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Coils for ingestible capsules: Near-field magnetic induction
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Boucle monocouche et multicouche
Boucle spirale sur le corps

Gélule ingérable sans fil

Monolayer- and compact-multilayer-stacked ingestible TX coils are investigated for ingesti-
ble capsule systems. The inductive link through the human body is modeled. The efficiency
of the near-field magnetic induction link budget is evaluated in the air, in the homogeneous
human body and in the three-layer human body. The variations of the position and the
orientation of the TX capsule coil are taken into account to evaluate the coupling response
between the TX ingestible and RX on-body coils.

RESUME

Des boucles monocouches et multicouches compactes sont étudiées pour des systémes de
gélules ingérables. Le lien inductif a travers le corps humain est modélisé. L'efficacité du
bilan de liaison en champ proche par induction magnétique est évalué dans I'air, dans
le corps humain homogéne et dans le corps humain trois couches. Les variations de la
position et de I'orientation de la boucle dans la gélule d’émission sont prises en compte
pour évaluer la réponse de couplage entre les boucles d’émission dans la gélule ingérable
et de réception sur le corps humain.

1. Introduction

Wireless ingestible capsule devices get more and more used as a tool for cancer diagnosis and medical treatments of
diseases of the gastro intestinal (GI) tract [1]. These systems were proposed to overcome the limited test coverage, because
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Table 1

Specifications of antennas for ingestible systems.

Working frequency Size ¢*h (in Ap) Path loss (capsule inside human Bandwidth (in %) Reference
body, 5 cm away from the
external surface)
460 MHz-535 MHz 4 mm x 10 mm (4] 75 MHz (15%) [2]
(0.0066 19 x 0.0166 Ap)
32 MHz 1mm x 1 mm x 0.5 mm Attenuation from 1 dB to 5 dB (4] LF1 [4]
40 MHz (0.00013 2p x 0.000013 g x 0.00006 Ag) and no channel fading LF2 [4]
868 MHz 7 mm x 0.5 mm Attenuation from 15 dB to 26 dB (4] HF1 [4]
869 MHz (0.020 2p x 0.002819) and channel fading up to 52 dB HF2 [4]
27 mm x 13 mm x 1.5 mm
(0.078 29 x 0.037 2p x 0.0043 Ap)
1.4 GHz Antenna conformed on 10 mm x 26 mm Peak gain = —28.4 dBi; (4] [6]
(0.046 29 x 0.1214 Ap) n =0.05% and [8]
404.5 MHz 10 mm x 32.1 mm Peak gain = —28.8 dBi; 401-406 MHz [14]
2.387 GHz (0.013 29 x 0.043 2p) n =0.058% (2.3%)
10 mm x 32.1 mm Peak gain = —18.5 dBi; 2.4-2.5 GHz (6%)
(0.08 2p x 0.2568 1p) n=0.9%
2.4 GHz 11 mm x 3.81 mm Peak gain = —26.7 dBi 26% [17]

(0.088 g x 0.030 Ag)

of finite length of wired systems, and thus reduce the discomfort and pain of the patients [2-4]. A wireless capsule usually
includes sensors, IC chip with an antenna, battery and is used to transmit physiological information from the GI tract,
such as temperature [9], pressure, pH, and oxygen concentration [5,6], to provide drug to the patient [7,8], and to send
real-time GI tract images at high data rate for video endoscopic capsule [5-9]. Capsule systems require having a small size
to be swallowed by patients. The design of electrically small coils that limit efficiency is a challenging task: efficiency can
affect power consumption, which must be reduced since the small-size battery contains limited energy. The wireless link
is considered in the presence of a “hostile” environment such as the human body. Inductive links for providing energy
to ingestible capsule [11-14] are investigated in the laboratory. In the present study, the system seems to be suited to
ambulatory, i.e., out-of-the-laboratory devices: batteries inserted in capsule could transfer energy (and potential data of
sensor) to a received belt or cover and the system could permit capturing physiological data in real time and as conveniently
as possible, with a relative cheap ambulatory system of sensors and wearables.

The near-field system employs MI (magnetic induction) between the TX and RX coils. Because of the mutual inductance,
the coils act as a magnetically coupled transformer. The magnetic field penetrates high-permittivity materials, such as the
human body, better than electromagnetic waves that suffer from high power absorption [15] and lead to low antenna radia-
tion efficiency [10-21]. Table 1 synthesizes the specification of existing capsule antennas in term of resonant frequency, size,
path loss and frequency bandwidth and confirms in measurement [4] that magnetically coupled near-field communication
systems present an attractive option for future applications with the advantages of ingestible capsules miniaturization (at
one eighth of the volume of the 868-MHz scheme), no channel fading, and allows four times the battery life of the 868-MHz
ingestible systems.

In this paper, a near-field MI is characterized between the TX capsule coil and the RX spiral coil outside the human
body. In the first part, the near-field MI link budget is expressed from the coils’ parameters and an equivalent electrical
circuit is modeled using ADS software [22]. Then, the mutual inductance between TX and RX coils is calculated versus the
size of the RX coils size, the lateral misalignment and the angular misalignment of the TX coil. In a following section, a
TX capsule one-layer coil is designed at 40.68 MHz. The efficiency of the link is evaluated from simulated results in the
homogeneous human body versus the orientation and position of the capsule coil and in a three-layered model of human
body. In the last part, to improve the performances of the inductive link, the size of the RX spiral coil is increased and
the TX capsule becomes a five-layer structure. The efficiency of the link is simulated and measured in the air and in the
tissue-simulating liquid versus the frequency, versus the distance between coaxial coils and versus the lateral and angular
misalignment.

2. Near-field MI link

The TX and RX coils are supposed to be placed respectively In and On Body. The impact of the media (human body or air)
is seen in the modification of the RF wave’s attenuation, which is the real part of the complex propagation constant (1). The
relative permittivity and the conductivity of the tissue-simulating muscle are calculated thanks to the 4-Cole-Cole model



[23,29], and are respectively equal to 83 and 0.67 S/m. In the air, these parameters are considered to be equal to 1 for the
relative permittivity and to O for the conductivity.

o
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The average attenuation is equal to 0.78 dB/cm in the human body. The signal transmission at 5 cm from the air to
the human body could be decreased by 3.92 dB. In a non-conductive medium, such as air, or the human body with null
conductivity, the attenuation is similar and equal to zero: at 40.68 MHz, the medium attenuation depends essentially on its
conductivity. By taking into account the distance of 5 cm between the TX and RX coils, the RX coil is placed in non-radiative
near-field of the TX coil and so the MI near field phenomenon is studied in the following part. The magnetic field strength
on the (z) axis, generated by a current-carrying coil in XY plane is quantified by the mathematical expression (2) and
depends on the intensity of the current (I), the loop radius (R), the number of the loop turns (N) and the distance (z) from
the center of the coil in the normal direction [24,25]:

I x N x R?

H))=—————
@ 2 x (R2 1 22372

(2)

The classic very-near-field zone D is limited to D << A/2m for the operating central frequency f. At 40.68 MHz, the
wavelength is reduced from 750 cm in the air to 53 cm in the human body, while considering ¢, = 83 for the dielectric
characteristics of the muscle. Since the average distance between the small intestine and the on-body surface is superior
to 5 cm, the limit D of 8.5 cm (= 4/27 =53 cm/27) is acceptable for ingestible systems in this case. The dimensions of
the TX coil, operating inside the GI tract, are limited by the size of the capsule in which it will be encased. The diameter
of the capsule is about 10.5 mm and its length is about 25 mm [2]. So, the in-body antenna diameter must be smaller
than 10.1 mm. The coils in near-field are characterized by the following parameters: the coupling coefficient (k) between
the transmitter and the receiver, the inductance L of the coils, and the loaded quality Q factor of the coils. In a first step,
the coils are designed with the optimized parameters: the geometry and dimensions of the coils, the section of the wire
and the number of turns by empirical formulas. The coil resistance R increases with the number of turns. A low-quality Q
factor will result in a weaker energy transfer. In contrast, Q, which is inversely proportional to the bandwidth, allows, in
this case, high data transfer. In order to estimate empirically the voltage level Vg (3) received by the RX coil, a near-field
MI link budget has been carried out using:

VE(w) = VinmrQrQrk*(d) 3)
r% X rﬁ x 72

2 —
K= (2 +d?)3

(4)

where nt and nr are the resistive efficiencies Qt, and Qg are the loaded quality factors, Qur, and Qur are the unloaded
quality factors and rp and rg are the radii of the transmitter and of the receiver coils. The formula (4) of k is empirical and
is used when the coils are coaxially positioned in free-space, where nr, nr, Qt, Qr, Qur, Qur and k can be given as:

— o = 5)
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M
k= (7)
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The coupling coefficient k in (7) depends on the medium conductivity and on the mutual inductance, whose value varies
as a function of the position and orientation of both coils. The coupling coefficient, calculated in (7) by a simulation with
an electromagnetic software and measured with a VNA (Vector Network Analyzer) is more accurate than the one deter-
mined by the empirical formula (4). Ryt and Rig are the resistances of the transmitter and the receiver coils, respectively,
Rs and Ry are the source and the load resistances, Lt and Ly the inductances of the transmitter and of the receiver coils
and M is the mutual inductance. The near-field system can be modeled with the Keysight-ADS software. The equivalent
circuit model, including the TX capsule and RX on-body coils is presented in Fig. 1 [22]. L-match circuits, using lumped
capacitances C, form the matching networks, in order to match the impedance between the source and the capsule coil,
and between the on-body coil and the load. The source and load impedances correspond to 50 2 in a standard measure-
ment.

In the following section, we focus on the mutual inductance to study theoretically the coupling efficiency versus the
relative size, lateral and angular misalignment between the coils in the air.
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Fig. 1. (Color online.) Inductively coupled equivalent circuit model in ADS software.

3. Mutual inductance considerations

To theoretically study the magnetic coupling in the air, the mutual inductance between the coils is calculated. For sim-
plicity, we focus on the case of a one-turn coil, represented by a circular loop 1 cm in diameter for the TAG, and by a square
loop of length L for the reader. The square loop can define a surface on which the magnetic flux is integrated easily [26,27].
As the mutual inductance is reciprocal, the circular loop is considered generating the B-field by a current circulation i; on
the loop. The magnetic field (B, By, By) evaluated in the (x, y,z) position [27], generated by a circular loop of radius R
positioned in the (Y0Z) plane (Fig. 2), centered in (0, 0, 0) is expressed by equation (8):

— ilMOJ’ R2 +r2 + y2
br= 27 [(R41)2 + yz]l/Zr[[(R 147 E(p) — K(p)]
By =0
_ i1/ko R? —r? — y? (8)
By = 27 [(R+ )%+ y?]1/%r [[(R — 247 E(p) + K(p)}
2 4Rr

p

T IR+12+ ]

where r corresponds to the distance between the center of the circular loops and the functions K(p) and E(p) are the com-
plete elliptic integral of first and second kinds, respectively. By discretizing (1), with a 500-um pace, the mutual inductance
can be calculated with MATLAB.

3.1. TAG parallel configuration

When the coils are perfectly aligned and spaced with a distance d, as seen in Fig. 2, the mutual inductance between the
coils is reported versus the length of the square loop, for different distances d. The mutual inductance (noted M) depends
on the length of the square loop for a given distance. When the distance increases, the length of the square loop has to
be increased to optimize the mutual inductance. However, by considering the optimum value of M for each value of d, the
maximum value decreases when the length L increases. For a wireless ingestible capsule in the small intestine, we consider
a distance of 5 cm between the coils. In this case, increasing the square loop side from 4 to 7 cm allows multiplying the
mutual inductance by 2.15.

3.2. TAG normal configuration

Furthermore, when the planes of the coils are tilted to form a 90° angle (Fig. 3), and distanced by 5 cm over the x-axis,
the magnetic coupling is null when the coils are perfectly aligned [25]. The centers of the coils are displaced by a distance
dy, moving from 0 to 10 cm over the y-axis. For the single square loop, the optimum value of the mutual inductance
is obtained for a dy misalignment of 3.5 cm, i.e. under the wire, which generates a magnetic field around the wire. The
optimum value is almost divided by 3 compared to the TAG parallel configuration.
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3.3. TAG orientation and position versus the center of the reader’s plane

The general case, where both lateral and angular misalignments of the capsule are present, is considered in HL (horizontal
link in Fig. 4a) and in VL (vertical link in Fig. 4b) configurations for RX square loops with the previous TX circular loop. We
report 10Log;o(M) versus the angular misalignment df for different lateral misalignments dy in parallel and orthogonal
configuration for the RX square loop (4 cm x 4 cm and 7 cm x 7 cm) and the TX circular loop. As S is proportional to
M? according to (3) and (7), the comparison between the mutual inductance and the simulated or measured Log(S21) is
more easily made. In order to limit the data processing, the studied d® range is comprised only in the range between 0 and
+90°, where interesting phenomena are observed. It is important to note that the evolution of Log;o(M) versus the [+90°;
0°] range is not symmetrical: there is only a symmetry for the lateral misalignment dy =0 cm.

Both configurations could be associated with each other in an array to guarantee an effective mutual inductance.

For HL (solid line), the mutual inductance is optimum versus the lateral misalignment dy (in cm) and the angular
misalignment df (in degrees). For instance, with a 4 cm x 4 ¢cm loop and in the [0°; 90°] range (Fig. 5), the mutual
inductance, versus the angular rotation at a distance dx =5 c¢cm and a misalignment dy from O to 3 cm, is maximum for
(dy, d#) equal to (0, 50°); (1, 35°); (2, 30°); (3, 20°), and minimum for (0, 90°); (1, +75°); (2, 59°); (3, 44°).

For HL (solid line) and VL (dotted line) in the [—90°; 0°] range with a 7 cm x 7 cm loop (Fig. 6), the mutual inductance
versus the angular rotation at distance dx =5 cm and the misalignment dy from 0 to 3 cm is optimum versus the lateral
misalignment dy (in cm) and angular misalignment df (in degree): the mutual inductance in HL is maximum for (dy, d9)
equal to (0, —45°); (1, —54°); (2, —64°); (3, —70°) and minimum in VL for (0, 0°); (1, —9°); (2, —18°); (3, —26°).

When the length L of the RX square coil increases from 4 cm to 7 cm in HL (solid line) and VL (dotted line) configurations
(Fig. 7), the maximum value of mutual inductance, versus the angular rotation at distance dx =5 c¢cm and misalignment
dy =3 cm, is higher, and the minimum of M is obtained when the angle df decreases. The length L, increasing from 4 cm
to 7 cm, multiplies the mutual inductance by 2.15 when the coils are co-axial (Fig. 2b), which corresponds to 10Log;q(M) =
3.3 dB. To avoid VL configuration and assure the compactness of RX array, it seems easier to fabricate an RX prototype with
a length of 7 cm.
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In the following section, the design of the coils and the inductive link was carried out using HFSS (High-Frequency
Structural Simulator) [28], which is a commercial full-wave software based on the Finite-Element Method to evaluate the
inductive link performances through the human body and the air.
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Table 2

Characteristics of the simulated antennas in the presence of the human body and in the air at 40.68 MHz.
Antenna characteristics Rir () Rir () Xir () Xir () Lt (uH) Lg (uH) Qr Qr nr IR k
Human body (¢; = 83; o =0.67 S/m) 0.8 7 74.5 514 0.3 2 15 9 0.98 0.88 0.04
Air (¢, =1; 0 =0 S/m) 0.8 4 74.5 512 0.3 2 15 9.5 0.98 0.92 0.05

4. Monolayer coil for TX capsule: simulated MI characteristics

In this study, the length of the square coil can be considered equal to 4 cm, to be compared with the previous study (in
Fig. 2) in the parallel TAG configuration. The capsule diameter is of the same order as that of the circular coil.

4.1. Simulated characteristics and electrical equivalent model

Given the dielectric parameters (¢&; = 83 and o = 0.67 S/m at 40.68 MHz) of the average human muscle, the transmission
parameter is investigated in two different media, air and human muscle in a 10 x 10 x 10 cm? cubic box as illustrated in
Fig. 8b. The in-body transmitter capsule coil [30] is inserted into a cylinder having the size of a vitamin pill filled with air.
The capsule is placed at the center of the cubic box: it consists of a 6-turn coil, with an outer diameter of 10.1 mm, and
line width and space between the lines equal respectively to 0.25 mm and 0.2 mm, as depicted in Fig. 8a. The on-body
coil is positioned coaxially with the in-body coil at 5 cm beneath the side of the cubic box (Fig. 8b). As shown in Fig. 8c,
the dimensions of the four-turn on-body antenna are 41 x 41 x 1.5 mm?, with a line width and spacing between lines of
0.3 mm. Rogers RT/duroid 5880 substrate (¢; = 2.2; tand = 0.0009) is used to design both the in-body and the on-body
antennas.

A matching system, composed of two capacitors, is designed for each coil to match the coil impedances close to 50 €,
when the coils are considered separately. According to (3), the empirical transmission Sy can be expressed from QT, Qg,
11, Nr and k. The resistances Rs and Ry are set to 50 © and Pt to 1 W. Ry, Rig, Lt and Ly are deduced from the simulated
results of the TX and RX coils. From Table 2, the modification of the media affects the RX coil resistance Rig.

The empirical transmission coefficient is calculated using equation (7) for the coupling coefficient, in which the values of
inductances are extracted from the simulation using Z;; parameters and is updated in (9):

_ Im(Z12)
VIm(Z11) x Im(Z3;)

where port 1 feeds the TX coil and the received power of the RX coil is evaluated at port 2. Zy1, Z22 and Zi; are the
impedances of the TX coil, RX coil and the mutual impedance between both coils, respectively. The imaginary parts of Z11,
Zy and Zp, correspond respectively to the self-inductance of the RX coil, of the TX coil, and to the mutual inductance
between both coils. The coupling coefficient is equal to 0.04 in the human body and 0.05 in the air. The low values of k are
essentially due to the small dimensions of the coils, particularly the TX capsule coil. From Table 3, we can conclude that the
empirical values are not in a good agreement with the simulated results. Nevertheless, the modification of the media affects
the inductive link because of the increase of the RX on-body spiral coil resistance, in the presence of the human body. The
previous simulations are performed in the homogeneous human body. We have to perform some of them in a multilayer
human body model, in order to evaluate the impact on the MI link.

(9)




Table 3
Comparison between the coupling response found by empirical formula and
HFSS simulation in the human body and in the air around 40.68 MHz.

Human body Air
S»1 empirical (dB) —-17.3 —15
S»1 simulation HFSS (dB) —22.1 —20.7
RX antenna
0.1 cm
A
Fat 1.4 cm

3.5 cm muscle

TX antenna é

LI

Muscle

y

Fig. 9. MI link through a three-layer human body (muscle/fat/skin).

Table 4
Dielectric properties of human tissues employed in the three-layer human body at 40.68 MHz and
RF attenuation (dB/cm).

Human tissue Relative permittivity Conductivity (S/m) o (dB/cm)

Muscle 82.6 0.67 0.78

Fat 7.3 0.034 0.16

Skin 124.3 0.38 0.48
Table 5

S»1 parameter of the inductive links through the air, the three-layer human body and the
homogeneous model at 40.68 MHz.

Air Three-layer model Homogeneous model
S21 (dB) —20.7 -21.1 -221

4.2. More realistic model: 3-layer human body and batteries

A three-layer human body is represented in Fig. 9. The dielectric properties of each layer and attenuation « calculated
thanks to formula (1) are reported in Table 4. The very low conductivity of fat is close to that of the free-space, which
reduces the dissipated energy by the lossy media. By considering the thickness and attenuation of each layer, the 3-layer
human body improves by 0.9 dB the medium losses; the field magnitude is improved from 3.92 dB with a muscle to 3.02 dB.

According to Table 5, the inductive link can be improved in the three-layer human body, which is a more realistic
model, in comparison with the homogeneous human body. By taking into account the tissue’s thickness and attenuation,
the discrepancy of almost 1 dB between the three-layer model and the homogeneous one is verified with the attenuation
formula (1) and with the S21 parameter (Table 5): the losses are proportional to the volume and the conductivity of body
tissues.

The ingestible capsule is powered by a two coin-shaped silver-oxide battery, which can generate 20 mW. The maximum
specific absorption rate (SAR) of the human body is recommended under the basic restriction of 0.4 W/kg, averaged over the
whole body, by the International Commission of Non-lonizing Radiation Protection (ICNIRP) [31]. So the SAR value respects
the standards.

The measurement of body temperature by an ingestible sensor [9], fed by two silver-oxide batteries, at 40.68 MHz, has
been investigated. The receiver was placed less than 50 cm away from the transmitter, the data transmitted every 15 s with
a data rate of 80 bps and a battery life of 10 days.

The volume allocated to the batteries is filled with a metallic material. A copper cylinder is included in the TX ingestible
capsule to mimic the presence of the power supply. In the worst case, i.e. when the medium is the homogeneous human
body, a copper battery (u; = 0.99 et o =58 - 10% S/m), whose diameter and thickness are about 10.5 mm and 4 mm,
respectively, is placed 3 mm away from the coil substrate. The transmission parameter is reduced by 0.5 dB. To conclude,
the performances confirm the adequate coil design and the batteries affect slightly the inductive link.
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Fig. 11. Simulated transmission parameter at different TX antenna y-positions as a function of the angle 6 at 40.68 MHz in the HL and in the VL.

4.3. With a RX-coil array

The ingestible capsule slides down into the gastro-intestinal (GI), so the relative position and orientation of the TX coil
versus the RX spiral coil must be taken into account to evaluate the inductive link. The TX coil orientation is reported as
a function of the angle 0, & = 0° corresponding to the horizontal link (HL link) and 6 = 90° to the vertical link (VL link)
and the TX coil position is referenced by the OY axis (Fig. 10). The relative position is defined as the spacing between the
capsule coil and the spiral coil in the y-direction. The transmission parameters of the HL and VL links have been performed
separately. Another possibility is to realize a multi-coil capsule. Three coils, which are geometrically orthogonal to one
another, are inserted in the capsule to ensure an adequate coupling with the reader coil [11].

For each relative position, comprised between —3 c¢cm and 3 cm, the inductive link’s efficiency at 40.68 MHz is acceptable
for any coil angle orientation, subject to considering both complementary VL and HL links. In fact, while the TX capsule coil
slides in the GI tract, the RX-received power can be optimized by the position and the orientation. The evolution of the
S»1 parameter according to the angle in different y-positions at 40.68 MHz is depicted in the four sub-plots of Fig. 11,
where every portion corresponds to a TX antenna y-position (y =0, —1, —2 and —3 c¢cm). We can conclude from these plots
that for all selected y-positions, the maximum occurs when 6 = 0°. This configuration represents the optimum position
where there are maximum H-field lines perpendicular to the on-body antenna surface. Over the dé variation range [0°;
90°], the behavior of 10Log;¢S21 (Fig. 11) is almost similar to the Log;o(M) function (Fig. 5), which is optimum versus the
angular variation: in the HL configuration, the angle, where the minimum value is obtained, decreases according to the dx
misalignment rise, but the maximum is always obtained in simulation when df is equal to zero, while the curve profile
is different under MATLAB, where the angular position, allowing one to obtain a maximum level of mutual inductance,
changes and depends on the lateral misalignment (Fig. 5). The optimum angles are slightly different under HFSS simulation
and MATLAB analysis, probably because of the multi-turn structure in simulation and the one-turn coil under MATLAB for
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Table 6
Capacitances values of the transmitter and the receiver antennas, when the transmission
channel is either the human body or the air.

Series capacitance (pF) Parallel capacitance (pF)
In free-space TX coil 180 800
RX coil 8.2 213
In the human body TX coil 180 800
RX coil 76 56

the TX and RX coils and also because of the different media: we considered air (¢, =1; o =0 S/m) as the medium on
MATLAB and the human body (¢; = 83; o =0.67 S/m) for simulated results.

Due to the non-compactness of the RX array, with the coils oriented perpendicularly to the surface, we propose to in-
crease the dimensions of the RX coils from 4 cm to 7 cm (to increase the mutual inductance, like reported in Fig. 6) and the
layers of the TX capsule coil. To perceive dissimilarities, the fabricated prototypes will be positioned in an human-tissue-
equivalent fluid.

5. Multilayer coil for the TX coil: simulation and measurement

In this study, the length of the square coil can be considered to be between 7 cm and 8 cm in the theoretical study on
the mutual inductance (in Fig. 2) for the TAG parallel configuration. The capsule diameter is of the same order as that of
the circular coil.

5.1. Realized TX and RX coils and measurement setup

To increase the magnetic field’s strength, the TX capsule coil is chosen as a five-layer coil and the RX coil surface
increases from 4.1 cm x 4.1 cm to 7 cm x 8 cm [32]. The advantages of the multilayer printed coil compared to the classic
wired coil are essentially the robustness and the solidity. The structure of the capsule antenna (Fig. 12a) consists of five
different loops, which lie on different layers of FR4 epoxy with a dielectric constant &, of 4.4, a dielectric loss tangent of
0.02 and a metallic thickness of 35 pm using mechanical etching, separated by four FR4 super-strata with a thickness of
0.76 mm to ensure both a stable distance between the coil turns and a more solid structure. The inner and outer radii of
the loops are respectively 8.5 mm and 9.5 mm. Each loop has two circular catch pads 0.7 mm in diameter, which are used
to connect the metal via loops. In order to increase the received power through the inductive link, the on-body receiver coil
needs to have large dimensions, as illustrated in Fig. 2. As shown in Fig. 12(b), the dimensions of the three-turn on body
antenna on FR4 substrate are 70 x 80 x 0.76 mm?, with a line width and spacing between lines of 1.5 mm.

The L-matching circuit (Fig. 1), using lumped capacitances (Table 6), has to be adjusted to match the impedance from
the source (Rs) to the TX coil (L1, Rit) and from the RX coil (Lg, Rir) to the load (Ry) and when the MI link is established.



Table 7
Simulated and measured coil characteristics in the presence of the human body and in air at 40.68 MHz.

Antenna characteristics Rir () in the human body Rir () Lt (uH) Lr (uH) Qr Qr nr 1R k
Simulation in phantom 0.32 14.2 0.12 1.7 0.6 6.7 0.99 0.78 0.11
Measurement in phantom 0.52 26.8 0.12 21 0.61 71 0.99 0.65
Simulation in air 0.3 2.4 0.12 1.6 0.6 8 0.99 0.95 0.22
Measurement in air 0.57 5.1 0.12 2 0.61 9.1 0.99 0.91
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Fig. 13. Simulated and measured reflection coefficients of the transmitter (S11) and the receiver (Sy;) coils in the air.
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Fig. 14. Simulated and measured reflection coefficients of the transmitter (S11) and the receiver (S32) coils through the human body.

The coils were measured by using a homogeneous human-tissue-equivalent fluid available in our laboratory, whose
dielectric properties (¢; = 64 and o = 0.78 S/m) are extrapolated from the measured curve with the Agilent Dielectric
Probe Kit (200 MHz-20 GHz) and are taken into account in the simulation to evaluate the inductive link performances.
The in-vitro measurement was carried out by Rohde Schwarz ZNBS8, as shown in Fig. 12c-e. The TX coil is placed in the
rectangular box with dimensions 29.2 cm x 22.2 cm x 16.5 cm (L, [, h) at h =5 cm, which is higher than the RX external
coil, whose spacing of 0.4 cm is comprised of air, to take into account the air gap between the receiver coil and the back
side of the rectangular box needed to insert the SMA connector. The capsule antenna is isolated from the body liquid by a
Plexiglas tube, whose diameter and thickness are respectively equal to 1.4 cm and 0.5 mm [32]. A ferrite core is applied to
the feeding coaxial cable, which is connected with the RX coil and to the network analyzer to prevent disturbance currents
from flowing in the cable.

5.2. Coil characteristics, matching and transmission

Extracted electrical circuits deduced from simulated and measured input impedances of TX and RX coils, when the media
is human body and air, are listed in Table 7. The impedance (Table 7) and the measured bandwidth (Figs. 13 and 14) of the
RX coil impedance decrease, when the transmission channel changes from the human body to the air. The TX coil seems
less sensitive to the media variation, because of its insertion in the Plexiglas tube filled with air: the —10 dB matching
bandwidth is equal to 1% (around 0.47 MHz) in the air and in the human body. We also analyze the coupling efficiency
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Fig. 15. Measured coupling response S»i, according to the frequency, between the capsule coil and the receiver coil separated by a distance of 5 cm when
the path is the human body and the air.

Table 8
Comparison between the coupling response found by empirical formula, HFSS simulation, measurements and ADS simulation in different medias around
40.68 MHz.

S»1 empirical S21 simulation (HFSS) S»1 measurements S21 simulation (ADS)
Human body (&; = 64; o =0.78 S/m) —14.2 dB —18.1 dB —20.7 dB —15.9 dB
Air (&,=1; 0 =0) —6.6 dB —10.5 dB —16.8 dB —21.3 dB
“Non-conductive” human body (¢; =64; o =0 S/m) [4] —10.4 dB 4] (4]

in the human body and in the air at 40.68 MHz with an empirical formula based on the Agbinya-Masihpour model [24],
with HFSS electromagnetic simulation, ADS electrical circuit simulation and measurement. Moreover, the efficiency of the
inductive link in measurement, represented by the S»; parameter, can reach 0.85% (—20.7 dB) in the human body.

The following paragraphs discuss the lack of accuracy in the measurement of the characteristics of the human-tissue-
equivalent fluid, the attenuation introduced by the media, by mismatching the connection between the load (or the source)
represented in the experimental part by the cable and the RX coil (or TX coil), by conductor losses and by the ferrite core
encircling the cable.

The dielectric properties (¢; = 64 and o0 = 0.78 S/m) of the homogeneous human-tissue-equivalent fluid are extrapolated
from measurement in the 200 MHz-50 GHz band with the Agilent Dielectric Probe Kit. As transmission attenuation depends
on the square root of the conductivity, the lack of accuracy in the measurement of the complex permittivity can result in
discrepancies between simulation and measurement.

To evaluate the influence of the dissipative media on the received power obtained by magnetic coupling, we plot the
measured coupling response when the channel is the human body and the air in Fig. 15. As it is depicted by these plots
and in Table 8, the coupling response in the air and in the human body at 40.68 MHz is equal to 7.6 dB in the HFSS
simulation and with empirical formula (3), 3.9 dB in measurement, while media losses are calculated at 4.04 dB in the
beginning of paragraph 2. An overcoupling in the air is observed with the electrical circuit simulation and deteriorates the
transmission parameter to —21.3 dB at 40.68 MHz. As it is seen in Table 8, the media attenuation depends essentially on its
conductivity: the modification of the relative permittivity from 1 to 64 does not affect the efficiency coupling in air and in
the “non-conductive” human body. The measured frequency shift of TX and RX coils with air and with human body media
(Figs. 13 and 14) can explain the fact that the measured MI link is less effective than the simulated one. The critical factor
seems to be the L-matching circuit, made of lumped capacitors. We focus on the serial resistance and relative value of this
capacitor.

The reactance X of the capacitors is comprised between 0.002 2 and 0.2 2 for capacitor values varying from 7.6 pF to
800 pF at 40.68 MHz. To evaluate the impact on the power transfer with the capacitor circuits in the human body, a high
serial resistance of 0.2  is associated with both capacitors in TX and RX coils, and the S,; parameter is reduced from
—15.9 dB to —16.2 dB. A &+ 5% variation on the capacitors with zero serial resistance affects the coupling efficiency of +1
dB. However, this S»1 range, with the relative error on the capacitor and the serial resistance, stays less than the measured
one, but can contribute to increase the discrepancies between simulation and measurement.

In order to qualify the effect of the conductor loss composed of skin-effect loss, proximity-effect loss and DC conduction
loss, copper lines in the RX and TX coils are replaced by a Perfect Electric Conductor (PEC). As the signal transmission is
improved from —18.1 dB to —12.4 dB with TX coil mismatching, there are conductor losses, which cannot be neglected in
the simulation. In particular, the size of the meshing cells in the conductor has to be less than 10 pm of skin thickness.

The measurement of a small coil requires the connection with a coaxial cable, that disrupts the impedance of the coil,
due to current on the outer surface of the cable. Baluns of ferrite [33] for EMI (Electromagnetic Interference) suppression
[34,35] have been added on the outer surface, but they limit the frequency band and the efficiency. Sometimes, in radia-
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Fig. 16. Simulated and measured coupling response S»; according to the z-distance around 40.68 MHz in the human body.

tive emission, the use of an electro-optical transducer and a fibre link, associated with the post-processing step [36], are
investigated to avoid the use of an RF cable [37]. A method for explaining the discrepancy between the simulation and the
measurement requires two different measurements of the S»; parameter with and without a feeding coaxial cable in prox-
imity to the dissipative human body, acting as a metallic plane. The S; level is comparable without cable and with cable
and de-embedding: a level shift of 0.2 dB on the S»; with and without cable is obtained after optimization of the capacitor.
The measurement is done in the referenced plane of the RX and TX coils input with SOL (Short Open Load) calibration when
the RX coil is used with ferrite encircling the cable.

It may be concluded that investigations on the discrepancies between simulation and measurement demonstrated that
the L-matching circuit, the approximate dielectric characterization of the media, and the conductor losses were critical
factors.

5.3. Distance effects

In the previous section, the TX capsule coil is off-centered by 5 cm away from the RX on-body coil. In this paragraph,
the off-center distance varies from 1 cm to 8 cm in the homogeneous human body. Simulated and measured transmission
parameters Spq versus the off-center distance are reported in Fig. 16. A marginal drop from 1 dB to 2.6 dB is observed
between the simulated and measured S»1, the slope is almost 10 dB/octave and does not agree with the B-field attenuation
function of d—3 (power attenuation of 18 dB/octave). B-field attenuation depends on d—> when the radius of the coils is
inferior to the distance between the coils: the radius, equal to 0.5 cm and 4.22 cm (calculated radius from the equivalent
surface) for the TX and RX coils are in the same order than the distance of 5 cm and formula (4), entailing the size of the
coils and the distance between coils, cannot be applied. The discrepancies between simulation and measurement are due to
the L-matching circuit (Fig. 1), with a frequency shift, the value of capacitance not being optimized for each distance.

5.4. Angular and misalignment effects

In this study, the TX capsule coil is 5 cm away from the RX coil. A homogeneous rectangular cuboid human body with
a smaller height, i.e. with dimensions of 38.5 cm x 33 cm x 8 cm (L, [, h) is considered as allowing a maximum variation
of the angle, but it is not possible to reach the 90° angle: a measurement setup is realized to avoid the mechanical shift
between the coils and, in this configuration, the tissue-equivalent fluid could flow into the isolated tube in the 90° angle
orientation (Fig. 17). Simulated and measured transmission coefficients for the four positions (y-positions equal to 0, 1, 2
and 3 cm) are depicted in Fig. 18. The measurement is always worse than the simulation, but the maximized transmission
parameter versus the angle is obtained in simulation when the coils are coaxially positioned, while the angle is shifted
from 0 to —26° when the coils are misaligned from 0 cm to 3 cm, if we consider that d6 in MATLAB corresponds to —dé
in the experimental part: the behavior is similar to the mutual inductance variation, which is maximum in Fig. 6 for the
angular rise when the dx misalignment position becomes greater. The angle, where the maximum is effective, is slightly
different under HFSS simulation and MATLAB analysis, because of the multilayer structure (each loop can be equivalent to a
loop with a different diameter for a constant distance) for the RX coils and different propagating media. The measurement
accuracy errors can be increased with the previous part because of a mechanical shift on the y-position and on the angle.

To conclude, for every capsule antenna position, a coupling response is calculated versus the angle increase: the S»;
response varies between —20.5 dB and —35.5 dB. If we consider that for a —32 dB response the MI link is effective,
the configuration for y-position = 0 cm and 6 = 80° can be considered like a limit. Moreover, to avoid low coupling
response in some capsule orientations, a fabricated prototype with metalized holes allowing a turn number increment and
manufacturing facilities for the same total TX coil height would be an advantage.
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Fig. 18. Simulated and measured coupling response S around 40.68 MHz in the tissue-simulating fluid according to the angle at different y-positions.

6. Conclusion

For wireless ingestible capsule systems, modelling and optimization of the complete transmission link in the pres-
ence of the human body is necessary. The FEM method is used to model the MI link, which is carried out using HFSS,
a commercially-available FEM piece of software. To capture the behavior of the MI in wireless ingestible capsule, the TX
coil is inserted in a capsule, surrounded by a human body. To represent the body properties in numerical modelling, we
consider a homogeneous and a three-layer model. In measurement, we employ a human tissue-equivalent fluid, whose



dielectric properties are characterized by a dielectric probe kit. The MI link is evaluated by taking into account the rela-
tive position and orientation of the TX coil versus the RX coil. Multiple (ideally orthogonal) loops could be used to avoid
coupling minima attributable to the TX coil orientation.

The results discussed in this work are:

1) analysis of the coil impedance and loaded quality factor,

2) mutual inductance between one-turn circular and square coils versus the lateral and angular misalignment,

3) analytical, simulated, measured MI link budget and electrical circuit simulation,

4) observation of the received relative signal response versus the angular and misalignment of capsule’s coil in the small
intestine,

(5) consideration of two MI links

- a TX monolayer coil and a RX 4.1 cm x 4.1 cm coil-orthogonal array

- a TX multilayer coil (¢ x h=9.5 mm x 2 mm (0.00132, x 0.00034,)) and a RX 7 cm x 8 cm coil.

—~ o~ —~ —

To conclude, the efficiency of the MI link as a function of various environmental and coupling conditions is established
and experimentally demonstrated. If we compare the simulated results for the first (Fig. 11) and the second coil structures
(Fig. 18), we can notice an improved value of Sy; due to the RX coil size increase, despite the medium conductivity rise
between simulation and measurement (from 0.67 S/m to 0.78 S/m): in the simulation, the Sy previously comprised between
—22 and —80 dB for a 4 cm x 4 cm loop is increased to —18.1 to —50 dB for a 7 cm x 8 cm loop. For co-axial coils in
HL configuration, the 3.9-dB maximum level enhancement, which varies from —22 to —18.1 dB, is in agreement with the
theoretical part, where L increases from 4 cm to 7 cm (the coil is assimilated to a square, but it is a rectangle) multiplies
the mutual inductance by 2.15 (Fig. 2b), which corresponds to 10Log;q(M) equal to 3.3 dB. The efficiency improvement
depends on the RX size increasing mainly, but probably also slightly on the TX structure, composed of a 6-turn monolayer
coil, and a 5-turn multilayer coil, whose discrepancy regarding the optimization was not evaluated in this paper, focusing on
mutual inductance. Simulated investigations on the measurement errors demonstrated that the matching characteristics of
the matching network, and the conductor losses were critical factors that controlled measurement accuracy. Lack of accuracy
on the dielectric characterization of human body equivalent liquid because of the low frequency limit at 200 MHz of the
Probe and the mechanical shift of the in-vitro measurement can bring some errors.

As a perspective, the design of a RX coil array, pressed on the abdomen, to ensure power efficiency for an arbitrary
capsule’s orientation and to determine the TX coil position in the small intestine should be considered. To identify the
zone, where is located the capsule in the small intestine, for instance in order to evaluate the transit time and functional
exploration, the position is currently deduced from the changes of PH values, but the low sensitivity of PH sensors and the
PH modification with digestive disorders are not accurate. With a cheap wearable system, we could focus on the LF RFID
technology to be less sensitive to the medium’s conductivity. Capsules, including several sensors, could be swallowed to
determine the capsule position: multiple sensors in the wireless ingestible capsule can provide data and data processing al-
lows one to determine more accurately the position of the capsule [39]. In the capsule, an inclinometer [38], an anticollision
function could be added to maximize the detection by zone and the battery life time through low power consumption. To
avoid battery discharge, some researchers focus on energy harvesting from human body: conversion from body mechanical
energy, such as blood flow, breathing... into electrical energy for the implanted devices [40-43]. The losses in the medium
are lower as frequency decreases and can be evaluated numerically and experimentally [44]. In future works, the fabrication
of a RX belt to identify and localize LF-RFID TAGs in the small intestine should be studied.
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