is a
real challenge for the WPT due to attenuation of the magnetic field that occurs in biological
tissues. With WPT technology, the capsule can be continuously powered, as long as it is
within range of the transmitting coil.

Despite these advantages, there are also some limitations to using a WPT system to
power endoscopic capsules, the most critical of which are the range and the amount of power
that can be transferred to a deep implant without exceeding the electromagnetic field (EMF)
safety limits, known as basic restrictions in International Commission on Non-lonizing
Radiation Protection (ICNIRP) guidelines [36,37]. If the power transfer is limited, it may not
be sufficient to recharge the battery and to power all the sensors and devices in the capsule.
To overcome these limitations, an adequate design of the WPT system is required.

The most challenging design choices are:

- Selection of the operational frequency;
- Configuration of the receiving coil;
- Configuration of the transmitting coil.

A key aspect in designing a WPT-MRC system is the frequency at which it operates
and resonates. The frequency must be carefully chosen, taking into account different and
often opposite phenomena. Typically, for WPT-MRC systems, the frequency used is in
the range from a few kilohertz to a few megahertz. In the present work, the frequency
of 500 kHz is adopted as is a good compromise between coupling and losses [4]. Once
the resonant frequency has been determined, the transmitting and receiving coils can be
designed to effectively operate at this frequency.

The physical size and shape are very important to the design of the receiving coil.
The coil must be small enough to be integrated into the capsule to be powered, while
also receiving enough power for the device’s operations. In the considered case, the
receiving coil must be small enough to be mounted on the external surface of the cylindrical
capsule, which typically has a diameter of about 1 cm and a length of 2-2.5 cm. This
can be challenging, as coil size is proportional to power. Therefore, a trade-off must be
made between coil size and power level. Another important consideration is whether the
receiving coil should be uniaxial or triaxial. The monoaxial coil can effectively pick up an
incident magnetic field only if it is parallel to the axis of the cylindrical capsule, while the
triaxial coil can pick up an incident magnetic field having any arbitrary direction.

To save space and weight in the capsule, the monoaxial solution is adopted in this
work, and therefore the challenge is in the design of the transmitting coil to produce a
magnetic field that has all non-zero rectangular components anywhere in the intestine
so that the monoaxial receiving coil can pick it up for any position and orientation of
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the capsule. Clearly, the shape of the transmitting coil affects the WPT performance. A
planar coil generates a nearly monoaxial magnetic field, and is therefore not suitable for
this kind of application. However, this limitation can be overcome by optimizing the
design of the coils and using more than one transmitting coil. In this work, we use four
rectangular coils that can be independently excited to produce a magnetic field inside
the human body with all non-zero rectangular components, as explained in the following
sections. There are mainly two advantages of the proposed excitation system: a monoaxial
receiving coil permits researchers to miniaturize the components that need to be installed
on the capsule, as a receiving coil based on triaxial coil should require a lot of space
and a more complex electronic unit to handle all the three windings [17-29]. The second
important advantage is the possibility to easily adapt the system to different human body
conformations, while maintaining very good uniformity of the field inside the body for all
the three field components. In the work presented in [30], a transmitting coil was presented,
which produced magnetic fields with all three components; however, it was very difficult
to wear by the patient and could not be easily adapted to different body sizes.

The paper is organized as follows. First, the proposed setup for a wireless power sys-
tem for an endoscopic capsule and the WPT methodology are presented. The configuration
of the secondary coil placed on the capsule is then illustrated, and an in-depth description
of the architecture of the transmitting coil and of the system electronics is proposed. In the
results section, a test case is considered using numerical simulations to predict the electrical
performance of the system. Finally, an investigation into the safety aspects is presented.

2. Materials and Methods
2.1. System Configuration

While higher frequencies allow the reduction in the size of electronic circuitry and
increased electromagnetic coupling, there are some critical drawbacks such as:

- Increased power loss in electronic components, conductors and nearby metallic objects
due to eddy currents;

- Anincrease in the specific absorption rate (SAR) in the human body;

- An increase in the magnetic field emission in the environment;

- Areduction of the penetration depth inside the body (not ideal for deep implants).

Here, the operating frequency and design of the receiving coil are selected on the basis
of previous studies [4]. An operating frequency of a few hundred kilohertz has been proven
in [4] to be the best compromise between the limitation of power losses in the electronics,
the relatively low power level to be transferred to the internal device and the large distance
between the coils when the capsule is deep in the human body. Thus, in this investigation a
resonant frequency f = 500 kHz is adopted for the WPT-MRC system.

There are several works in the technical literature on the wireless powering of an
endoscopic capsule, but most of them adopt a circular or a rectangular planar coil for
the transmitter [13-22]. This coil configuration mainly produces a monoaxial field so it is
necessary to equip the receiver with a triaxial coil to always pick up the incident magnetic
field in an arbitrary direction. This solution is not very convenient as the increased size
and weight of the receiving coil may not always be acceptable for a capsule. In our work,
we adopt a different solution. For the architecture of the system, the basic idea is to use
a monoaxial helicoidal receiving coil wound on the outer casing of the capsule, capable
of picking up an incident magnetic field whose direction is parallel to that of the axis of
the cylindrical capsule. The receiver with pick-up coil and the battery are integrated in
the capsule, while the transmitter coil is placed outside the human body and powered
by a primary source of electricity. Since the receiving coil is monoaxial, the transmitting
coil must generate a magnetic field with all non-zero orthogonal components anywhere in
the gastrointestinal tract to be sure the battery charging process is effective. To this aim,
an original transmitting system is here proposed based on an array of four independent
transmitting coils, as shown in Figure 1. The WPT system is designed to deliver power
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Figure 1. Proposed WPT setup. (a) Transmitter coil array consisting of 4 wearable rectangular coils.
(b) Local coordinate system for a cylindrical capsule.

2.2. WPT Receiver Design

The aim of the proposed work is the design of a transmitting coil able to allow the use
of a simple, compact and light receiver. In the past, biaxial or triaxial receiver coils were
used to collect the wirelessly transmitted power for any inclination of the capsule. Here, to
reduce the size and weight, the receiver coil consists of a monoaxial coil wound around
the capsule. Since the magnetic field produced by the receiving coil current is too small to
change the incident field generated by the transmitting coil current, the magnetic coupling
can be approximated by a unidirectional link, from transmitter to receiver, usually known
as weak coupling.

In this study, a capsule with an external diameter of 4. = 10 mm and length . = 25 mm is
considered. The capsule is composed of a central cylinder with two hemispheres on the top
and bottom faces of the cylinder, so as to have a capsule with no edges that could produce
lacerations to the biological tissue, and at the same time, with a hydrodynamic shape. The
two hemispheres are made of silicone to allow the incorporation of sensors such as a camera,
etc. The cylinder part of the capsule is covered by a ferrite layer (i.e., hollow cylinder) of
height h, = 20 mm and thickness t; = 1 mm. A sketch of the capsule configuration is shown
in Figure 2.

Hollow ferrite

l _ y} core

hemispheres

@) (b)

Figure 2. Capsule with monoaxial coil (in yellow) wound over a layer of ferrite covering the body of
the cylindrical capsule (a) and layer of ferrite (b).
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It should be noted that in the configuration presented in [38], the capsule was com-
pletely made of ferrite to improve the performance of the WPT; however, it implied that
the ferrite occupied the entire available space, so it could be used as a “power module” in
the case of multiple robotic capsule modules when functions are divided and shared in a
modular robotic system [8]. For a single module capsule configuration, the hollow ferrite
cylinder adopted here is preferable.

The design of the receiving coil must take into account the electrical specifications
of the load that it needs to supply and the geometric constraints. The maximum power
required from the capsule mainly depends on the instruments and functions installed
(camera, robotic functions for locomotion, additional functions for diagnostics and therapy,
radio link, etc.), and it can reach 1 W, although 500 mW may often be sufficient. How-
ever, the maximum power required to recharge the battery integrated in the capsule can
reasonably be set at 250 mW.

The receiving coil energized by the external field can be modeled as a voltage source
E;, which models the electromotive force produced by the incident time-varying magnetic
flux produced by the transmitting coil, connected in series with the self-inductance, L,, and
the equivalent series resistance, R;, of the receiving coil. The value of the electromotive
force can be calculated as Ey = —jwNy¢, with w = 27f, f being the frequency, and ¢ being
the incident flux linked with the N turns of the receiving coil. Weak coupling is valid
when the capsule draws a relatively small amount of power, so that the induced current is
small and unable to change the magnetic field distribution.

To improve the performance in terms of power transferred, the inductive reactance of
the coil is fully compensated by an additional capacitor connected in series, C,, which is

calculated as: .

C = —
2 w(z)Lz

@
where w = 27fy, and f is the resonance frequency.

The voltage level required by the load can be obtained by suitably choosing the number
of turns Ny, with E; being proportional to N,. Alternatively, an electronic converter can
be used, but it takes up space and reduces reliability. In the proposed system, a full-wave
voltage doubler (rectifier) is adopted. This topology has two main advantages: a DC
voltage that is twice the size of the AC voltage and the use of only two passive components
(diodes). The DC values of the voltage Vo, and current Iy, at the output of the rectifier can
be calculated with the AC electrical quantities as:

Vout = 2(\6‘/2 - 2Vdrop> (2)

21
Iout = % (3)

where V; and I, are the rms values of the voltage and current at the output port of the
compensated receiving coil, respectively, and V 4,y is the forward voltage drop on the diode.
The complete equivalent circuit is shown in Figure 3.

At resonance, the voltage across inductor and capacitor can be neglected, obtaining
the following mesh voltage equation:

Vo = E; — Ry 4)

which can be handled as
V) = NoEy — NoR)' I 5)

where E,’ and Ry’ are the induced voltage and the resistance per turn of the receiving coil,
respectively. Thus, it yields:
V2

Ny=— 2
2T B R,

(6)
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Figure 3. Complete electric schematic of the receiver.

The number of turns N, can be rewritten, considering the presence of the rectifier, in
terms of DC quantities via (2) and (3) as:

- V(ﬁut + zvdrop
\/EEZI - 2R2/10ut

N, =

@)

The DC equivalent resistance can be calculated by R} = Vout2/ Pout, with Vo being the
DC voltage level and P, being the power of the load. The DC current can be calculated
by Iout = Pout/ Vour. From (7), it is possible to select the optimal number of turns N for the
receiving coil. In the design phase, the receiving coil is sized considering the point in the
intestine where the magnetic flux linked to the N; turns is minimal, thus ensuring that
the required power can be transferred to the capsule at whatever point during its travel
through the gastrointestinal tract. When the linked flux increases, the output voltage also
increases; thus, the electronic unit on the transmitter reduces the transmitting power to
avoid system overload.

2.3. WPT Transmitter
2.3.1. Simulation Set-Up

The magnetic and electric fields are simulated using a commercial 3D FEM solver.
Supposing that the domain is composed only by linear isotropic homogeneous materials,
the magnetic and electric fields inside and outside the human body can be studied with the
following equations using the AC/DC module of COMSOL Multiphysics:

V xB=uJ ®)
VJ=0 )

J = (0+jwe)E+], (10)
E=-VV—jwA (11)
B=V xA (12)

where J is the current density, E is the electric field, A is the magnetic vector potential,
Je is the external current density source, B is the magnetic flux density, ¢ is the electrical
conductivity, y is the magnetic permeability and ¢ is the electric permittivity.

A tetrahedral mesh has been adopted, and the number of elements used is equal
to 245,210. In order to perform the parametric analysis, a Parametric Sweep has been
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performed using the position of the capsule (orientation, distance, etc.) and different
excitation modes for the primary coil as parameters.

2.3.2. Coil Design

The design of the transmitting system is of paramount importance for the realization of a
reliable power supply of the endoscopic capsules. Three main aspects should be considered:

1. The primary magnetic field should cover a large area within the body, including the
entire gastrointestinal tract;

2. The inclination of the capsule varies while it travels through the intestine; thus, it is
necessary to produce a primary magnetic field with non-zero components along three
orthogonal directions;

3.  Compliance with the electromagnetic field (EMF) safety standards.

As mentioned before, here, we adopt a simple monoaxial pick-up coil mounted on the
capsule and focus the attention on developing an efficient transmitter suitable to provide a
magnetic field with non-zero components in the three orthogonal directions. An interesting
solution achieving this goal was presented in [38], where a birdcage architecture was
used to generate all non-zero field components inside the body, but it required a complex
geometrical and electronic configuration. In this work, a much simpler solution is provided.
The main idea is to adopt a multicoil transmitter based on two adjacent coils, similar to
the double D (DD) coil configuration. To evaluate the field produced by a pair of coils, it
is possible to use the superposition between the fields produced by the two coils. There
is an analytical solution to calculate the magnetic field produced by a rectangular coil
of dimensions a x b in free space. This can be used for a first estimate of magnetic field
levels and is easily implemented in numerical software such as MATLAB or OCTAVE. The
magnetic flux density at point P(x, y, z), considering the Cartesian coordinate system with
orientations as shown in Figure 4 (i.e., the rectangular coil lies on the xz plane at y = yg), is
given by [39]:

1+1 Y —Yo
(oy.2) = az ri(ri +2i) (1
4
Zl+xl)+zl +x1
,Z) = 14
(x.y,2 ”‘; rl(rl +2)(ri + 1) (14
1+1 ¥Yy—Yo
(.2 = lxz ri(ri + x;) (1)

where o = ugNI/(4m), Iis the current flowing in the coil, N is the number of turns and
wherez; =z =z+a/2,zp =z3=z—a/2,x1 =x) =x+b/2,and x3 = x4 =x—b/2,
and where 7; is the distance between the i-th corner of the coil and the observation point

ri(x,y,z) = \/ X2+ 22 4 (y — yo)?. We can assume, for simplicity, that the plane of the coil
is at the position y = yg = 0 and that the center of the coil coincides with the origin of the
axis. With some simple translation and using the superposition theorem, we can calculate
the magnetic field produced by the primary coil at any point of the lossless domain. It
should be noted that (9)—(11) can be used successfully even in biological tissues when the
penetration depth is large, i.e., at a relatively low frequency.

The DD coil consists of two adjacent planar rectangular coils with mesh currents in the
opposite direction and generates the main magnetic field parallel to the coil plane, as shown
in Figure 5a. In this work, this kind of energization is called series excitation. However,
the two adjacent rectangular coils, indicated as #1A and #1B, can also be energized in
such a way as to have identical mesh current directions (antiseries excitation), producing
a magnetic field which has the principal component on the vertical axis, as shown in
Figure 5b.
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Figure 5. Magnetic flux line (in green) of DD coil with opposite mesh current directions (a) and
identical mesh current directions (b).

To create non-zero magnetic field components in all orthogonal axes, another identical
structure of two adjacent square coils is placed in geometric quadrature with the first
double coil structure, resulting in an array structure with four independent coils, as shown
in Figure 6a. The structure sketch of the body-mounted (wearable) coil array adapted to
the shape of the human body is shown in Figure 6b, where the simplified model of an adult
torso is considered. This last model is composed of a cylinder with an elliptical base, made
up of muscle with the electromagnetic physical constants taken from the IT’IS database for
the considered frequency [40].

Simplified

Coil 1A

Coil 1B

Coil 2B

(@) (b)

Figure 6. Proposed four coil array configuration (a) and application of the coil array on the human
torso (b).
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To get an overview of the behavior of the magnetic field produced by the 4-coil array
structure, only the coils #1A and #1B are first energized to perform a sensitive analysis on
the influence of the coil size on the magnetic field distribution. The center of the four coil
array structure is assumed to be the origin (0, 0, 0) of the coordinate axes. All square coils
are assumed identical with side lengths [;,. Three different coil side lengths are considered:
Iy = 50 mm, 100 mm and 150 mm. For simplicity, a single turn coil is adopted with unitary
current. The maps of the magnetic flux density components Bx (series excitation) and
By (antiseries excitation) on the xy plane at z = 0 are shown in Figure 7. As can be seen
the use of larger coil (/; = 150 mm) permits to obtain a very wide magnetic field coverage
where the capsule can be easily energized. Please note that to allow a better adaptation
of the coils to the human torso, the two coils #1A and #1B are not perfectly planar as in
Figure 5, but form an angle of less than 180°.

Series excited Antiseries excited

-190

Figure 7. Strength lines and amplitude maps of By (series excited, on the left) and B, (antiseries
excited, on the right) for different coil side length: I;, = 50 mm (a), /; = 100 mm (b) and /;, = 150 mm (c).

After this preliminary investigation, the coils #2A and #2B are similarly energized to
generate the z component of the magnetic field. The B, map when coils #2A and #2B are
excited in series is shown in Figure 8. It should be noted how each pair of coils (#1A-#1B
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or #2A-#2B) can be powered alone or in combination with the other pair of coils to obtain
different preferential directions of the magnetic field.

mm —
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Figure 8. Magnetic flux density strength lines and amplitude maps of B; (series excited) for coil side
length: I, = 150 mm.

2.3.3. Electronic Configuration

The proposed coil configuration requires specific electronic unit to work properly.
As previously described, each pair of adjacent coils can operate independently, and the
two coils of the same pair can in turn be energized in series or antiseries. To energize
the transmitter coil array, a power supply system based on a full bridge inverter and six
switches is proposed, as schematically shown in Figure 9.

Coil 1A

;- N\

Inverter

DC/DC conlverter "W—_{P} ’7 3 ;
-1 M :| M; ] s, B
1 [ ———tn

I o | ,
rE)ntruller | —O’f.ﬁki

[Radiolinktocapsule ]

O
o

=
Figure 9. Proposed electronic configuration of the transmitter side.

Switches S1 and S2 can be simultaneously activated to energize coils #1A-#1B or
#2A-#2B, while switches S3-54 and switches S5-56 can be simultaneously activated to
select the series or anti-series excitation in each pair. Since the coils connected in series or
antiseries can have different configurations, different capacitors are adopted to reach the
resonance conditions. A microcontroller is used to select switches for proper energizing
of the coil array. Before the inverter is used, a DC/DC converter is adopted to adjust the
voltage level, and then the transmitted power.
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The capsule, which is already equipped with a microcontroller and a data link for the
telemetry, is used also for the control of the power transmission procedure. The proposed
algorithm works as described in the following:

Initially the transmitter polls all possible coil excitations (e.g., coils #1A and #1B in
series or antiseries, coil #2A and #2B in series or antiseries) adopting low power condition.
The level of the power is adjusted by varying the duty cycle of the DC/DC converter.
During the polling process, the receiver registers the configuration with the highest trans-
mission power. To read a correct value, the polling phase is assumed to have a duration
of 100T, where T = 1/f is the period of the signal. The total polling time for the four
configurations is t, = 0.8 ms. At the end of the procedure, the receiver sends back to the
transmitter the configuration code that produces a better performance. The transmitter
selects the best coil configuration by selecting switches and starts the power transmission.
In this phase, the capsule continuously sends the received power level, which is used by
the transmitter to adjust the power level. This process continues until a new poll is taken
(e.g., after 1 s). This algorithm is based on the assumption that the movement of the capsule
within the human body is typically much slower than the polling intervals.

3. Results

A demonstrative configuration is presented using the excitation system described in
Section 2.3. The transmission system consists of four coils, each of them having N = 10
turns, and made using litz wire to reduce the AC losses and heating. The coil side length
is set at [ = 150 mm. The parameters of each couple of transmitting coils (#1A-#1B and
#2A-#2B) are: self-inductances, Lag = 54.2 pH, and self-resistance, R45 = 240 m(). Note
how the mutual coupling between coils #1 A-#1B and coils #2A-#2B is not considered since
when one pair of coils is transmitting, the other is open (current equal to zero); therefore,
it interferes a very small amount with the transmitting pair of coils. The capsule is sized
and shaped as described in Section 2.2 and is positioned within the torso model. The main
objective of the work is to energize the capsule inside a cube with side [ = 20 cm within
the body model, containing the entire gastrointestinal tract, as shown in Figure 10a. The
problem configuration of the simplified human body model, including the capsule and the
coil array structure, is modeled in COMSOL numerical software [41]. The first test is aimed
at calculating the magnetic field inside the box. To perform this analysis, the minimum value
of the orthogonal components of the magnetic flux density (i.e., By, By, and B;) is calculated
in the box for each possible excitation, as shown in Table 1. It should be noted that the results
obtained for each B component for different excitations are very different, demonstrating the
effectiveness of the proposed transmitting coil configuration. At the end of the calculation
process, the excitation that allows the maximum value for each field component (highlighted
in red) is assumed as the worst case (almost proportional to the minimum connected flux)
for the design of the receiving coil to guarantee 250 mW to the load.

Selected
cubic area

dBT
X BZ

-75
-80

ac
-85

_— T
-90

R
f oo

| |

-105
-110

- -115
— | /\‘ P i | -120
. Bumin=12952nT -125

(a) (b)

Figure 10. Selected cubic region inside the torso (a); distribution of B, inside the cubic region for the
worst case scenario (b).
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Table 1. Minimum value of the B field components in the cubic region inside the human body for
different excitation of the coil array structure. The maximum B field for each component is highlighted

in red.
Excitation Bx (nT) By (nT) B, (nT)
#1A-#1B coils, series 1.4446 36418 2.1492
#1 A-#1B coils, antiseries 14151 9.9482 1.1311
#2A-#2B coils, series 2.2954 27107 0.43686
#2 A-#2B coils, antiseries 0.56196 1.6051 12952

The minimum value is obtained for the z component of magnetic flux induction,
Bz,,in = 12.952 uT, at point p shown in Figure 10b. The excitation algorithm is based on the
idea of maximizing magnetic coupling between the transmitting coil and the receiving coil
for any position and inclination of the capsule by selecting the most appropriate excitation
among the four available. However, to design the receiving coil, it is of fundamental
importance to know the minimum magnetic flux linkage produced by each excitation for
any inclination of the capsule. The magnetic flux is calculated by positioning the capsule at
point p of minimum field considering various inclinations of the capsule with respect to its
center (see again Figure 1b) in both directions orthogonal to the z axis (¢, = 0°, 30°, 45°,
60° and 90°; ¢, = 0°, 30°, 45°, 60° and 90°) and for the four different excitations.

For each inclination, the excitation that maximizes the magnetic flux (and therefore the
power transferred) is selected. This polling procedure is automated by the microcontroller.
The worst case scenario is obtained when the capsule is in position p with an inclination
of ¥y = 30° and ¥, = 45° when coils #1 A-#1B are activated and connected in series. In
this condition, the linked flux is equal to 18.2 nWb. This value, assumed as the minimum
linked flux, is used to calculate the number of turns N, of the receiving coil according to (7).
The system has been designed to deliver a nominal power to the load, Py;; = 250 mW, a
load voltage of Vo, =2 V and a current Loyt = Pout / Vour = 0.125 A. First, a wire capable
of tolerating a current carrying capacity of I, = 0.176A in (3) is selected for the receiving
coils. To reduce the losses and heating, a litz wire composed of 10 strands of AWG 48 wire
(equivalent wire diameter d = 0.2 mm) was considered with a per-unit-length (p.u.L) wire
resistance of Ry, = 1048 mQ)/m. This litz wire configuration is suitable for a maximum
current equal to I, at the frequency of 500 kHz. Then, the number of turns, N, = 60,
is calculated by using (7). The load is modeled as a resistor R = Vout2/Pour = 16 Q.
The calculated parameters of the receiving coil are: Ly = 148 uH and R, = 1.63 Q). The
compensation capacitor that ensures resonance is Cp = 684 pF [4].

The circuit parameter values are used in the equivalent electrical circuit model (see
again Figure 3) to evaluate the electrical performance of the system. The output voltage
Vout, the voltage before the rectifier V; and the load power P,,; are shown in Figure 11. The
obtained output power is Py, = 238 mW, which is slightly lower than the design value.
However, it was evaluated on the basis of the worst case magnetic coupling between the
transmitting and receiving coils inside the selected volume. Therefore, it is reasonable to
assume that the average power value is much higher than 238 mW and certainly higher
than 250 mW, which is the design value. Additionally, the electrical efficiency of the system
can be calculated as the ratio between the power delivered to the capsule and the input port
of the transmitting coils. Considering the same worst case position, the minimum efficiency
is 8.3%. It should be noted that the results obtained with the combined FEM and circuital
analysis were validated by measurements taken by the same authors of several works [4,38].
Finally, the electrical performance has been calculated considering the mean value of the
magnetic flux in the selected area considering the capsule aligned with the z-axis. The mean
value of the magnetic flux is 35.3 nWb. The circuit analysis has been repeated, adopting
this value of magnetic flux obtaining an output power equal to Pyes, = 1.42 W, with a mean
efficiency #ean = 0.48%. Obviously, this power is too high and cannot be easily managed
by the secondary coil and by the electronic circuit; thus, the transmitted power should be
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reduced adjusting the parameters of the DC/DC converter (e.g., by reducing the input
voltage before the inverter), such as described in the explanation of the algorithm.

3.0V

2.0V

Vour

1.0v

ov

%!

-1v

300mW

200mW

100mW

ow

1.546 ms

1.550ms

Time

Figure 11. Waveform of the output voltage before the rectifier (blu), on the load (red) and the output
power (green).

As a final step of the proposed investigation, a preliminary study on electromagnetic
field (EMF) safety is provided to check the compliance of the proposed four-coil array
transmitter. The ICNIRP guidelines assess the compliance in terms of internal electric field
E and specific absorption ratio (SAR) at the considered frequency of 500 kHz. Both internal
electric field E and SAR are numerically calculated solving the Equation (8) by the finite
element method (FEM), assuming the coil currents as magnetic field sources [42-47].

The maximum internal electric field E and SAR are calculated as:

Emax = max([|E(x,y,2)]|) (16)
SARmax = max<m IE(x, v, 2) ||2> (17)

where E(x,y,z) is the electric field vector in biological tissues, ¢ is the conductivity and
o is the mass density of the considered tissue (i.e., muscle for the sake of simplicity in
this preliminary investigation). According to the ICNIRP guidelines [36,37], E and SAR
must be taken as the 99th percentile or averaged in 10 g of continuous tissue, respectively.
The basic restrictions are E = 40.5 V/m and SAR = 2 W/kg at the resonant frequency of
fo =500 kHz. In the current analysis, a more restrictive precautionary condition is applied
as the evaluation is performed without adopting percentile or averaging the field, i.e., in
terms of maximum values. The maximum electric field inside the trunk obtained from the
calculations is E = 27.5 V/m and the maximum SAR is 0.94 W/kg, which are both well
below the basic restrictions. The distribution of E and SAR inside the torso are shown in
Figure 12.
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Figure 12. Distribution of electric field E (a) and SAR (b) inside the torso.

4. Conclusions

A new transmitting coil architecture has been proposed for wireless power transfer of
endoscopic capsules to recharge their battery, while avoiding the current limitations of electrically
driven functions for diagnostics and therapy due to limited available electrical energy.

The new transmitting coil array consists of four rectangular planar coils with indepen-
dent excitations. It is able to produce a magnetic field in any direction, thus ensuring that
the required power is wirelessly transferred to the capsule, equipped by a monoaxial coil,
at any point and for any orientation in the gastrointestinal tract.

The proposed WPT system operates at 500 kHz and can power the capsule with
approximately 250 mW at 2 V over a large area within the body. Preliminary numerical
investigations have demonstrated the satisfactory electrical performance of the proposed
system and compliance with EMF safety limits.

The advantages of the proposed method are mainly represented by the modularity
of the feeding system, which easily adapts to the different anatomical configurations of
the patient and allows specialists to customize the area to be fed inside the body. The
future development of the system involves implementing and testing the system on a
demonstrator. With further research and development, wireless power transfer could
revolutionize the field of endoscopy and offer new opportunities for capsule robots to
diagnose and treat therapies, even with microsurgical techniques.
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