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ABSTRACT In this paper we study the read range of implanted sensors based on batteryless, Near-Field
Communication (NFC) integrated circuits (IC) using an NFC-equipped smartphone as a reader. The most
important challenges are the low coupling between loops of different sizes, the limited quality factor imposed
by the bandwidth communication, the effects of the body on propagation, and the detuning of the antennas.
Two systems are analyzed: a conventional system based on resonant coupling between two coils; and a
system based on resonant coupling between three coils. With the latter, a relay antenna is attached to a patch,
which is adhered to the skin. Simulations and measurements show that the quality factor of both antennas
can be improved by including a spacer made of low-permittivity material. A circuit model is proposed for
the implanted and relay antenna, which simplifies its usage in circuit simulators. Some implanted and relay
antenna prototypes are analyzed and a system model that includes a nonlinear model of the tag is used
to analyze the maximum depth at which the implant can be read. Our experimental results show that the
system based on three coils performs much better performance at longer distances and is more robust to
misalignments between coils. A 15x 15 mm-implanted tag with commercial NFC IC and energy harvesting
can be read using commercial smartphones. It can feed sensors at a distance of up to 16 mm inside the body
and at a distance of 3 cm from the skin. Our results also show that data previously stored in the IC memory
can be transferred to the reader located at distances of up to 2 cm and 3.8 cm for the 2-coil and 3-coil systems,
respectively. This study demonstrates the potential of batteryless NFC sensors for biomedical and wearable
applications using mobile phones as readers.

INDEX TERMS Batteryless, energy harvesting, Internet of Things (IoT), implantable medical device, near-

field communication (NFC), radiofrequency identification (RFID), wireless power transfer (WPT).

I. INTRODUCTION

Implantable devices are enjoying increasingly widespread
acceptance and becoming ever smaller and more power-
ful [1], [2]. Such devices include implantable glucose and
oxygen sensors for diabetics [3]-[5], implantable chem-
ical devices [6], [7], neural implants [8], [9], cochlear
implants [10], ocular implants [11]-[13] and cardiovascu-
lar devices [14]. Advances in semiconductor technology,
particularly in micro-electro-mechanical systems (MEMS),
have made it possible to reduce dimensions and increase the
number of sensors it is feasible to implant [10]. However,
despite recent technological progress in implant technology,
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many challenges remain unsolved [10]. One of the most
critical of these challenges is the power source needed by
electronic devices. Rechargeable batteries can be periodically
transcutaneously recharged using wireless telemetry, whereas
single-use batteries require surgical removal to replace them.
To increase biocompatibility (which is associated with battery
toxicity) and the lifetime of these devices, batteryless devices
are preferred [15]. Although promising communication meth-
ods based on ultrasound [16], [17] have been proposed,
radiofrequency (RF) is the most widely used communica-
tion method. However, the tissues surrounding the implant
present dielectric losses that heavily attenuate the electro-
magnetic signals, thus degrading communication. The read-
range and size constraints imposed by the limited space avail-
able inside the body are therefore fundamental challenges.
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Although several methods of wireless power transfer (WPT),
such as inductive, optical [18] and ultrasound [19], are pro-
posed in the literature, the most established way to power
batteryless devices is to use radiofrequency electromagnetic
waves [1], [20]-[22].

RFID (Radio Frequency Identification) [23] is a well-
known wireless technology for traceability, logistics and
access control and is recognized as a key technology for
developing the Internet of Things (IoT). In recent years RFID
technology has become much more widespread. Traditional
barcodes are being replaced by low-cost RFID tags for track-
ing items. Within RFID technology, several types, including
LF, HF or UHF stand out depending on their frequency band.
The advantages of tags operating at UHF include their long
read range and their low cost in logistics chains. Although the
tags are often designed to work in a single RFID band, dual
HF and UHF RFID tags have recently been proposed [24].
One that has seen huge growth is near-field communication
(NFC) technology, which is a short-range RFID that enables
communication between devices using the ISM 13.56 MHz
RFID band [25]. Although NFC technology has existed for
over a decade [23], [25], it did not become popular until it was
massively incorporated into payment systems. NFC technol-
ogy enables simple and safe communication between elec-
tronic devices, allowing consumers to perform contactless
transactions, access digital content and connect electronic
devices with a single tap. For this reason, most smartphones
currently incorporate an NFC reader. The importance of NFC
systems within the [oT scenario and Industry 4.0 is, therefore,
increasing [26]. NFC technology is also useful for developing
low-cost low-range sensors since it provides a fast and easy
way to obtain data from them simply by bringing the reader
closer to the tag without needing to pair the devices. The
biggest NFC integrated circuit (IC) manufacturers have also
commercialized NFC IC with energy-harvesting capability
that can provide energy to small sensors and microcon-
trollers [27]-[30].

Traditional WPT between the reader and the implanted
device is often performed with a specific design using discrete
components or integrated circuits with embedded sensors.
Due to size constraints, the dimensions of the implanted
coil need to be as small as possible. However, the max-
imum coupling is obtained for coils of similar size [25],
[27] and the NFC readers in conventional smartphones are
designed to read smart cards rather than miniature implanted
coils. In medical applications, therefore, special readers are
required for implanted sensors. The aim of this paper is to
study the possibility of working with conventional NFC inte-
grated circuits with energy harvesting that are available on the
market [27] (so a specific ASIC does not need to be designed)
in implanted devices using the smartphone as a reader. To do
so, we present a method for increasing the read range of
implanted NFC sensors with energy-harvesting capability
based on a 3-coil resonant system and using smartphones as
readers. Although multiple resonant coils in WPT applica-
tions are proposed in the literature [20], [21], these systems
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have rarely been used with commercial RFID. As well as
transferring power to the implanted device, the NFC system
can be used to send data to and receive data from the implant,
thus creating a two-way data link. A fast data-rate can also
be achieved (e.g. 26 kbps under ISO 15693-compliant IC).
To our knowledge, this is the first time that a commercial
NFC IC combined with a 3-coil system has been used for
implanted devices. Using a standardized system such as the
NFC offers further advantages for the commercialization of
implanted devices, thus reducing time to market. The number
of applications associated with this technology is limited by
its inherently short range. However, implanted devices based
on NFC sensors may be useful for future implanted glucose
sensors, other implanted chemical sensors, and neuroprothe-
ses. This study verifies the potential of batteryless sensors
based on NFC technology for novel implanted biomedical
and wearable applications using mobile phones as readers.

Wireless communication with implantable medical
devices (IMDs) is fundamental for monitoring and reducing
surgical operations [31]. However, data transmitted wire-
lessly can be accessed by nearby third parties [32], [33].
Despite the advantage of this technology, therefore, pri-
vacy must be taken into account and safety issues must be
addressed [33]. Currently, the main application of NFC tags
is for making payments [34]. It can, therefore, be considered
a secure system. In addition to the short read range, which
provides a certain degree of security, NFC messages can also
be protected by a password known only to authorized users,
and data can be encoded by the microcontroller included in
the implant. Moreover, advanced security protocols can be
implemented to improve security [35]. This is a potential
advantage of NFC-based IMDs over custom wireless commu-
nication systems with a lower degree of security and wireless
communication systems with a higher read range.

Despite the potential of NFC technology, there are not
previous studies on the maximum depth at which a device
can be implanted, being able to feed sensors from the energy
harvested from a mobile phone. In this work, the conven-
tional 2-coil and a 3-coil resonant system are compared in
terms of read range. In the 3-coil system, the relay coil is
integrated on a flexible patch, which is attached on the skin.
A new comprehensive model for the implanted and relay
antenna that takes into account the effect of body on the
coils is developed. An overall system model to analyze the
read range is proposed. The analysis considered in previous
works proposed in the literature (eg. [20]) is based on a
linear analysis that includes the effect of coupling between
the coils and the frequency, consisting of using a simplified
model of the antennas that does not consider the nonlinear
tag behavior. This work uses a commercial circuit simulator
to include a model of the main blocks of the NFC IC. In the
literature, the simplified linear analysis of the WPT is often
compared to measurements of efficiency made from a vector
network analyzer. However, these measurements are not often
performed with a real reader and the load is simulated with
a constant value, which is far from the real case, since this
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is a function of the received power. Another effect such as
the detuning of the coils by the presence of the metal case
of the mobile is not considered in former works. An auto-
mated experimental setup to compare the 2-coil and the 3-coil
systems using phantoms has been developed. A commercial
smartphone is used as a reader in this setup. The setup is based
on the measurement of the average magnetic field received in
the tag, which depends on the transmitted power, the coils
and coupling between coils. Therefore, this measurement is
performed in a real scenario and it takes into account the
detuning effect, which is difficult to be modeled because
it depends, among other parameters, on the distance or the
reader antenna integration in the mobile. The read range is
determined when the average magnetic field is higher than a
minimum magnetic field that is a function of the NFC IC and
the coil used in the tag. Therefore, its value can be interpreted
as a figure of merit of the implanted tag. The former concepts
are used in the certification of NFC systems but have not
been applied to analyze the performance of implanted HF
tags. Although the read range can be also limited by the data
transmission by backscattering, experimental results with an
implanted sensor will show that the main limitation is energy
harvesting.

The paper is organized as follows. Section II describes the
systems based on 2 and 3 coils for wireless power transfer
and reviews some basic theory related to the efficiency and
power delivered in these systems. Section III analyzes the
various parts of the system (transmitter, NFC IC model, and
effects of the body on antennas), and presents simulations
of the efficiency, the power delivered, the typical coupling
between the antennas, and the read range that can be achieved.
Section IV presents our experimental results for the 2-coil and
3-coil systems. Finally, Section V contains a summary and the
conclusions of our work.

Il. SYSTEM OVERVIEW

Although both electric and magnetic fields can be used for
power transmission, most applications adopt magnetic field
transmission because it is less influenced by the high per-
mittivity of the body. Moreover, magnetic coupling is easy
to implement with loop antennas. The usual way to transfer
power through biological tissues is by magnetic induction.
A typical wireless power transfer system consists of a power
source, a transmitter coil, a receiver coil and a load [21]
(see Fig.1). Communication by inductive coupling is car-
ried out between two coils and has the advantage of being
more efficient than far-field communication. Since there is
no difference in permeability between the body tissue and
the air, the magnetic field does not encounter any boundary
conditions [21]. The main drawbacks with magnetic cou-
pling are that its efficiency is extremely sensitive to primary-
secondary coil alignment and distance beyond the near-field
region, where the magnetic field quickly decays as 1/d> from
the source coil, with d being the distance between coupled
coils. When the implant is much smaller than d, the coupling
between the coils is weak. Inductively coupled coils operating
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FIGURE 1. (a) Non-resonant inductive link, (b) resonant coupling with
2 coils, and (c) resonant coupling with 3 coils.
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FIGURE 2. Schema of the proposed system with 3 coils.

in this weakly coupled regime are usually very inefficient.
The limitations in distance and alignment accuracy can be
solved by systems addressed as resonant magnetic coupling
[36], [37]. Fig.1a shows a circuit schema for non-resonant
inductive coupling, while Fig.1b and Fig.1c show resonant
coupling with 2 and 3 coils, respectively. Inserting a relay
coil between the source and the load introduces a degree of
freedom that improves the system. Fig. 2 shows the system
using 3 resonant coils as proposed in this paper. The system is
based on a smartphone with an integrated NFC reader, a relay
coil located on the surface of the body, and the implanted
NFC tag. Since using the relay coil inside the body would
increase the size of the implant, it is placed on the skin outside
the body. Another way to improve the WPT would be to
use a system with 4 coils. However, with this topology, both
the second relay coil and the load coil would need to be
implanted, which would increase the size of the implant and
make the system impractical.

The main requirement in the proposed biomedical link is to
deliver sufficient power to the load to activate the electronics
with high-power transfer efficiency (PTE). Achieving this is

VOLUME 8, 2020



A. Lazaro et al.: Study on the Reading of Energy-Harvested Implanted NFC Tags Using Mobile Phones

IEEE Access

challenging when the distance between the transmitter and
the receiver is large or the coils are not aligned.

Efficiency, defined as the ratio between the load power
delivered and the input power, can be computed from the
S21 parameter using the source (Rs) and the load resistance
(Rp) as reference impedance in the S-parameter calculation.
The efficiency and load power delivered for multiple resonant
WPT have been studied in the literature [20]. Analytical
expressions at the resonant frequency when all the LC res-
onators are tuned to the same frequency can be obtained for
a 2-coil (1) and a 3-coil system (2) [20]:

Pr k2,010 Qa

N2coils = = L= ()
P 1+ k2,010, OL
Mcoils = k122Q1Q2 ] k223Q2Q3L ) %
o 1+ k122Q1 O+ k223Q2Q3L 1+ k223Q2Q3L oL
(2

In (2), the coupling between the first and the last coil is
neglected since they are a long away from each other. The
power delivered at load P, for the two cases is given by:

V2 1
PL 2coils = S . N2coils (3)
’ 2R1 1+ k%0100
V2 (k$,0102) - (k3302031) 051
PL,3coils = =5 . (4)

S =k
Ry (14450100 +k50:05)° QL

where the unloaded quality factor of each coil is obtained
from the coil inductance and resistance at angular resonance
frequency wq:

woL;
L 5
0 R )
where i = 1, 2, 3. The loaded quality factor is computed from:
0i0L
Qi = ———— (©6)
0i+ 0L
and the external quality factor is given by:
Ry
0L = )
@oLend

where Lo,q = L for the 2-coil system and L,,; = L3 for the
3-coil system.

The optimal coupling coefficient k& that maximizes the
power delivered to the load (PDL) (3)-(4) and the efficiency
(PTE) (1)-(2) are obtained from [20] by differentiation of the
equations:

1

k12,PDL,2¢coils = ————7 ()
T 10)'?
5 172
k 5 3ol 1 +k23Q2Q3L (9)
12,PDL 3coils = | ——————
o 010>
5 1,2
k23,PDL,3coils = Lt ki (10)
) ,JCOLLS Q2Q3L
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Maximum delivered power and maximum efficiency can-
not be satisfied simultaneously [20]. Given that batteryless
implants are considered in this work, the tag can only be
powered in the presence of a mobile phone. The main goal,
therefore, is to ensure that the NFC IC receives enough power
or AC voltage to enable the correct rectification for feeding
the sensors and the other electronics in the implant, unlike
other WPT systems used to charge batteries, where efficiency
is fundamental. In addition, optimum couplings are often
outside the typical values in an implanted system and depend
on the distance, coil alignment, antennas used in the reader
(which vary according to the model of smartphone), and
implanted antennas. Another important aspect not considered
in the literature is that the load impedance and loaded quality
factor depend on IC impedance. The IC impedance, therefore,
depends on the power received and presents nonlinear behav-
ior [38]-[40]. This nonlinearity must be taken into account
in both the simulations and the system design. Simple linear
network simulations are not sufficient, so more complex non-
linear simulation methods must be used. Due to the nonlinear
behavior of the NFC IC, therefore, (1)-(4) cannot be used
since the load resistance (Ry,), which depends on the received
power, is unknown. To perform accurate simulation of the
systems, in the following sections we analyze the various
parts of the WPT system. The overall system can be analyzed
using circuit simulators such as Keysight ADS. We have
carried out harmonic balance nonlinear simulations with this
circuit simulator.

k23, PTE 3coils = <

IlIl. SYSTEM ANALYSIS

In this section, we model the various parts of the system
before they are introduced into the circuit simulator and
present the system simulations at the end of the section.
The read range of the device powered by the reader in a
smartphone is also theoretically and experimentally analyzed.
First, we describe the transmitter model and the NFC tag IC
model used in the simulations before studying the effect of
body materials on the implanted and relay antennas. We also
analyze the coupling between the smartphone reader and the
tag antennas to obtain the maximum depth of the implant.
Finally, we conduct simulations of wireless power transfer
performances.

A. TRANSMITTER

Unlike previous works in which a specific transmitter and
receiver for a medical WPT were used, in this paper, we pro-
pose using the smartphone as a transmitter to read standard-
ized NFC tags that are subcutaneously implanted. The reader
cannot, therefore, be modified, and the NFC antenna depends
on the smartphone used. In modern smartphones, the NFC
antenna is often integrated with a ferrite layer on top of the
battery [41]-[44] in phones with plastic cases, or around
the camera in phones with metallic cases [45]-[50]. As the
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FIGURE 3. Model of the reader, including the matching network (top) and
the simplified model (bottom).

main application is for making payments, mobile antennas
are often optimized to read payment cards (standard size =
85.60 x 53.98 mm). The loop size is approximately a square
measuring 3-5 cm wide. A weak coupling can therefore be
expected between the reader and the implanted coil with a
diameter in the order of 10-15 mm. The coupling between
antennas is investigated below.

Other restrictions are imposed for the required bandwidth
for NFC communication. To ensure that the communication
works properly, the maximum value of the Q factor of the
initiator antenna must be such that bandwidth B (at —3 dB),
which is equal to f./Q, is at least capable of channeling
all the frequencies contained in the spectrum of the signal
modulating the carrier frequency, f, = 13.56 MHz. The
bandwidth of the forward link is the bandwidth of the modu-
lation sidebands of the carrier. The maximum loaded Q of
the transmitter is given by f. x T, where T}, is the pause
time on the carrier modulation. According to NFC forum
standard ISO 14443, the quality factor is limited to 40 (35 if
we consider design tolerances) at 106 kbit/s bit-rate transfers
[25]. For applications that use ISO 15693, whatever the bit
rate, the shortest time present in the uplink communication
protocol is a ‘pause’ lasting 7, = 9.44 pus. In this case,
Otmax = 128, which can generally be reduced to a usable
value of 100, assuming design tolerances. As smartphones are
designed to read a variety of NFC protocols, the quality factor
is limited to 35 [24], [26]. Generally, these values of usable
Q1max are not difficult to obtain and are easy to reduce using
a serial resistance (Ryp in Fig.3).

Fig.3 shows the schema of the transmitter with the match-
ing network and the EMI filter. In some applications, it is
known that the reader communicates correctly with a smart
card at long distances but not at short distances, irrespec-
tive of the (good) demodulation quality of the backscattered
signal [51], [52]. This phenomenon is known as the loading
effect and results in a lack of transmitted power due to the
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FIGURE 4. Simplified model of the tag including the tag antenna, tuning
capacitor and NFC IC.

strong influence of the tag’s load on the reader [51], [52].
The presence of metallic materials close to the loop antenna
leads to a reduction in the inductance and the detuning of
the transmitter. High dielectric permittivity materials (e.g.
the proximity of the body) increase parasitic capacitance,
so some detuning effect is expected due to the change in
the antenna’s resonance frequency. These detuning effects
and the over-coupling introduce a restriction in the minimum
distance to the relay coil.

To insert the transmitter into the circuit simulator, a sim-
plified model is used (Fig.3). The reader can be modeled
using a Thevenin equivalent circuit with a voltage source and
an output impedance, R;. A series capacitance Cj is added
to make the circuit resonant at the operating frequency. The
parasitic capacitance of the reader antenna has been taken
into account in the matching network. An equivalent model
can be used for the reader antenna, which is modeled as an
inductance (L1) and its losses Ry (including Ry to set the
reader quality factor Q1) in series with the inductance. The
reader includes a matching network, so a perfect match is
assumed at the resonance frequency, Ry = R;. The parasitic
capacitance of the reader antenna has been taken into account
in the matching network and is included in the equivalent
Thevenin model.

The final consideration is that, unlike with other WPT
systems, when a smartphone is used as an NFC reader,
the transmitted power and reader antenna topology depend
on the mobile model. The typical transceiver IC for NFC
in commercial smartphones can achieve transmitted pow-
ers of 20-23 dBm (e.g. NXP PN7120 or TI TRF7970A IC
transceivers).

B. NFC TAG IC MODEL

A simplified model for the tag is shown in Fig.4. NFC IC
impedance is nonlinear and depends on the power received.
The tag is modeled as a resistance (Rjc) in parallel with
a capacitor (Cyc). A tuning capacitance Cy,, is added to
make the circuit resonant at the operating frequency. Most
studies on WPT focus on optimizing the system as a func-
tion of the quality factor of the coils, the coupling, and
the load resistance. However, the wireless power transfer in
NFC RFID systems also imposes certain restrictions on the
receiver [25], [27]. Analogously to the case of the transmitter,
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FIGURE 5. Block diagram of the NFC tag IC.

the quality factor in the tag (Qyy for the 2-coil system and
Q3. for the 3-coil system) is limited to prevent degradation
in the modulation of the subcarrier. The maximum value of
0oy, is therefore approximately Qar max = 87 ~25 [53].
A higher quality factor would increase the time constants for
the transition and decrease the load modulation. This limita-
tion is not often considered in medical inductive links because
such systems usually use lower transmission rates than NFC
RFID systems, and it is not present in WPT systems devoted
to wireless charging. The tag quality factor is given by the
hyperbolic average of the quality factor of the tag antenna
and the quality factor associated with IC impedance (6)-(7).
Therefore, given an implanted inductance L, in the order
of 0.7 uH, the R;c must be lower than roughly 1500
in order to achieve the communication bandwidth for the
backscattering link:

Ric <w0L2021 max (12)

To estimate the performance of the energy harvesting,
we conducted a system simulation using a Keysight ADS
simulator and a harmonic balance simulation method. This
requires a nonlinear model for the IC tag. Details of the
hardware implementation of the IC are needed but these data
are not available for users. Fig.5 shows the main block of an
NFC tag IC. Two main blocks are connected to the antenna
[54]. The first of these is the wireless power transfer unit
in charge of energy harvesting to power up the IC, while
the second is the communication unit that demodulates the
data and generates the clock for transmitting information
back to the reader. In this paper, we focused on the WPT
unit. This is made up of an RF limiter, a rectifier, a shunt
regulator and a load modulator, which can be modeled as a
shunt capacitance with the antenna.

Because of its proximity to the reader, the coupled AC
signal at the antenna can be large, which may cause the
destruction of the MOS transistor. An RF limiter is therefore
needed to prevent damage to the internal circuit from any
undesired high-input signal. After this limiting step, the AC
signal is translated into a DC signal by means of a full-wave
rectifier. The rectified DC voltage is regulated to obtain a
stable voltage for the communication unit operation.

To model the limiter, we used the circuit described in [54]
and shown in Fig.6a. This limiter is based on two large-area
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limiter, (b) full-wave rectifier, (c) shunt regulator, and (d) load modulator.

NMOS shunt transistors that are activated when the input
power is sufficient to produce a current through the diodes
that is larger than the threshold voltage needed to activate the
transistors. The limiter is also used to implement an envelope
detector using the diodes and the R filter (R; and Cp) for
ASK demodulation. The output of this circuit Vg, is used as
the input of a slicer circuit for data demodulation.

A high-efficiency rectifier is required for RF-to-DC con-
version. This is often based on a full-wave bridge rectifier
in which the diode pairs turn on during each cycle of the
AC signal. However, efficiency is limited by the threshold
voltage of the diodes. Schottky diodes can be used in this
topology to reduce these voltage drops, but these devices are
not compatible with conventional CMOS technology. Several
CMOS-based rectifiers have been proposed in the literature.
Those most often used are the NMOS bridge and the CMOS
gate cross-coupled (or cross-connected) rectifier [55]. The
rectifier used in the simulations is based on the CMOS gate
cross-coupled rectifier (Fig.6b). This topology presents a
lower turn-on level than an NMOS bridge.

A shunt regulator can be used to model the regulator in the
simulation (for example, based on a Zener diode). Although
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TABLE 1. Dielectric layers used in the simulation of the body at 37°C.

Laver Relative Conductivity Thickness
y permittivity (S/m) (mm)
Skin
(epidermis+dermis) 120 0.25 13
Fat (hypodermis) 38 0.21 4
Muscle 138 0.62 25

lateral Zener diodes can be implemented in standard CMOS
processes [56], the shunt regulator is often implemented with
transistors. However, all topologies are based on the same
principle, which involves reducing the shunt resistance of a
bypass transistor when the input voltage is below the desired
output voltage. Fig.6c shows the shunt regulator used here
[51], [57], [58]. In this circuit, the shunt impedance to reduce
the voltage is controlled by comparing a band-gap-based
reference voltage and the output voltage.

The load modulator (Fig.6d) is made up of two NMOS
transistors that act as switches, each of which connects one
capacitor from the RF input to the ground [59], [60]. To trans-
mit information to the reader, the transistors are switched on
and off by the data signal connected to the gate, which results
in a change of load impedance at the antenna as a function
of the data. Since this work focuses on the WPT, in the
circuit simulation the effect of the modulator is included in
the shunt parasitic capacitance of the IC. The nonlinear model
is implemented in Keysight ADS using the TSMC 0.18 um
CMOS design kit from MOSIS [61].

C. EFFECT OF THE BODY ON THE IMPLANTED ANTENNAS
AND MODELING
The effects of the body, due to the antenna being close to
the skin surface (relay coil) and the antenna being implanted,
must be taken into account. The epidermis (the outermost
layer of skin), which has a thickness of roughly 100 wm,
provides a waterproof barrier. The dermis (which lies beneath
the epidermis) contains tough connective tissue, hair follicles,
and sweat glands. The dermis is roughly 1-2 mm thick but
this thickness in the same body area can vary significantly
with age [62], [63]. The deeper subcutaneous tissue (hypo-
dermis) is made up of fat and connective tissue. Its thickness
varies from 1 to 15 mm. Below the fat is a layer of muscle.
Fig.7 shows a schematic cross-section. Table 1 shows the
dielectric permittivity and conductivity of tissue material at
13.56 MHz, taken from the literature [63]-[66], which are
used in the electromagnetic simulator (Keysight Momentum)
to simulate the body.

WPT at 13.56 MHz requires coils of the order of 0.5-
1 uH. A small number of turns is therefore needed to
reach this inductance. The antenna can be implemented using
wound wires, multistrand wires (Litz wires) or printed loops
[2]. In this study, only printed antennas were considered
because they easily allow the connection of integrated cir-
cuits or other electronics. Although square printed antennas
have been used, other shapes or loops with wires could
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FIGURE 8. (a) Circuital antenna model for a loop antenna in the air, and
(b) improved circuit model proposed for an implanted loop antenna.

also be considered. Analytical expressions for estimating
inductance for typical shapes from the coil dimensions are
available in the literature [67], [68]. However, to calculate
the antenna’s parasitic elements, include the effects of via
holes, or consider the exact layout of the antenna, electromag-
netic simulators are often required. To study how the body
affects the antennas, we considered two cases: implanted
antenna (section C.1) and relay antenna on the skin surface
(section C.2).

1) IMPLANTED ANTENNA

Fig.8.a shows the circuit model commonly used for a loop
antenna in the air. It is important to note that inductance
(Ly) is not affected by the dielectric substrate and is there-
fore unaltered when the antenna is implanted in the body.
However, parasitic capacitance (Cp) increases due to the high
permittivity of bodily matter, so the tag’s resonance frequency
also increases. Dielectric losses can be modeled by adding
a resistance in parallel to the antenna (R, in Fig.8a). This
resistance is parallel to the load, thus reducing its value and
degrading the quality factor.

Implantable devices need to be encapsulated to prevent
contamination and protect the electronic or mechanical sys-
tems. Implantable silicone materials can be used inside the
body for long periods of time, depending on the needs of
the medical device and the limitations of the material cho-
sen [69]. Silicone rubber is normally chosen for implantable
devices due to its high chemical inertness and durability.
Implantable grades of silicone are not rejected by the body
and do not cause infection since they are biocompatible for
use in humans. Coating the implanted antenna has a signifi-
cant influence on its properties. The spacer (h.) introduced
by the coating isolates the antenna from the losses intro-
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FIGURE 9. (a) Cross section of a subcutaneously implanted antenna and
(b) cross section of the relay antenna on the body.

duced by the body (muscle). Consequently, a reduction in
detuning and a noticeable increase in the quality factor are
expected compared to when the antenna is used without coat-
ing. An improved equivalent circuit for the implanted antenna
is proposed to take into account these effects (Fig.8b). The
different contributions of the multilayer dielectric structure
need to be analyzed to obtain this lumped equivalent circuit.
Fig.9a shows a simplified cross section of the implanted
antenna surrounded by the coating material. This material
is a low-loss dielectric (silicone) that introduces a series
capacitance between the metal strips of the printed loop
and the muscle material (C, in Fig.9). In the simulations,
we considered the dielectric properties of the silicone to be
& = 3,0 = 2.26-10-6 S/m, and tand§ = 0.001. The
material also introduces resistance due to its low conductivity.
This distributed RC network can be modeled as an equivalent
resistance (Rp) in series with a capacitance (Ci). Finally,
a parasitic capacitance in parallel can be introduced to model
the capacitance between the strips (C3).

The components of the distributed circuit in Fig.9 are
difficult to obtain. A simplified lumped equivalent circuit
(Fig.8b), where the elements can be obtained from electro-
magnetic simulations or measurements, is therefore more
useful. The resistor (R,) in series with the inductor gives a
quality factor that increases with frequency, while the resistor
(Rp) in parallel with the inductor gives a quality factor that
decreases with frequency. A combination is therefore widely
adjustable to produce a peak in the quality factor at any
arbitrary frequency. The equivalent capacitance C; takes into
account the distributed capacitances of the coating layers.

The series antenna resistance (R,) is frequency-dependent,
mainly due to the skin effect. The conductivities of biological
tissues are much lower than those of the metal used for the
coil strips, so the eddy-current generation in the tissue is
insignificant. The series antenna resistance can be computed
from [70]:

t 1

R,=R . 13
TS (=) Ty W (13

where DC resistance Ry is given by;
Rie = — 14
dc o Wt (14)

and skin depth § is:
1

§ = —— (15)

Vorf o
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FIGURE 10. Antenna quality factor as a function of frequency, in the air
and implanted, with different coating thicknesses. Continuous line:
electromagnetic simulation; dashed line: circuit model (Fig.8a for antenna
in air and Fig.8b for implanted antenna). Dotted line: measurements of
the antenna.

In (13-15), L is the length of the strip, ¢ is the thickness of the
strip, W' is the width of the strip, 1o is the vacuum magnetic
permeability constant (477-10~7 H/m), and o is the conductor
conductivity.

Fig.10 compares the antenna quality factors of a printed
coil in the air and of one in the body surrounded by mus-
cle tissue and assuming that it has a coating of silicone
of different thicknesses. Fig.10 compares the quality factor
obtained from the Momentum simulations, the model, and the
measurements. The quality factor is computed from the real
part and the imaginary part of the input impedance Z using:

_ Im(Z)
" Re(2)

Permittivity and conductivity are shown in Table 1. The
implanted antenna is designed using a 0.8 mm thick FR4 PCB
substrate. To miniaturize the design, the antenna is a double-
sided loop with 3 turns on each side, a strip width of 0.5 mm,
a strip spacing of 0.5 mm, and an external length of 15 mm.
These values of width and spacing can be created using stan-
dard PCB manufacturing processes whose tolerance ranges
from 100 to 150 um. The antenna presents an inductance
of 0.68 H, which is higher than the value needed to meet
the bandwidth specification given by (12). Good agreement
is found between the electromagnetic simulations and the
circuit model in Fig.8b, which is obtained from optimization
using Keysight ADS. R is optimized to take into account the
exact length L of the antenna. Antenna resistance is computed
from (13) using R4, width W and thickness ¢. The initial
values for C), and Cj are set to half the value of C,, obtained in
the air (extracted from the resonance frequency). The initial
value of the inductance is extracted at low frequency from
the imaginary part of the impedance. Table 2 compares the
cases of the antenna in air and the antenna implanted with
several thicknesses of silicone cover. The components of

(16)

a
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TABLE 2. Equivalent circuit for the implanted antenna obtained by
optimization from electromagnetic simulations.

Implanted antenna with different

Parameter In air thicknesses of silicone coating
Thickness of 0 0.1 0.5 1.0
coating (mm)

Rye () 0.38 0.38 0.38 0.38
R.(Q) 0.95 0.89 0.78 0.78
f, (MHz) 135.8 75.1 104.6 120.9
C, (pF) 2.02 0.93 0.94 0.90
L, (uH) 0.68 0.68 0.68 0.68
R, (Q) 78.5 72.56 192.01
Cy(pF) 7.20 3.45 278
Q.°(13.56 61.4(61.8) 659 (35.0) 742 732(64.5)
MHz) (60.5)

Cun (pF) 201.04 200.18 203.8 143.05

*Quality factors obtained from simulation (the values in parenthesis are
obtained from measurements).

the equivalent circuit of Fig.8a (air) and Fig.8b (implanted)
are also shown in Table 2. The tuning capacitances Cy,y,
that need to be added in parallel for the antenna to become
resonant at 13.56 MHz (including the chip capacitance Cjc =
27.5 pF for the M24L.R0O4E) are also given in this table. The
capacitance Cy,, is computed from the imaginary part of the
impedance Z at fy = 13.56 MHz:

1
Qrfo) ImZ (fo))

The dotted line in Fig.10 shows the measurements of the
quality factor for a prototype inserted in a phantom (a piece
of pork sirloin). To simulate a flat coating, the antenna is
covered by 3D-printed polylactic acid (PLA) layer of various
thicknesses and inserted into the meat. The permittivity of the
PLA is close to that of silicone (¢, ~3) [71]. The quality fac-
tor obtained in the case of the antenna in air is slightly lower
than in the simulations. The measurements show that the
quality factor improves when the coating thickness increases.
These quality factor values are close to 40 for a coating
thickness of 0.1 mm and increase to over 63 for a coating
thickness of 1 mm. However, the quality factor obtained
with the phantom is lower than in the simulations. This is
because the conductivity of the meat is higher than that used
in the simulations due to the higher content of water and
its accumulation in the interface between the meat and the
spacer.

We can see that when the antenna is implanted, due to the
dielectric permittivity of the tissue, the resonance frequency is
lower than when it is in the air. When the thickness of the sil-
icone coating increases, the effective permittivity decreases,
so the resonance frequency and the peak frequency of the
quality factor increase. The fields are therefore concentrated
between the electrodes and the coating material, which leads
to a reduction in the losses. The optimum thickness of the
silicone cover, around 0.5 mm, maximizes the quality factor.

Con = Cic (17)
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FIGURE 11. Antenna quality factor of the relay loop antenna as a function
of the frequency in air and on the skin with different spacer thicknesses.
Continuous line: electromagnetic simulation; dashed line: circuit model
(Fig.8a for antenna in the air and Fig.8b for implanted antenna). Dotted
line: measurements of the antenna.

Although the maximum quality factor is lower than when
the antenna is in the air, the peak frequency is closer to the
operating frequency. Slightly higher values of quality factor
are therefore obtained for the implanted antenna than for the
antenna in the air.

2) RELAY ANTENNA ON THE SKIN SURFACE
A similar analysis to that performed for the implanted antenna
(section C.1) was conducted for a relay coil placed in con-
tact with the skin (see Fig.9b). The data on stack materials
described in Table 1 were also used to simulate the body in
the electromagnetic simulations with Keysight Momentum.
However, the dielectric properties of tissue and skin vary
greatly between individuals depending on the water content
of their tissues. One strategy for reducing this effect in the
relay — and therefore also in the detuning associated with
this variability (which affects the electromagnetic properties
of the tissues) is to add a buffer layer with low losses and
low permittivity. This coating layer is also needed to protect
the electronics, thus preventing short circuits and biocompat-
ibility contamination. Silicone is again proposed in this case
because it is a biocompatible material. However, other materi-
als with low permittivity (around 2-3) can be used to integrate
the coil into a flexible band-aid for greater breathability.
Fig.11 shows the effect of the silicone spacer layer
(thickness f;) in the antenna model. The prototype relay
antenna considered in this study consisted of a square loop
(25%25 mm) with 4 turns, a track width of 0.5 mm, and a
spacing between tracks of 0.5 mm, printed on FR4 substrate
with a thickness of 0.8 mm. When the thickness of the spacer
layer increases, the frequency response tends to reach the
values obtained for the isolated loop antenna in the air. This
antenna presents a higher quality factor in the air than that
achieved in the implanted antenna. However, because of the
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TABLE 3. Equivalent circuit for the relay antenna obtained by
optimization from electromagnetic simulations.

Implanted antenna with different

Parameter In air thicknesses of silicone coating
Thickness of 0 0.1 0.5 1.0
coating (mm)

Ry () 0.43 0.42 0.42 0.42
RJ(Q) 0.98 0.98 0.98 0.98
f, (MHz) 173.3 113.5 140.3 150.0
C, (pF) 2.0 0.07 0.07 0.07
L, (uH) 0.70 0.70 0.70 0.70
R, (Q) 790.7 685.9 727.3
C{(pF) 1.0 0.5 0.4
Q.'(13.56 MHz) 61.7 69.9(49.4) 742(58.5) 74.0(62.1)
(77.8)
Cun (pF) 194.8 196.7 196.7 196.7

* Quality factors obtained from simulation (the values in parenthesis are
obtained from measurements).

substrate height and the spacer thickness up to the skin,
the quality factor remains roughly constant at around 75,
which is close to the value in the air.

Agreement is good between the simulated model and the
improved model in Fig.8b, which models the quality factor.
The parameters of this model, which are fitted by optimiza-
tion using Keysight ADS optimization tools to match the
antenna’s frequency impedance, are shown in Table 3. The
dotted line in Fig.11 shows the measurements of the quality
factor of a prototype relay coil in the air and on a phantom.
This phantom is a piece of pork sirloin with a spacer made of
PLA. As with the implanted coil, the values of the quality fac-
tor are smaller than those from the literature, whose parame-
ters are used in the simulations, mainly because of the higher
water content in the meat. However, the improvement due to
the increase in the spacer thickness is clearly perceptible and
close to the value in the air. The quality factor increases from
40 for a spacer of 0.1 mm to 73 for a spacer of 2 mm.

D. COUPLING BETWEEN ANTENNAS

As well as restrictions in the maximum quality factor, in NFC
RFID systems based on smartphones, the coupling coefficient
between antennas also depends on distance, the alignment
between antennas, and the type of antenna embedded in the
mobile. Since biological materials are non-magnetic, the cou-
pling between antennas is largely the same as in the air. The
coupling coefficient is needed to estimate the maximum depth
of the implant for a given distance between the body and the
smartphone. The coupling coefficient k between two coils
can be calculated from the Z parameters obtained from the
S parameters:

r :vlm (Z12) -Im (Z21) (18)

NIm (Zy1) -Im (Z32)
Several loop antennas were manufactured on 0.8 mm thick
FR4 substrate with a track width of 0.5 mm, and the cou-
pling between them was measured. The distance between
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TABLE 4. Sizes of antennas used in the coupling study.

Antenna name Dimensions Nugllll?:;‘ of ( ;ﬁ) (I;;)
Implanted 15 mm x 15 mm 6 666 0.83
684" 0.91"

Relay 1 25 mm x 25 mm 4 697 0.98
716" 0.98"

Relay 2 25 mm x 25 mm 6 1185 1.12
172" 0.99"

Reader 1 25 mm x 25 mm 4 697 0.98
716 0.98"

Reader 2 25 mm x 25 mm 6 1185 1.12
172" 0.99"

Reader 3 50 mm x 50 mm 4 2965 2.39
2893" 2.89"

Simulated and measured (*) inductance (L,) and resistance (R,) at 13.56 MHz

0.4 I T i

~ = Implanted to Reader 1 (measured)
b o O Implanted to Reader 1 (simulated)
% 0.3 = = Implanted to Reader 2 (measured)| |
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8 02 L — Implanted to Reader 3 (measured)| |
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FIGURE 12. Simulated and measured coupling coefficients between the
implanted antenna and reader antennas described in Table 4.

the coils was changed using a linear actuator controlled by
a stepper motor. The nomenclature and main parameters of
the antennas (inductance and resistance at 13.56 MHz) are
described in Table 4. This table also compares the simu-
lated and measured inductance and resistance at 13.56 MHz.
Small differences were found due to the PCB tolerances. The
implanted antenna consisted of a double-sided 15x15 mm
square loop with 6 turns. Two relay antennas (Relay 1 and
Relay 2) measuring 25x25 mm with 4 and 6 turns, respec-
tively and three antenna sizes for the reader were analyzed.
The size of the reader 1 and reader 2 antennas were similar to
those integrated around cameras in smartphones, which is the
typical position for mobiles with metallic cases [29]. The size
of reader 3 antenna, on the other hand, was similar to that of
antenna in the battery case for smartphones with plastic cases.
In [29], the authors showed that the ferrite material used to
isolate the coil from the battery or other metallic parts has
a small influence on the coupling coefficient. The following
simulations and measurements were therefore performed in
the air.

Fig.12-14 compare the simulations and the measurements
with Vector Network Analyzer (VNA) of the coefficients
obtained using (16) from S parameters as a function of the dis-
tance between coils. The coupling coefficient (k12) between
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FIGURE 13. Simulated and measured coupling coefficients between the
relay antenna (Relay 1) and different reader antennas described
in Table 4.
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FIGURE 14. Simulated and measured coupling coefficients between the
implanted antenna and different relay antennas described in Table 4.

the reader and the implanted antenna in the 2-coil system (see
Fig.1b) is shown in Fig.12.

Fig.13 compares the coupling (k12) between the relay and
reader antennas in the 3-coil system. The coupling coefficient
(k23) between the relay and the implanted antennas in the
3-coil system is shown in Fig.14. Agreement between the
measured and the simulated coupling coefficients was good.
Some discrepancies were found when the coils were very
close to each other. This is due to high sensitivity to the small
misalignment and position errors for these distances. We con-
clude that close antennas with similar areas present strong
coupling coefficients for small distances, while antennas with
large areas present high coupling at long distances.

E. SYSTEM SIMULATIONS

To study the viability of using smartphones to power up
implanted sensors, numerous simulations were carried out
using the nonlinear model of the tag for both the 2-coil
and 3-coil links. Fig.15 shows the Keysight ADS schematic
used for the Harmonic Balance (HB) simulations with the
3-coil system (the schematic for the 2-coil system is iden-
tical but without the relay antenna). For the sake of clarity,
the IC was included as a block (NFC_IC) and is described
in section III.B. After HB simulation, the voltage for each
harmonic and DC are available. The received power can
therefore be obtained from a power probe at the input of
the IC, while the AC voltage at the carrier and DC values
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TABLE 5. Parameters used in the system simulations.

Parameter Value

Source power (dBm) 20
Source resistance R; (Q) 4.86
Source voltage V (V) 0.98
Source capacitance C; (pF) 68.8
Reader antenna inductance L; (uH) 2
Reader quality factor O, 35
Relay inductance L, (uH) 0.7
Relay quality factor O, 70
Relay parasitic resistance R,>(€2) 700

Relay parasitic capacitance C,, (pF) ~ 0.07
Relay parasitic capacitance Cs; (pF) 0.4

Capacitance C; (pF) 196.7
Tag antenna inductance L; (uH) 0.7
Tag antenna quality factor Qs 60
Tag parasitic resistance Rp;3 (Q) 192
Tag parasitic capacitance Cp3 (pF) 0.9
Relay parasitic capacitance Cs; (pF) 2.8
Tuning Capacitance Cun (pF) 175.9

after the rectifier (Vrgc) or regulator (Vpp) are computed
by the simulator. Efficiency can be calculated from the ratio
between the received and input power at the fundamental
component (Probe 2 and Probe 1, respectively, in Fig.15).
Input impedance can be obtained using a current probe at the
input of the IC.

Using the values for inductance and quality factors
obtained from simulations of the implanted and relay anten-
nas, Table 5 shows the parameters taken into account for
simulating efficiency and power transfer. The reader, which
includes the matching network, is modeled using the equiv-
alent circuit of Fig.3. It is assumed that the resistor Rp in
series with the reader antenna is added to lower the quality
factor to 35, which is the overall quality factor of the reader
needed for the transmission bandwidth. The source resistance
R; is the equivalent resistance, which is obtained from the
quality factor (R = 2mfo/Q1). The value of the source
amplitude is computed from the transmission power Pry
Vi=( 2PrxRy)/%). C is chosen to resonate at the operation
frequency fy = 13.56 MHz (C1= 1/(L1w%)). Capacitances
Cy and Cyyy, are adjusted to make the relay and tag antennas
resonant at fj.

Fig.16 shows simulations of the IC equivalent resistance
and capacitance as a function of the coupling coefficient for
the 2-coil system. Due to the nonlinear behavior of the NFC
IC [38]-[40], R;c resistance depends on the power received.
The values of R;cobtained are below the limit imposed by the
maximum quality factor to ensure the bandwidth required for
the backscattering communication given by (12). When the
reader begins the interrogation, R;c resistance is very high
(several k€2) but decreases when the NFC IC is woken and
moves into operating mode. The value of R;¢ resistance drops
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FIGURE 16. Simulated equivalent IC resistance (blue) and IC capacitance
(red) as a function of the coupling coefficient in the 2-coil system. The
threshold resistance at the threshold power is shown (dotted line).

when the AC voltage or power received at the antenna coil
increases. For typical values of R;c during the IC operating
mode, the tag quality factor is limited by the load quality fac-
tor Qr, which is considerably lower than the maximum value
required. It is difficult to measure nonlinear IC impedance in
the laboratory. This impedance is very mismatched compared
to standard RF laboratory instruments (50 €2). It is there-
fore difficult to excite the IC with enough power to activate
it: since power is mostly reflected, high power levels are
required to excite the IC. The excitation power level of a
commercial VNA is often limited to 20 dBm (over 50 €2).
A modified VNA setup with an external amplifier and a
reflectometer [38]—[40] to characterize the IC under similar
power conditions to the actual operation with a reader is
required. Experimental results obtained in the above stud-
ies for different ICs show the power dependence of the
impedance obtained here in the simulations.

Fig.17 shows the AC voltage received at the (implanted)
tag coil and the rectified voltage at the output of the shunt
regulator as a function of the coupling coefficient between
the antennas in the 2-coil system. The threshold power is the
minimum power needed to obtain a stable DC voltage in the
energy-harvesting output (e.g. 2.9V). In most commercial IC,
the energy-harvesting output is disabled below this threshold.
Therefore, under this level, the external microcontroller and
sensors are not biased and a new sensor measurement cannot
be taken. In commercial IC, this power level is higher than
the minimum power required to read previously stored data in
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FIGURE 17. Simulated AC voltage at the receiver coil and DC voltage at
the output of the shunt regulator as a function of the coupling coefficient
in the 2-coil system.
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FIGURE 18. Simulated Power Conversion Efficiency as a function of the
coupling coefficient in the 2-coil system (blue) and as a function of the
received power (red).

the NFC EEPROM. The RF limiter protection is designed to
begin to actuate for AC levels in the antenna terminals above
4.8V. For higher levels, the AC voltage saturates, thus pre-
venting damage to the transistors in the rectifier. Fig.18 shows
the simulations of the Power Conversion Efficiency (PCE) of
the rectifier as a function of the coupling coefficient and the
received power. This efficiency is calculated by loading the
output of the energy harvesting with a sink current of 3 mA,
which simulates the current consumption of the sensors.
Efficiencies of roughly 44% are achieved for the threshold
power (14 dBm).

Fig.19 shows the power received and the efficiency as a
function of the coupling for the 2-coil system in the air. Using
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FIGURE 19. Simulated received power in dBm (blue) and efficiency (red)
as a function of the coupling coefficient and the distance between the
reader and the implanted antennas in the 2-coil system. The dotted line
shows the power threshold.

data from Fig.12, the distance corresponding to the coupling
between the reader antenna (reader 1) and the implanted
antenna is added in the upper x-axis. For couplings above
0.04, the power received at the input of the tag is higher than
the threshold power. The total distance between the reader
and the implanted antenna is roughly 18 mm. A smartphone
located at 5-10 mm can therefore provide energy to an implant
at a depth of roughly 8-13 mm. For power levels above the
threshold, the harvesting output is stable and can support the
external DC load (assumed 3 mA). When the coupling coeffi-
cient is very high (>0.12), the power received decreases due
to activation of the shunt limiter protection, thus increasing
IC resistance. Due to the load modulation phenomenon, the
mismatch at the input of the transmitter also increases for high
coupling factors.

The simulations were repeated for the 3-coil system.
In this case, there were two degrees of freedom: the coupling
between the reader and the relay antennas (k12), and the
coupling between the relay and the implanted antennas (k23).
Fig.20 shows the received power and efficiency as a function
of the coupling between the relay and the implanted antenna
(k23) for various couplings between the reader and the relay
antennas (or equivalently, for various distances between the
reader and the skin surface). IC impedance (Fig.21) presented
the same nonlinear behavior as with 2 coils.

Fig.22 shows the received AC and rectified DC voltages
as a function of the coupling between the relay and the
implanted antennas (k»3) for two coupling values between
the reader and relay antennas (kj = 0.05 and k12 = 0.1).
Coupling coefficients kp3 above 0.05 and 0.08 are required
for correct DC conversion, when k12 = 0.05 and 0.1, respec-
tively. Fig.23 shows the received power and efficiency as
a function of the coupling coefficient k>3 or, equivalently,
the depth of the implanted coil in the 3-coil system. Unlike
with the 2-coil system, where efficiency is a monotonic func-
tion of the coupling, efficiency in the 3-coil system (Fig.23b)
presents an optimum coupling k>3 value that depends on
k12 (11). The upper x-axis shows the distance correspond-
ing to the reader 1 and relay 1 antennas obtained from
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(red) as a function of the coupling coefficient in the 3-coil system

(kj2 = 0.05). The threshold resistance at the threshold power is shown
(dotted line).

the graphs of the coupling coefficient as a function of the
distance (Figs.12-14).

With the 3-coil system, for close coupling between the
reader and relay (distance in the order of 1 cm in Fig.23),
the maximum depth of the implant can increase to 18-21 mm
(Fig.23). Although this improvement does not seem great,
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FIGURE 23. Simulated received power in dBm (a) and efficiency (b) as a
function of the coupling coefficient and the distance between the relay
and implanted antennas in the 3-coil system. Various coupling
coefficients between the reader and relay antennas are considered
(distance is indicated in parenthesis).

the second system is more tolerant of misalignment between
antennas. The relay and implanted antennas are assumed to
be center-aligned. The relay antenna on the skin can eas-
ily be used to localize the tag, and small misalignments in
the horizontal plane can be tolerated because the coupling
between the reader and the relay is strong for typical distances
(3-10 mm). In the 2-coil system it is more difficult to align
the antennas due to the lack of any reference to indicate
the implant’s exact position. Horizontal misalignments for
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distances between the smartphone and the implant of over
10 mm can therefore lead to a rapid decrease in the coupling
coefficient [72], especially if the reader uses small area anten-
nas (which are the most common in modern mobiles with
metallic cases). The above practical consideration enables the
3-coil system to detect implanted NFC tags up to 16 mm
deep inside the body with a distance between mobile and skin
of 5-10 mm.

IV. EXPERIMENTAL RESULTS

We conducted numerous experiments to check the two
systems and compare them to the simulations. We also per-
formed several measurements with an implanted tag. A phan-
tom comprising slices of pork tenderloin was used. The tag
was covered with a plastic bag (PTE) to emulate the pro-
tection layer in a real implant, assuming that the dielectric
properties are similar to those of silicone. The thickness of the
bag (made of PET, ¢, & 2.5) was 0.1 mm. This may therefore
be considered the worst case. Relay antenna 1, as described
in Table 4 (4 turns and an area of 25 mm x 25 mm), was used
in the experiments. However, to perform the measurement
closer to a real NFC patch attached to the skin, the relay
antenna was designed and manufactured in flexible Ultralam
3000 (Rogers Inc.) substrate (¢; = 3.14, thickness 100 pm).
This may be considered the worst case because the coil was
very close to the skin. A parallel capacitor was used to adjust
the resonance frequency to 13.56 MHz and avoid the detuning
effect due to the high permittivity of the phantom. No signif-
icant changes were observed in the read range compared to
a rigid relay antenna manufactured on FR4 with a thickness
of 0.8 mm and tuned at 13.56 MHz.

A. EFFICIENCY MEASUREMENTS

S parameter measurements were performed using the vector
network analyzer (VNA) for the 2-coil and 3-coil systems.
From these measurements, the efficiency and received power
at the input of the tag were computed. The laboratory instru-
ments presented a reference impedance of 50 €2, which is dif-
ferent from the IC input impedance and the source impedance
of the reader. To refer to these impedances, the measurements
were loaded in the Keysight ADS simulator using a two-
port S parameter data item and its block was loaded with the
tuning capacitors and the desired loads in accordance with
the schemes in Fig.1. In view of the previous results and
the impedance simulations, Rjc = 525  was chosen. The
source resistance was set to achieve a maximum Q factor
of 35. A series capacitor (220 pF) at the input and a parallel
capacitor (190 pF) at the output were included in order to tune
the system at the operation frequency of 13.56 MHz. These
values did not change in any measurement. The 15x 15 mm
implanted coil with 6 turns made with a 0.8 mm thick
FR4 double-sided PCB was used. Coil reader 1 described
in Table 4 (25x25 mm with 4 turns on FR4 substrate) was
used to simulate the reader. The implanted coil was embedded
in a piece of pork sirloin, which was used as a phantom to
simulate the body. A linear actuator controlled the distance
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FIGURE 24. Measured efficiency as a function of the distance between
the antenna reader and the skin surface for several depths of the
implanted antenna for the 2-coil system.
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FIGURE 25. Measured received power as a function of the distance
between the antenna reader and the skin surface for several depths of
the implanted antenna for the 2-coil system.
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FIGURE 26. Measured efficiency as a function of the distance between
the antenna reader and the skin surface for several depths of the
implanted antenna for the 3-coil system.

with a stepper motor. Fig.24-25 and Fig.26-27 show the
measured efficiency and received power as functions of the
distance between the surface of the meat and the reader coil
for the 2-coil and 3-coil systems, respectively. In these graphs,
various depths of the implant between 6 mm and 18 mm
were considered. The reverse side was covered by 2 cm of
meat. To investigate the effect of misalignment between coils,
we took several measurements of efficiency and received
power. The reader antenna (reader 1) was misaligned from the
axis using the linear actuator. The distance between the reader
antenna and the surface of the phantom was set at 1 cm. The
depth of the implanted antenna was 6 mm.

Fig.28-29 compare the efficiency and received power for
the 2-coil and 3-coil systems. Whereas the efficiency and
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FIGURE 27. Measured received power as a function of the distance
between the antenna reader and the skin surface for several depths of
the implanted antenna for the 3-coil system.
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FIGURE 29. Measured received power as a function of the misalignment
distance from the axis for the 2-coil and 3-coil systems. The depth of the
implanted antenna was 6 mm and the distance between the reader
antenna and the skin surface was 10 mm.

the power level remained almost constant for the +12.5 mm
range, which corresponds to the overlap between the reader
and relay antennas, there was a rapid fall for the 2-coil system.
These results show that the 3-coil system is more robust than
the 2-coil system.

B. WPT WITH SMARTPHONE

To test the system with commercial smartphones as an NFC
reader and commercial NFC IC, we designed another experi-
mental setup. The main problem here was that the antenna in
the reader was not accessible. Moreover, the previous mea-
surements did not take into account the nonlinear behavior
of the tag or the effects of the proximity of the mobile’s
metal case, which can detune the coils [27]. To solve these
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FIGURE 30. (a) Setup used to measure the average magnetic field,
(b) photograph of the setup for read range measurements, including a
screenshot of the mobile application.

problems, measurements of the average magnetic field (H,y)
received by the tag as a function of the distance were used
to compare the performance of the readers and tags. Hay
measurements are often used for the certification of devices
in NFC forum standards.

An experimental setup was designed to measure the aver-
age magnetic field and read range measurements. Fig.30a
shows a schema of this setup, while Fig.30b shows a pho-
tograph of the setup used for the read-range measurement.
A mobile phone was used as a reader to interrogate the tag.
An application was designed to enable interrogation during
the measurements and to read the sensor data stored in the
NFC message using the NFC Data Exchange Format (NDEF)
(Fig.30b). The same loop antenna as was used in the tag
was connected to a microwave switch (Minicircuits model
MSP2T-18) to select the spectrum analyzer (SA, Rohde &
Schwarz model FSP3) or vector network analyzer (VNA,
Agilent model ES062A) to perform measurements at each
distance. The VNA was calibrated to the input of the antenna.
When the switch was in the SA position, the power received
at the carrier frequency was measured using the maximum
hold trace. In the VNA position, the reflection coefficient of
the antenna was measured to obtain its impedance from the
S11 parameter. These measurements can be used to obtain the
average magnetic field from the antenna factor (AF) obtained
from the loop impedance [27], [73]:

Hyy(Arms/m) = Vgus - |AF| (19)
Zo + Z;

= & (20)
J27f noZoA - N
where Zj is the reference impedance (50 2) and Z;, is the
input impedance of the antenna measured with the VNA. The
root mean square voltage (Vrms) is obtained from the power

measured with the spectrum analyzer.
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FIGURE 31. Photograph of the tag manufactured for measurements: top
view (left) and bottom view (right).

To obtain a repeatable measurement, the distance between
the reader and the coils was controlled by a linear actuator
with a stepper motor. The mobile and tag were supported by
pedestals designed with a 3D printer. After this measurement,
the tag antenna coil was replaced by a tag with the harvesting
DC output connected to an oscilloscope. The minimum mag-
netic field was determined when the tag was unable to activate
the harvesting output, so the microcontroller and sensors were
not biased. The tag used in the experiments contained the
15x 15 mm implanted coil with 6 turns made with a 0.8 mm
thick FR4 double-sided PCB (see Fig.31). The tag used was
the ST M24LR0O4E NFC IC with energy-harvesting capabili-
ties and was connected to an Atmel ATtiny85 microcontroller
with a clock frequency of 1 MHz, which was connected to
the sensors. The microcontroller was responsible for reading
the sensor data and saving them in the NDEF message in
the internal EEPROM of the NFC IC by I12C bus. These data
could be read by the mobile. It is important to note that the
read range is limited by the energy harvesting required to
power up the sensors and the microcontroller. The distance at
which the data previously stored in the memory of the NFC
IC can be downloaded by RF communication (downlink) is
greater than in the downlink because of the high sensitivity
of the NFC transceivers. As proof of this concept, a tempera-
ture sensor (Texas Instruments LM75A) was integrated. The
temperature was read by the microcontroller using the 12C
bus. The data were stored in the NDEF message read by the
mobile. A red LED was connected to the energy harvesting
voltage output to quickly monitor the energy harvesting. The
current through the LED was limited with a series-connected
bias resistor Ry, (see Fig.31). The value of the bias resistor
Rpiqs was adjusted to simulate maximum power consumption.
The tag drew a total of 3 mA at 3V in its normal operating
state. The two systems with 2 and 3 coils were measured.
The NFC IC was configured to the highest energy-harvesting
mode, which, in the worst-case scenario, would require a
higher magnetic field. Since biological materials are not mag-
netic, we expected their effect to be small except, as explained
earlier, in the detuning of the antennas.

Several tests were therefore first performed in the air.
Fig.32 shows the measurement of the 2-coil system with no
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FIGURE 32. Average magnetic field, measured as a function of the
tag-to-reader distance in the air for the 2-coil system. Threshold H,;, is
shown as a dashed line.
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FIGURE 33. Average magnetic field measured as a function of the
distance between the tag and the relay antenna for several distances to
the reader in the air (d;,) for the 3-coil system.

material between the tag and the reader (in air). Fig.33 plots
the measured average magnetic field as a function of the
reader-to-tag distance for a different distance between the
relay antenna and the coil tag antenna. Our results show
that the minimum threshold magnetic field was around
2.8 Arms/m in both cases, which corresponds to a read range
of roughly 12 mm for the 2-coil system and read ranges of
between 15-20 mm for the 3-coil system.

Alternatively, the value of the threshold average magnetic
field H,,i, can be found from the analytical expression given

in [29]:
272
6T+

min = 2nf oA - N
where f, is the resonance frequency of the tag, A is the loop
area, N is the number of loops andU,;, is the minimum
voltage required for the tag operation, which depends on the
chip IC. Fig.34 shows the simulated H,;;, obtained from (21)

' Umin (2 1)
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FIGURE 35. Measured average magnetic field as a function of the
reader-to-skin distance (d;.) for several depths of the implanted tag in
the phantom for the 2-coil system. Threshold H,;, is shown as a dashed
line.

by considering R;c = 525 , tag inductance L = 0.7 uH,
0 =70,A = 15x15mm?, and N = 6. Upin = 4.8V
was obtained by measuring with a low capacitance probe
and the oscilloscope at the read range distance. H,,;, may
be considered a figure of merit of the tag because it depends
only on the tag parameters (the IC and the receiver antenna).
It can, therefore, be used to evaluate the tag performance
regardless of the reader used to generate the field. A good
agreement was achieved between the experimental charac-
terization of the H,,;, and the analytical model. From these
results, the threshold or minimum power that activates the
energy-harvesting output was 13.2 dBm (which is very close
to the 14 dBm considered in the simulation in section E).
The estimated power conversion with a load of 3 mA and
the static DC current consumption shown in the datasheet
(around 400 pA) gave a PCE of 42.82 %, which is close to
the figure obtained with the rectifier simulated in section E.
Fig.35 shows the measured average magnetic field as
a function of the reader-to-skin distance (d,;) for several
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FIGURE 37. Setup for backscattering measurements consisting of the
reader, the relay coil (only in the 3-coil system), the implanted tag
surrounded by the phantom, and a test coil connected to the oscilloscope
and spectrum analyzer.

depths of the implanted tag for the 2-coil system. Finally,
Fig.36 shows the same measurement as Fig.35 for the 3-coil
system.

We have shown that implanted distances of up to 16 mm
can be reached with the 3-coil system. However, detuning
of the relay antenna is observed due to the proximity of
the metal in the mobile. The peak of the magnetic field is
therefore obtained for distances between the reader and the
skin of around 15 mm. The position of this peak can be tuned
by changing the resonance frequency of the relay antenna
the tuning capacitor. Fig.36 shows that the 3-coil system is
more robust than the 2-coil system. In all measurements, a
commercial mobile (Xiaomi Note 2) was used as the reader.
The reader antenna in this mobile is around the camera and
the size of the antenna is roughly 25 mm x 25 mm (like reader
antenna 1-2 in Table 4).

C. BACKSCATTERING MEASUREMENTS

When the tag receives enough power to wake up the NFC IC,
the tag answers by modulating a subcarrier. Modern receivers
integrated into NFC readers are highly sensitive (for example,
0.5 mV or —79 dBm for ST25R3911B). It is important to
note, therefore, that the distance is limited by the uplink
(reader to tag) since the backscattering is often higher than
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FIGURE 38. Measured backscattering signal using a test coil 2 cm from
the implant (10 mm deep) for (a) the 2-coil system and (b) the 3-coil
system. (c) Spectrum obtained from Fourier Transform of time-domain
signal for the two systems.

the receiver’s sensitivity. Commercial NFC IC with energy
harvesting (such as the ST M24LRO4E) enables the energy-
harvesting DC output used to feed the sensors and microcon-
troller when the received power is high enough. Otherwise,
while the energy is higher than the power needed to wake up
the IC, the NFC IC works as a conventional NFC IC without
energy harvesting and is able to respond by load modulation.
In this case, however, a previously saved measurement in the
NFC memory is transmitted. Consequently, the read range
without activation of energy harvesting is higher than when
EH output is enabled.

To show this effect, a test coil located 20 mm behind
the implant was connected to an oscilloscope (R&S
RTO02024 with 50 @ input impedance). The mobile was
located 20 mm in front of the implant, which was placed
inside a phantom at a depth of 10 mm (Fig.37). Fig.38 shows
the waveform corresponding to the backscattering response
to a query command from the mobile. The two cases (2 and
3 coils) are shown in Fig.38a and 38b, respectively. Fig.38c
represents the magnitude of the spectrum computed by the
oscilloscope math function. We can see that the level at the
subcarrier (offset of &+ 424 kHz from the 13.56 MHz carrier
for tags based on ISO15693 standard) was approximately the
same for both systems (roughly -43 dBm, which is higher
than the reader sensitivity). However, at a distance of 20 mm
in the 3-coil system, the harvesting was enabled and a new
measurement was performed, whereas for the 2-coil system
the magnetic field received was lower than the energy har-
vesting threshold. As a result, the interrogator obtained the
last measurement stored in the tag memory rather than a new
one.

Figure 39 shows measurements of the backscattering
power with a spectrum analyzer connected to the test coil as a
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TABLE 6. Comparison table.

Item [75] [76] [77] [5] This work
Carrier Frequency (MHz) 13.56 10 13.56 13.56 13.56
Power (mW) 11.2 10 100" 6" 10-19.8
Link Efficiency(%) 6.9 NA 26-74 (sim) NA 45-60
Range (mm) 10 . 3-4 (phantom) Near skin 16 (phantom)+30 (air)”
15 (air) 25 (air)
Medium Air Rat phantom In-vivo phantom
Inductive link 2 coils 2 coils 2 coils 2 coils 2/3 coils
Tx Coil diameter (mm) 20 30 25 NA 20-40
Rx Coil diameter (mm) 10 20 16 3.3 (ferrite) 15
Data Rate 600 bps 2Mbps (Tx)/100kbps(Rx) 1.35 Mbps NA 26.4-53 kbps
Modulation LSK LSK, ASK PPSK,00K ASK ASK, FSK
Technology COST ASIC ASIC ASIC Commercial IC
Microcontroller TI MSP430 - - - ATtiny85
Reader TI TRE7960 Custom Custom Custom Smartphone
Standard No No No ISO15693 1SO15693
L . L . Vestibular .
Application Generic Brain stimulation . Glucose sensor Generic
prosthesis

"16 within the phantom and 30 in the air for the 3-coil system
“Estimated from DC power consumption
“"Maximum power delivered by the IC to the load
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FIGURE 39. Measured backscattering signal using a test coil located 2 cm
behind the implanted tag in the phantom as a function of reader-to-skin
distance (d,;,)- Solid line: measured power at the carrier frequency
(13.56 MHz); dashed line: average sideband power.

function of the reader-to-skin distance. The power measured
at the carrier frequency (13.56 MHz) and the average power
level at the subcarrier sidebands (at & 424 KHz from the
13.56 MHz carrier) are shown for the two systems. The test
coil was located 2 cm behind the phantom and the depth of
the implanted tag in the phantom was 10 mm (see Fig.37).
Under this condition, the 2-coil system was unable to activate
the energy harvesting output but was able to read the tag
up to approximately 3 cm. The 3-coil system, on the other
hand, was able to activate energy harvesting up to 3 cm
and to read the tag up to 4.6 cm. The nonlinear behavior
of the backscattered power at the tag can be seen in this
figure. When the received power was high, the internal input
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limiter was activated and the level at the subcarrier remained
almost constant, irrespective of the distance. However, when
the reader-to-tag distance increased, both the received level
and backscattered level decreased. If the tag did not receive
enough power to be woken up, the measured level at the
subcarrier was the noise floor.

V. COMPARISON WITH THE STATE-OF-THE-ART

Although lower carrier frequencies such as 135 kHz can
provide higher power and reach greater depths, the data rate is
often very low and insufficient for several IMD applications
[74]. For this reason, the band between 1-20 MHz is preferred
for WPT and bidirectional telemetry data communication.
A comparison of the main features of the proposed sys-
tem with other works [5], [75]-[77] at the carrier frequency
of 13.56 MHz (or close to it) is shown in Table 6. This com-
parison is limited to a single-receiver coil. Higher data rate
transfers are demonstrated in [78], which used dual receiver
coils. Reference [75] proposed a system built with Commer-
cial Off-The-Shelf (COTS) components. The tag consists of
a full-wave rectifier based on diodes and a MSP430 micro-
controller that can modulate data at 600 bps using a load
modulation key (LSK). The power delivered in the systems
reported in Table 6 is roughly 10 mW, except in [77], which
reports a power of up to 100 mW but does not provide data
on the experimental setup or conditions used. Most of the
systems reported are based on application-specific integrated
circuits (ASICs) designed for the application. These are not
standardized and require custom readers. In [5], an ASIC
compatible with ISO 15693 is reported for in-vivo glucose
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monitoring. The WPT is used to feed a LED, while the
photodiodes for detecting the fluorescent emission are used
for long-term implantable glucose sensing. A wearable trans-
mitter periodically interrogates the tag with a ferrite antenna
located under the skin. References [5] and [75]-[77] use a
2-coil system. Read ranges of up to 25 mm are reported in air
and up to 8 mm in the body. In comparison with these ref-
erences, the 3-coil solution proposed in this paper increases
the read range to 16 mm when implanted plus 3 cm in the air
(between the mobile and the skin) using, moreover, a standard
smartphone and commercial NFC IC. Also, by integrating a
microcontroller and the NFC IC’s internal memory, further
tools are added to the interface of the advanced sensors.
In the proof-of-concept presented, a LED is biased and a
12C-connected temperature sensor is read. The data rate in
the IC based on ISO15693 is up to 26.4 kbps. However, some
IC (e.g. ST M24LR0O4E) based on FSK modulation with two
subcarriers have a high rate mode that can reach up to 53 kbps.
Higher data rates of up to 848 kbps can be achieved by using
NFC IC based on ISO 14443 (see the table provided in [27]
of commercial IC with EH). Higher data rates have also been
achieved [76], [77] using custom ASICs.

A passive booster for improving the read range of small
NFC tags designed for metal mounted has been proposed in
[79]. Unlike this work, the relay loop is installed in the mobile
phone casing, assuming that the NFC antenna is installed on
the battery with a plastic case. The booster has two coils,
one used for coupling to the mobile and the other one, with
smaller size (similar to the tag), to improve the coupling with
the miniature tag mounted on the metal. Due to its small size,
careful alignment is required between the booster and the tag.
The read range is limited by the diameter of the tag to few
millimeters.

VI. CONCLUSION

This paper has analyzed the reading of batteryless NFC tags
for implants using commercial mobiles. Using standardized
NFC readers and devices rather than custom-designed WPT
systems presents a number of challenges such as the power
and the system’s overall quality factor and detuning effects.
In this paper, two WPT systems, i.e. a 2-coil system and a
3-coil system, were studied theoretically and experimentally.
The latter was implemented using a relay antenna placed on
top of the skin. This makes it possible to reduce the effects
of the low coupling coefficient between the reader and the
tag antennas, which can be of different sizes and enables the
magnetic field received at the tag to increase. The result is an
increase in the reliability of the link and a greater depth for
the implant. This is important when the implant is covered by
clothes and it is difficult to see its exact position, thus increas-
ing the possibility of misalignment. Our experimental results
show that when a standard 2-coil system is used, a maximum
depth of 12 mm can be achieved with the mobile close to the
skin, whereas with the 3-coil system and the mobile placed
at a distance of 1-2 cm from the skin, depths of up to 16 mm
can be achieved. We have found that the read range is much
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higher without energy harvesting than with it (approximately
3 cm for the 2-coil system and 4 cm for the 3-coil system).
The maximum distances for activating the harvesting mode
of the NFC IC and feeding the sensors are similar when
the implant is considered inside the phantom or in the air.
This is because the body is non-magnetic and so barely
attenuates the magnetic field at the operating frequency. How-
ever, both the implanted and the relay antennas need to be
tuned for each case. The effect of detuning was studied using
electromagnetic simulations, while an improved model was
proposed for modeling the quality factor of the antennas. The
detuning effects due to high permittivity on the loop antennas
were avoided by installing a low permittivity spacer in the
order of 0.5 to 1 mm. The relay antenna can then be placed
on top of the skin using adhesive patches. The use of low
permittivity coating (e.g. a biocompatible material such as
silicone) reduced the degradation in the quality factor of the
coils as well as the sensitivity in connection with the variation
in tissue dielectric properties.
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